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“If I were to suggest that between the Earth and Mars there is a china teapot 

revolving about the sun in an elliptical orbit, nobody would be able to disprove 

my assertion provided I were careful to add that the teapot is too small to be 

revealed even by our most powerful telescopes. But if I were to go on to say that, 

since my assertion cannot be disproved, it is an intolerable presumption on the 

part of human reason to doubt it, I should rightly be thought to be talking 

nonsense. If, however, the existence of such a teapot were affirmed in ancient 

books, taught as the sacred truth every Sunday, and instilled into the minds of 

children at school, hesitation to believe in its existence would become a mark of 

eccentricity and entitle the doubter to the attentions of the psychiatrist in an 

enlightened age or of the Inquisitor in an earlier time.” 

 

– Bertrand Russell 
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a hypothetical ppHMDSO film structure and fibroblasts co-cultured with E. coli. 



 

Designing an 

Antimicrobial and 

Cell-Adhesive Multilayer 

via Plasma Polymerization 

 

Dissertation zur Erlangung des Grades  

‚Doktor der Naturwissenschaft‘ 

 

am Fachbereich 

Chemie und Pharmazie 

der Johannes-Gutenberg Universität Mainz 

 
vorgelegt von 

Dipl. Chem. Alexander Lotz 

 

Mainz, den 16.03.2012 



 

1. Berichterstatter: Professor Dr. Katharina Landfester 

2. Berichterstatter: Professor Dr. Gerald Gimpl 

Tag der mündlichen Prüfung:  02.05.2012 

 

Die vorliegende Arbeit wurde von April 2009 bis März 2012 am 

Max-Planck-Institut für Polymerforschung angefertigt. 

 

 

 

 

 

 

 

Erklärung der Urheberschaft  

 

Ich erkläre hiermit, dass ich die vorliegende Arbeit selbständig und ohne 

Benutzung anderer als der angegebenen Hilfsmittel angefertigt habe. Die aus 

fremden Quellen direkt oder indirekt übernommenen Gedanken sind als solche 

kenntlich gemacht. 

 

Mainz, den 16.03.2012 

 

 



 

Abstract 

In dieser Arbeit wurden Oberflächenmodifizierungen entwickelt, die sowohl 

zelladhäsive als auch antimikrobielle Eigenschaften tragen. Rasche Zelladhäsion 

und Wundheilung ist gewünscht für Biomaterialien, da sonst das Material als 

Fremdkörper erkannt werden würde und Infektionskeime in die Kavität zwischen 

Material und Gewebe eindringen könnten. Plasmapolymerisation dient hierbei als 

Beschichtungsverfahren, da es ein breites Spektrum an Materialien beschichten 

kann unabhängig von dessen Beschaffenheit. Als zelladhäsive Schicht wurde 

plasmapolymerisiertes Allylamin gewählt, da es zellfreundlich ist und dabei 

weitere nasschemische Modifikationen, wie die Anbindung von Fibronektin, 

zulässt. Dabei dient es zugleich als Barriereschicht für darunterliegende zink- und 

silberhaltige Filme, die der Beschichtung durch Freisetzung von Silber und Zink 

antimikrobielle Eigenschaften verleihen. Die Schichtsysteme wurden 

spektroskopisch und mikroskopisch untersucht sowie zelladhäsive und 

antimikrobielle Wirkung mit verschiedenen Zell- und Bakterientypen getestet. 

Schlagwörter: Plasmapolymer, antimikrobiell, zelladhäsiv, Multilagen 

Abstract  

In this work surface modifications were developed that bear cell-adhesive as 

well as antimicrobial properties. Fast cell adhesion and wound healing is desired 

for biomaterials since otherwise the material would be recognized as a foreign 

body and infectious bacteria could enter the cavity between material and tissue. 

Plasma polymerization was used as the deposition technique since a broad range 

of materials can be coated independent of their composition. As a cell-adhesive 

coating plasma polymerized allylamine was chosen since it is cell-friendly and 

offers a platform for wet chemical modifications such as grafting of fibronectin. 

Furthermore, it serves as a barrier layer for zinc and silver containing sub-layers 

that exhibit antimicrobial properties due to the release of zinc and silver. The layer 

systems were spectroscopically and microscopically investigated. Cell-adhesive 

and antimicrobial properties were tested with various types of cells and bacteria. 

Keywords: plasma polymer, antimicrobial, cell-adhesive, multilayer  
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1 Introduction and Aim of this Work 

Modern medicine utilizes many different artificial materials to compensate for 

defects that can occur in a human body such as fractures, burned skin, open 

wounds, loss of teeth, et cetera. In order to provide a substitute for tissue or to 

support damaged tissue artificial materials are inserted into the body and are 

generally termed biomaterials.
1
 Different aspects need to be taken into account; 

among them chemical and mechanical stability, interaction with the surrounding 

tissue, or immune response to name but a few.
2
 Bacterial infections emerge 

frequently in medical care with regard to biomaterials or medical devices, 

e.g. burn wounds, dental implants, or urethral catheters,
3-5

 and bacterial 

colonization is the main factor for implant failure.
6
 

Microorganisms like bacteria can be found in large quantities in nature and 

even within and on the human body.
7
 While most of the bacteria are 

non-pathogenic some types or strains do develop harmful properties and cause 

millions of fatalities throughout the world.
8
 This problem is not restricted to 

developing countries where lack of hygiene may play an important role. 

Especially harmful and pathogenic bacteria with resistance to many antibiotics 

can be found in hospitals worldwide.
9
 Hospital acquired infections are very 

common due to the high number of patients and the overuse and preventive 

application of antibiotics that cause development of  bacterial resistance.
10,11

 

Infections are among the most common causes of deaths with bacteria being the 

main contribution.
12

 Two of the most prominent types of bacteria that are causing 

hospital acquired infections are Staphylococcus aureus (S. aureus)
13

 and 

Pseudomonas aeruginosa (P. aeruginosa)
14

.  

S. aureus is a gram-positive bacteria found on human skin as well as on nasal 

soft tissue.
15

 It is able to prevent immunological strategies by secretion of 

staphyloxantin. This carotinoid acts as a scavenger for reactive oxygen species 

which the host's immune system produces to prevent infection.
16

 Certain strains of 

S. aureus like MRSA (methicillin resistant S. aureus) are found in hospitals 

worldwide and show resistance against many different antibiotics. It can grow 

under anaerobic conditions which enables it to colonize wounds and biomaterials 

embedded in tissue and even survives under dry conditions.
17,18

 Virulence factors 
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of S. aureus are diverse and often associated with skin related diseases but may 

also include toxic shock syndrome with fatal outcome within hours if left 

untreated.
19

 

P. aeruginosa is a gram-negative bacterium found in water and soil and can as 

well grow under anaerobic conditions. Its robustness is increased by formation of 

biofilms.
20,21

 Like many gram-negative bacteria P. aeruginosa exerts resistance to 

several antimicrobials and antibiotics.
22

 It is found in hospitals even in distilled 

water or disinfectants and is also responsible for nosocomial infections.
23,24

 

Whereas the exterior of gram-positive bacteria consists of a plasma membrane and 

a peptidoglycan layer, gram-negative bacteria have an additional outer membrane. 

This outer membrane plays an important role in resistance since it provides a 

further barrier that helps to prevent incorporation of antimicrobial substances into 

the bacterium either passively or actively via transport mechanisms.
25

 It is also the 

reason why such bacteria survive contact with quaternary ammonium compounds 

that are generally known to be antimicrobial by incorporation into membrane 

structures.
26

  

Solutions to hospital acquired infections with these types of bacteria need to 

be sought, not only because of the high morbidity of patients. Also, high costs for 

the health care system due to intensive treatment and prolonged stay in hospital, 

possibly with intensive care, are an economical factor.
27

 Transfer of bacteria most 

likely happens on surfaces and interfaces
28

 and can include medical devices, tools, 

food, clothing, and even the skin of personnel as well as other patients.
29-31

 This 

work will address various materials and devices used in medical fields such as 

PTFE (polytetrafluoroethylene, used for vascular grafts), fabrics from PET 

(polyethylene terephthalate, used as wound dressing material), titanium (used for 

osteosynthesis plates in trauma surgery or dental implants), and silicone (used for 

urethral catheters).  

Often pathogenicity of bacteria colonizing a surface involves the formation of 

a biofilm.
32

 A biofilm is a community of bacteria which secrete biomolecules to 

form a biomacromolecular structure. Bacteria can drastically change their 

behavior in such a biofilm, produce various toxins and become increasingly 

unaffected by many different antimicrobial agents.
33-36

 This problem is especially 

prominent in cases where such surfaces come in contact with tissue since the high 

flow of bodily fluids and nutrients accelerate biofilm formation. As illustrated in 

Figure 1-1, the formation of a biofilm involves various steps beginning with the 
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reversible attachment of single bacteria in solution (planktonic state) to a surface, 

irreversible attachment by secretion of polysaccharides, micro-colonization and 

propagation, and finally the fully matured biofilm.
37,38

 After the initial passive and 

reversible attraction to surfaces bacteria actively use saccharide adhesins for 

surface attachment.
39-41

 Response towards antimicrobial agents is also faster in a 

biofilm compared to planktonic bacteria. This is thought to be due to intercellular 

communication, so-called quorum sensing, which is enhanced by the proximity of 

the bacterial cells in a biofilm.
42,43

 Also, genetic information is easily exchanged 

within a colony of bacteria and passed down to the whole community to increase 

resistance towards antimicrobial agents.
44

 

 

 

Figure 1-1. Biofilm formation and proceeding stages. Planktonic bacteria can adsorb 

to a surface. After propagation they can form micro-colonies and secrete a 

polysaccharide matrix. This structure is called a biofilm. 

If an infection is to be inhibited at all, the highest chance of doing so will be in 

the initial phase where the bacterium is in its most vulnerable state.
45

 Hence, 

surfaces that bear antimicrobial properties would be most promising to prevent 

bacterial colonization and therefore favored over systemic approaches on the 

patient. 

Antimicrobial properties for surface coatings are of high interest in the health 

care system.
9
 Different approaches are possible to create such coatings including 

synthesis of antifouling surfaces,
46

 antimicrobial peptides,
47

 quaternary 

ammonium compounds,
48

 bacteriophages,
49

 or metal release systems
50

 to name 

but a few. Antifouling surface modifications can be made with various chemical 

approaches like polymer brushes, PEG-like structures, superhydrophilic, and 

superhydrophobic modifications as well as lotus effect approaches. Results are 
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somewhat contradictory concerning the effect of wettability.
46,51-55

 The mode of 

action is yet unclear and passive anti-fouling surfaces can eventually be colonized 

due to secretion of extracellular material either by the host tissue of the patient or 

by bacteria forming a biofilm on the medical device.
56

 

Quaternary ammonium compounds, antimicrobial peptides, and immobilized 

bacteriophages are promising due to their known mode of action. Nevertheless, 

they can only act on bacteria in contact with the surface. They are prone to 

coverage by extracellular material and may not exert their properties for long in 

living tissue. Quaternary ammonium compounds are thought to act on ion 

channels in the bacterial membrane and can interact with the lipid bilayer 

involving their alkyl chains, thus causing loss of structural integrity. However, 

resistance in some bacteria is known.
57,58

 Bacteriophages have the drawback that 

they are very host specific and a whole cocktail of various bacteriophages needs to 

be immobilized on a surface in order to span a whole range of bacterial species 

targeted. Also, the patient's immune system is able to recognize the phages and 

produces antibodies rendering bacteriophage treatment 'a last resort' because it can 

only be used once for a given patient.
59

 

Release systems can be tailored by incorporation of antimicrobial compounds 

into the surface such as pH- or temperature-sensitive hydrogels or other swollen 

polymeric networks and fabrics.
60,61

 Antimicrobial substances can leave the 

coating and exert their properties in solution. This approach is not depending on 

contact killing and may very well include triggered active release, e.g. of 

antibiotics.
62

 

In the same manner metal release systems are not relying on contact killing 

either but actively release material into the surrounding medium. Such surfaces 

could increase the concentration of metal up to a bactericidal level. The most 

commonly used metal for antimicrobial devices is silver due to its well-known 

bactericidal effects and low number of resistant bacteria.
63,64

 The complete mode 

of action of metals in bacteria is yet unknown but involves oxidative stress and 

change of protein structures.
65-68

 The latter is possible because silver reacts with 

sulfur present in proteins. It can thus deactivate enzymes by structural 

degeneration and denaturation.
69,70

 Silver as well as zinc can also prevent readout 

of genetic information.
71,72

 Zinc furthermore reduces catabolic reactions like the 

synthesis of peptides.
73,74

 Many metals not only exhibit antimicrobial but also 

cytotoxic effects, e.g. silver, copper, and zinc.
75-77

 Zinc is a promising candidate 
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for an antimicrobial metal releasing system since it is essential to humans and 

does show lower cytotoxicity compared to silver.
78,79

 Also, combinations of 

release systems and contact killing surfaces would present a more effective route 

due to the diversity of the multiple actions and their synergistic effect on the 

bacteria.
80

 

Preparation of surface modifications with metal containing films include dip 

coating, grafting of complexes, magnetron sputtering, and physical vapor 

deposition.
81-85

 A controlled release of metal into the surroundings of the coated 

device would be favorable and could also help in prolonging the effect of the 

coating since the reservoir of metal is limited. Incorporation of metal particles into 

polymeric material is a possible pathway to control the release.
86

 Particles in 

deeper layers of the surface show a slower release of material into the surrounding 

medium. Another approach is the deposition of plasma polymers and subsequent 

immersion in a metal containing solution. The films are soaked with metal ions 

and can then be exposed to a reducing agent, thus causing the formation of 

nanoparticles. Metal is then released upon contact with body fluids.
87

 Plasma 

polymers seem to provide a good basis for such an approach and for release 

systems in general since they can swell by absorption of water. At the same time 

they exhibit high crosslinking and therefore stability towards solvents.
88,89

 Barrier 

layers from plasma polymers are also known to influence the permeability of 

membranes for gases depending on the degree of crosslinking and thickness.
90-93

 

Metal containing plasma polymers from metal-organic precursors like zinc 

acetylacetonate (Zn(acac)2) are used for microelectronics.
94

 But they are also 

known to release their metal content over time upon immersion in aqueous 

solutions. Such plasma polymers could exhibit antimicrobial properties but the 

release is not controlled and properties are lost within a few hours.
95

 

The aim of this work is to modify such metal containing surfaces with a 

top-layer made from another plasma polymer so that the release of metal is 

reduced and therefore prolonged. A plasma polymer film made from allylamine is 

suitable since those films are known to exhibit cell-friendly properties.
96

 The layer 

system presented in this work consists of an antimicrobial layer made from 

plasma polymerized zinc acetylacetonate (ppZn(acac)2) and a top-layer of plasma 

polymerized allylamine (ppAA). Such a bilayer can further be modified by 

immobilization of biomolecules on ppAA which is possible because of the 

amount of amino functional moieties that ppAA is providing.
97,98
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Up to this point the complete bilayer consists of plasma polymers; a 

zinc-containing metal-organic layer and a cell-adhesive top-layer made from 

ppAA. To broaden the spectrum of antimicrobial agents another layer underneath 

the bilayer system can be added as presented in Figure 1-2. In this case a 

thermally evaporated silver film is added in between the substrate and the bilayer. 

This is thought to minimize development of resistance in bacteria due to the 

multiple bactericidal approaches. It also offers a route to address bacteria resistant 

to zinc. The fact that the silver layer is placed beneath the bilayer can help to 

prevent cytotoxic effects due to retardation of the silver release. 

 

 

 

Figure 1-2. Schematic representation of the multilayered system made from a 

thermally evaporated silver film, ppZn(acac)2, ppAA as a barrier layer, and biomolecules 

immobilized on the barrier layer. 

Cell adhesion is unspecifically promoted by ppAA
99

 but coupling 

biomolecules to ppAA offers a pathway to specifically target biological systems.
97

 

Considering the fact that foreign body reactions and poor wound healing seem to 

be the main factors for bacterial infections and subsequent implant failure, 

immobilization of biomolecules that promote cell adhesion to the surface should 

be considered.
100-102

 A suitable approach is the utilization of proteins present in 

the extracellular matrix. The extracellular matrix is responsible for 

interconnection between cells and is the main cause of the structural integrity of 

tissue.
103

 It contains protein structures like collagen, laminin, and elastin in a 

proteoglycane matrix. One key element for the adhesion of cells to the matrix is 

ppAA 

ppZn(acac)2 

 

silver 

substrate 

biomolecule 

linker 
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the interaction between membrane-bound integrins and fibronectin.
104

 Fibronectin 

does not only support cell motility but does also play a vital role in wound 

healing.
105

 Fibronectin is a dimeric protein with various binding sites. Among 

them is a loop structured domain containing the amino acid sequence 

RGD (arginine-glycine-aspartic acid).
106,107

 This sequence is thought to mainly 

contribute to integrin binding. 

Immobilization of fibronectin mimics the natural environment of an 

extracellular matrix and quick attachment of various cell types could accelerate 

wound healing and thus integration of medical devices within the tissue.
108-110

 

Close proximity of a protein to the surface could lead to denaturation but it is 

known that denatured fibronectin still exhibits its properties and it was found that 

physisorption of the protein alone already increases cell adhesion.
107,111-113

 

Nevertheless, chemisorption would offer higher stability especially in cases where 

high shear forces play a role, e.g. in vascular grafts and stents. In such devices a 

high flow of liquid is present and is causing high mechanical stress.
114

 Therefore, 

a binding chemistry is applied that involves the utilization of a short PEG-like 

linker molecule.
113,115

 

Together with the antimicrobial properties of the aforementioned layers these 

cell-adhesive surface modifications could lead to fast wound healing and would 

reduce the risk of implant failure. This work will focus on the design and 

construction of these multilayers on various materials and medical products. 

Different combinations of the layers will be discussed and the release of metal as 

well as the behavior of mammalian cells and bacteria on coated and uncoated 

surfaces will be investigated. 
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2 Materials and Methods 

This section will focus on the different methodologies utilized throughout this 

work. It is mostly in logical/chronological order of the procedures conducted and 

is held as concise as possible. Each method section includes a short description of 

the theoretical background of the technique, a summary of the materials used as 

well as the experimental procedures. 

 Plasma Enhanced Chemical Vapor Deposition 2.1

Plasma is often referred to as the 4
th

 state of matter in which the atoms or 

molecules are at least partially separated into ions and free electrons and has been 

first described by Langmuir in 1928.
116

 Plasma is by far no rare condition and in 

fact is the most common state of matter throughout the known universe.
117

 

Various descriptions for the plasma state can be given which are dependent on 

plasma pressure, temperature, and equilibrium. In contrast to the processes in our 

sun, plasma in the presented work refers to a low-pressure, non-equilibrium, cold 

plasma.
118

 Working at low pressure provides improved control over the 

composition of the plasma. Non-equilibrium goes hand in hand with low 

temperature and means that the electron temperature by far exceeds that of the 

other species, namely excited neutrals, ions, and radicals, which stay at or close to 

room temperature.
118

 

Plasma is easily created by feeding a gas into an evacuated chamber and 

applying an externally driven oscillating electric current through an electrode 

surrounding the chamber. This electrode is either a simple ring electrode or a 

grounded copper coil. The alternating current creates an alternating 

electromagnetic field inside the chamber. The electrons in the gas phase will 

respond to this external electromagnetic field and oscillate along with it. 

Depending on the frequency this oscillation is too fast for the core of the 

molecules and while they do not change their kinetic energy, that of the electrons 

will increase to a level enabling them to escape their energetically favored state as 

bound electrons. Nevertheless, free electrons can be scavenged by radicals and 

ions releasing energy by emission of light commonly referred to as glow 

discharge. All exited species can interact and undergo chemical reactions, thus 
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forming species with growing molecular weight.
119

 At the same time any solid 

material in contact with the plasma forms excited species on the surface as well 

and reactions with species in the plasma state are possible. Continuous deposition 

of such species leads to solid state networks and thin films in the nano- to 

micrometer range.
120

 This process is commonly known as plasma polymerization 

or plasma enhanced chemical vapor deposition. 

Taking some simple examples, general reactions can be derived:
118

 

ionization by electron impact Ar + e
-
  Ar

+
 + 2e

-
 

excitation by electron impact Ne + e
-
  Ne* + e

-
 

de-excitation and ionization Ne* + Ar  Ne + Ar
+
 + e

-
 

ionization/dissociation of a molecule Cl2 + e
-
  Cl

-
 + Cl 

electron capture and recombination Ar
+
 + e

-
  Ar + h 

 

Polymerizable species can contribute to growth mechanisms all of which are 

possible during one plasma polymerization process:
118

 

Mn
+
 + M  Mn+1

+
 

Mn
-
 + M  Mn+1

-
 

Mn∙ + M  Mn+1∙ 

Mn* + M  Mn+1* 

 

Further reactions and rearrangements are possible especially for organic 

molecules. One has to keep in mind that due to the large number of possible 

species and the high number of possible interactions as well as further ion 

bombardment the resulting deposit will bear complex film chemistry. This is in 

contrast to wet chemically synthesized polymers. Figure 2-1 gives an overview 

over the basic processes that are involved in a plasma deposition. These include 

excitation of the gas, formation of polymer forming intermediates, and reaction of 

these intermediates on the surface. The excited species can also cause creation of 

reactive species on the surface (responsible for the interaction of the substrate and 

the deposited film) but may also cause etching of the substrate as well as of the 

polymer film. Such surface activation processes are the main reason for good 

adhesion between most substrates and the plasma polymer film and are considered 

the main advantage over wet chemical approaches. 
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Figure 2-1. Various processes involved in a plasma deposition 

With increasing number and complexity of the species in the gas and plasma 

phase the complexity of the film structure increases too. Plasma from noble gases 

most likely, but not exclusively, causes etching processes and does not take part in 

chemical reactions on the surface. However, noble gas plasma induces reactions 

via energy transfer upon impact with the surface. Depending on the substrate this 

can already cause a very diverse surface chemistry. The situation becomes more 

complicated for gasses that easily react as in the case of oxygen. Chemical 

pathways of organic precursors in plasma are therefore almost impossible to 

simulate or to predict a priori. Figure 2-2 shows a hypothetical composition of a 

plasma polymerized hexamethyldisiloxane film (ppHMDSO) as one of the most 

widely known plasma polymers. 

 

 

Figure 2-2. Schematic representation of a plasma polymer network depicting 

hydrophobic ppHMDSO as an example. 
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The composition of the resulting film is mainly determined by the power 

density which is strictly determining the energy available for the gas molecules. 

Higher input power as well as lower gas flow means higher energy density. Thus, 

more energy is available to break up bonds in a molecule and to open new 

pathways of interaction. Lower input power offers the advantage of structural 

retention of the precursor molecule such that functional groups may be available 

for further wet chemical reactions after plasma polymerization. Moreover, instead 

of applying the power continuously (continuous wave mode or CW) the plasma 

can be driven in duty cycles meaning that the plasma is turned on and off 

alternatingly in the micro- to millisecond range. During the plasma-on times (ton) 

molecules absorb energy and undergo structural reformation during plasma-off 

times (toff). In order to express the power input a duty cycle DC is defined as: 

   
   

        
 2.1 

           2.2 

In this case the equivalent power Peq is determined by the product of the 

power at which the electrode is driven Pin and the duty cycle DC*. 

The main advantage of plasma-induced deposition is the generation of reactive 

species on the surface and therefore good adhesion of the resulting film on 

substrates with diverse surface chemistry is achieved. Radicals on the activated 

surface that are readily reacting with species from the gas or plasma phase play a 

major role in film stability and adhesion.
121,122

 Furthermore, a non-equilibrium 

plasma does not influence the bulk properties of the substrate and merely acts on 

the surface thus offering a non-destructive coating procedure.
118

 It is a fast process 

(usually in the range of minutes) and film thickness is easily controlled by 

deposition time. Nevertheless, the complexity of chemical pathways renders 

plasma polymerization a procedure that is time consuming in terms of surface 

analysis. Also, the fact that it is a vacuum process is causing problems in 

upscaling the procedures. 

                                                 
*
 This expression is mathematically awkward since it might be taken for a term of two variables. 

Nevertheless, it is the common terminology. 
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Figure 2-3 shows a schematic representation of the basic setup used in this work. 

The chamber consists of a 30 cm long Pyrex glass tube with a diameter of about 

10 cm. There are inlet valves through which various gases can be fed. The flow of 

standard gases like argon and oxygen can be controlled with mass flow controllers 

(MKS 1179B12CS1BV). Chamber pressure is adjusted with a Leybold D16 BCS 

vacuum pump and is gauged with an MKS Baratron manometer. Base pressure 

was determined and calibrated to 10
-6

 bar. The pump is protected from any 

effluent gasses with a cold trap cooled with liquid nitrogen. Plasma was driven by 

a 13.56 MHz function generator delivering up to 150 W of input power. The 

impedance can be adjusted with a matching box. The electrode is driven with 

shielded coaxial cables and is either an isolated copper coil wound around the 

chamber or a single ring electrode. The latter was used for all Zn(acac)2 

depositions.  

 

 

Figure 2-3. Scheme of the plasma chamber used throughout this work. 

Prior to plasma polymerization reactors were cleaned for 30 min with plasma 

containing a mixture of argon and oxygen (flows were 3 sccm and 10 sccm 

respectively) at 150 W. Table 2-1 provides details on the plasma depositions. In 

cases where the parameters varied they will be discussed in the according chapter 

in the results section of this work. 
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Table 2-1. Monomer flow rates, input powers, and deposition times. 

monomer flow rate / g∙min
-1

 power / W time / min 

HMDSO 0.037 ± 0.001 30 1/60 

AA 0.120 ± 0.003 n.a. n.a. 

Zn(acac)2 0.038 ± 0.004 30 n.a. 

 

Hexamethyldisiloxane (HMDSO) was purchased from Acros (Fisher 

Scientific, Nidderau, Germany) with 99.99% purity. It was used to increase 

adhesion of subsequent coatings for all silicon and titanium based substrates via 

Si-O-Si or Si-O-Ti bonds.
99

 Allylamine was also obtained from Acros with 98% 

purity, kept in a refrigerator at 4 °C and was brought to room temperature prior to 

usage. Zn(acac)2 was purchased from Sigma-Aldrich (Steinheim, Germany). All 

precursors were used without any further purification. Chemical structures are 

shown in Figure 2-4. 

 

 

Figure 2-4. Chemical structures of the monomers used throughout this work. 

Both HMDSO and allylamine are liquids with a vapor pressure high enough to 

ensure evaporation by applying vacuum. Zn(acac)2 is a solid with a melting point 

of 135 °C. It is not going into the vapor phase even at 10
-6

 bar without heating. 

Hence, a silicon oil bath was used to heat up the flask containing the monomer to 

125 °C. Nevertheless, the vapor would resublimate at the inner wall of the glass 

reactor before reaching the substrate. Therefore, all parts of the glass reactor from 

the monomer containing flask up to the area where the samples are placed were 

heated to 125 °C with the help of a heating jacket. This jacket contained thermally 

isolated heating filaments controlled by a homebuilt temperature controller 

connected to a temperature sensor in the heating jacket. 
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 Physical Vapor Deposition 2.2

In order to deposit metallic thin films of chromium, silver, or gold onto 

surfaces physical vapor deposition (PVD) was used. PVD is a procedure in which 

a small amount of metal or metal alloy is heated in a vacuum chamber to obtain a 

metal vapor; hence, the method used here is also called evaporative deposition.
123

 

An Edwards FL 400 (Crawley, England) PVD setup was used where the heating 

element consists of a small resistive pan bearing the metal. Upon applying current 

the receptacle in which the metal is placed heats up. The pressure of the vacuum 

chamber lies at 10
-6

 bar which together with the heat creates the metal vapor. 

Deposition rates were kept at 0.6 nm/min. All substrates were cleaned with 

ethanol prior to PVD. The adhesion of gold films on glass substrates was 

increased with a 2 nm chromium layer between glass and gold. In order to 

enhance subsequent polymer adhesion to gold films allyl mercaptane was used in 

a 50 mM ethanolic solution to create a self-assembled monolayer overnight. This 

organic monolayer contains double bonds which form reactive species during 

plasma treatment.
88

 It was always applied on gold surfaces before further plasma 

depositions were performed and its structure is depicted in Figure 2-5. 

Allyl mercaptane was purchased from Lancaster (Ward Hill, USA). 

 

Figure 2-5. Scheme of the formation of a self-assembled monolayer from 

allyl mercaptane and subsequent activation by plasma (asterix). 

 Step Profiling 2.3

Step profiling is a method for the determination of film thickness. Polished 

silicon wafers which were previously cleaned with ethanol were used as a 

substrate for the deposition of plasma polymer films. After deposition the film 

was scratched with a steel needle. Since the silicon wafer is harder than steel the 

depth of the scratch is equivalent to the film thickness. Upon scanning over the 

scratch with a fine stylus a profile is obtained. Since the stylus is scanning the 
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profile and its position is actuated by a piezo controller the depth of the scratch 

and therefore the film thickness can be determined. Figure 2-6 shows the basic 

principle of how a step profiler works. 

 

 

Figure 2-6. Basic mechanism of step profiling. The stylus can move freely in the 

z-direction and its position is converted into depth information. 

The equipment used was a KLA Tencor P-16+ (Milpitas, USA) with a scan 

rate of 50 m/s at 100 Hz, a needle weight of 1 mg and a tip diameter of about 

0.1 m. Measurements were conducted at least 3-fold for each point of interest. 

 Contact Angle Goniometry 2.4

Biological assessment of surfaces and the estimation of their performance can 

be judged by conducting water contact angle measurements. Mammalian cells 

prefer a certain range of wettability and 40 to 70° is an appropriate range for 

cellular adhesion and migration.
124

 

Water contact angle goniometry is a method that determines the wettability of 

a surface by measuring the angle between water and a surface. Usually the 

measurements are performed in air. This can be done with a sessile drop of water 

by placing the droplet onto the surface and imaging it from the side. The software 

provided with the setup determines the angle of the droplet at the point of contact 

with the surface. If this droplet is not moved or its volume not changed one refers 

to this procedure as static water contact angle measurement.
125

 The angle can 

change upon movement of this droplet. Advancing contact angles are larger due to 

retention of the liquid front caused by inhomogeneity of the surface. At the same 
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time receding angles are smaller for the same reason.
126,127

 Figure 2-7 shows how 

the water contact angle is defined in a static measurement. 

 

Figure 2-7. Scheme of a static sessile drop water contact angle measurement. 

Static water contact angles were determined for the films deposited on various 

substrates which were cleaned with ethanol prior to surface modification. Static 

water contact angles are characteristic for the surface modifications and did not 

depend on the substrate used. A 3 l droplet of ultrapure water was placed on the 

sample and the syringe removed to avoid contact with the droplet. The latter is 

necessary since the droplet and with it the contact angle would otherwise be 

deformed. The contact angle was determined with a Krüss DSA 10-MK2 

(Hamburg, Germany). Measurements were conducted at least 3-fold for each 

point of interest. The ultrapure water was generated by a water purification system 

Millipore Milli-Q+ 185 (Molsheim, France) and had a resistivity of 18.2 Mcm. 

 Infrared Spectroscopy 2.5

In order to gain information about the chemical structure of the plasma 

deposits infrared spectroscopy can be utilized. Molecules can absorb 

electromagnetic radiation and can undergo vibrational changes. These vibrational 

energies usually lie in the range of infrared light and are specific for chemical 

bonds and functional groups.
128

 The energy is absorbed and the chemical bond is 

excited from its vibrational ground state to a higher quantum state. For two 

chemical bonds associated with a central atom various vibrational modes are 

possible like symmetric and asymmetric stretching as well as bending vibrations 

like scissoring and rocking, wagging and twisting. Infrared spectra are usually 

measured and recorded by observing the absorption of infrared light compared to 

a reference. 
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 Infrared Reflection Absorption Spectroscopy 2.5.1

One way of receiving structural information of thin films in the nanometer 

range is the utilization of infrared reflection absorption spectroscopy (IRRAS). A 

reflecting gold film (80 nm) is coated with the film and illuminated with infrared 

light with an incident angle of about 5°. The infrared light passes the film and is 

reflected by the gold layer after which it passes the film again. The reflected light 

is recorded with a detector which is cooled with liquid nitrogen to increase the 

signal-to-noise ratio (SNR). As a reference an uncoated gold coated sample was 

used. The technique is very sensitive and the surfaces need to be free from 

contaminants. This is ensured by cleaning the samples with ethanol prior to 

deposition of polymer films. Figure 2-8 shows the incident and detected infrared 

beam during interaction with a polymer film on gold. 

 

Figure 2-8. Schematic representation of the mode of function in IRRAS. 

Microscopy glass slides were coated with 80 nm of gold using PVD as 

described in section 2.2. Glass slides were purchased from Menzel 

(Braunschweig, Germany). The setup used was a Thermo Scientific 

Nicolet Magna IR 850 (Nidderau, Germany). The detector was cooled with liquid 

nitrogen 15 min prior to and during measurements. 

 Attenuated Total Reflection Infrared Spectroscopy 2.5.2

The aforementioned method relies on the reflection of an underlying gold 

layer. Attenuated total reflection infrared spectroscopy (ATR) is a method that is 

not depending on such a reflecting surface. A crystal with high refractive index, 

on which the sample is placed on, is illuminated with infrared light. The infrared 

light is reflected from the inner surface of the crystal as it provides an internal 

reflection element. Upon reflection the electric field of the infrared light creates an 
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evanescent wave on the outer surface of the crystal. This evanescent wave 

interacts with the sample in close proximity. To ensure close contact between 

sample and crystal (to increase signal-to-noise ratio) light pressure is applied on 

the specimen. After internal reflection the beam is guided to a detector which is 

cooled with liquid nitrogen (again to increase signal-to-noise ratio). 

A Thermo Scientific Nicolet FT-IR 730 (Nidderau, Germany) was used here. 

The detector was cooled with liquid nitrogen 15 min prior to and during 

measurements. 

 Immobilization of Biomolecules 2.6

Wet chemical treatment was carried out to increase the cell-adhesive 

properties of ppAA. A straight forward approach for amino group coupling of 

biomolecules is the use of a short linker bearing an epoxy group at either end.
115

 

The epoxide ring structure lowers its energy upon opening with the help of a 

nucleophile. In this case the lone pair of nitrogen can provide sufficient 

nucleophilicity to do so. Diethylene glycol diglycidyl ether (DEGDGE) was used 

as a linker molecule and was dissolved in 50 mM NaHCO3 at a concentration of 

5% v/v. The samples were fully immersed in 1 ml of the solution and incubated at 

room temperature for 30 min without stirring.* 

Figure 2-9 shows that the linker molecule reacts with only one end, although 

in principle loop structures may easily be formed on the surface. However, the 

high concentration of the linker kinetically favors the reaction with only one end. 

Subsequently the samples were rinsed with 50 mM NaHCO3 at least three times 

and were then placed in a solution of the same buffer containing 0.5 mg/ml RGD 

(linear or cyclic form) or fibronectin. Reaction was carried out for 30 min at room 

temperature. After coupling the samples were rinsed with the buffer three times 

and subsequently washed with ethanol. 

                                                 
*
 No stirring was used since kinetic measurements were performed as described later. This 

procedure did not allow for stirring such that this step was not conducted in all experiments to 

ensure comparability. 
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Figure 2-9. Scheme of the deposition and biofunctionalization of ppAA. 

The linear and cyclic form of RGD was purchased from Anaspec (Fremont, 

USA) whereas fibronectin, NaHCO3, and DEGDGE were purchased from Sigma 

(Deisenhofen, Germany). 

 Surface Plasmon Resonance 2.7

Surface plasmon resonance (SPR) is the physical process of electron 

oscillations at the interface of a conductive material, e.g. gold and silver, and a 

dielectric, e.g. polymer films. These oscillations can be induced with 

electromagnetic radiation such as visible light. Upon a certain incident angle the 

electric field of the light, or rather the z-component, induces an oscillation which 

is attenuated and localized; hence it is called evanescent field, or evanescent 

wave.
129,130

 In a thin metal film the plasmon interacts with a dielectric material 

opposite of the incident beam such as a polymer film. The incident angle of the 

beam at which a plasmon occurs strongly depends on the thickness and refractive 

index of the polymer film. Figure 2-10 shows the working principle during an 

SPR measurement. 

A detector monitors the light reflected from the gold surface. During the 

plasmon resonance the intensity of reflected light decreases to zero because all the 

energy of the light is consumed to create the plasmon field. Due to the fact that 
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only the z-component can contribute to plasmon oscillations* x- and 

y-components would make it more difficult to observe the resonance 

phenomenon. Therefore, the laser light is send through polarizers that will only 

allow z-polarized light to pass through. 

 

 

Figure 2-10. Basic scheme of the working principle of SPR measurements. 

 

Figure 2-11. Example of two plasmon resonances recorded. The signal on the right 

(black line) shows a higher resonance angle resulting from a change in thickness and 

refractive index of an adsorbed layer. 

                                                 
*
 x- or y-components may very well cause electron oscillations but these never screen outside of 

the gold layer and therefore are not influenced by any adsorbed layer in contact with the gold. 

Exactly these adsorbed layers (e.g. polymer films, proteins) are supposed to be investigated by 

this technique. 
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The properties (thickness and refractive index) of the deposited layer on the 

gold are influenced by attachment on and detachment from the surface. As a 

result, the method allows for the observation of adsorption processes on the 

deposited layer. Figure 2-11 shows this for two SPR measurements. The red line 

was recorded prior and the black line after an adsorption process. 

After determining the angle at which the plasmon occurs, this signal can be 

followed via software that controls a goniometer. This goniometer ensures that the 

incident angle of the light is changed according to the shift of the resonance angle. 

This way, a time evolved process that causes the resonance angle to change can be 

observed. 

For kinetic SPR measurements Hellma LaSFN9 glass (Müllheim, Germany) 

previously cleaned with ethanol was coated with 47 nm of thermally evaporated 

gold and was subsequently immersed in a 50 mM ethanolic solution of allyl 

mercaptane overnight. A HeNe laser with 633 nm was used to excite the plasmon. 

Flow cells made from PTFE were attached on the coated side of the sample. This 

offers the ability to do wet chemistry while the measurement is conducted. 

Solutions and rinsing buffers were carefully injected with a syringe. The wet 

chemical procedure was performed as described in section 2.6. 

 Inductively Coupled Plasma Optical Emission 2.8

Spectroscopy 

Optical emission spectroscopy was utilized to determine the metal 

concentrations released from the metal containing multilayer system. By 

transferring energy to a solution containing the material of interest, the elements 

are excited and can emit light of a distinct wavelength. Energy transfer, 

absorption, and emission processes can be described by a so-called Jablonski 

diagram. 

In this case the excitation energy is provided by hot (up to 10,000 K) argon 

plasma ignited by inductive coupling to a high frequency generator. This 

configuration and process is called inductively coupled plasma optical emission 

spectroscopy (ICP-OES).
131,132

 The solution is led into the plasma as an aerosol 

created by a nebulizer and all liquid components vaporize immediately upon the 

high temperatures in the plasma. The residual substances and particles melt and 

vaporize as well and undergo excitation processes with respect to their electron 
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structure and configuration. The emission lines can be spectrally analyzed by a 

monochromator and a detector. The resulting signal is compared with standard 

solutions of known concentrations. This way, concentrations can be measured 

down to the ng/ml range. A basic scheme of the working principle is shown in 

Figure 2-12. 

  

Figure 2-12. Basic principle of the light detection from a plasma torch fed with an 

aerosol of a liquid sample. The light emitted can be analyzed in a detector. 

Round glass cover slips (thickness 1.5 mm, borosilicate, VWR, Darmstadt, 

Germany) with a diameter of 13 mm were used as substrates. They were coated 

and subsequently immersed in 1 ml of ultrapure water. The supernatant was 

collected at a certain point in time and the sample was reincubated with 1 ml of 

fresh ultrapure water for an additional point in time. Each sample was then diluted 

4-fold with ultrapure water to obtain sufficient volume for the analysis. A 

Horiba Jobin Yvon Activa M (Unterhaching, Germany) was run at an input power 

of 1250 W and an argon flow of 12 l/min. 
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 Scanning Electron Microscopy 2.9

Scanning electron microscopy (SEM) is able to resolve micro- and 

nano-structures by scanning a sample with a focused electron beam. A high 

resolution can be reached compared to standard optical microscopy due to the 

short wavelength of the electrons used. According to Abbé's law the maximum 

resolution is given by half of the wavelength. The electrons are emitted from a 

heated electron gun and are accelerated by an electric field up to several keV. By 

using apertures and magnetic lenses the beam can be focused onto desired areas of 

the sample. By absorption and scattering of the primary electron beam further 

particles are formed such as secondary electrons and X-rays. The secondary 

electrons can be captured in a detector and by scanning over the surface with the 

primary electron beam each point of the sample observed contributes to an image. 

By using low voltage (a few keV) charging and the creation of artifacts can be 

avoided.
133

 Secondary electrons have only small energies well below 50 eV and 

only leave the sample if they were created close to the surface of the sample. 

Therefore, SEM images represent the outer structure and topography of the 

sample. 

For cross section views polished Si-wafer were used as a substrate for the 

deposition of the films. These wafers were then cracked by placing a thin wire 

underneath them and applying pressure to both ends of the substrate. Thus, two 

pieces were obtained with a clean cross section at the breaking edge. A 

Carl Zeiss Gemini 1530 (Oberkochen, Germany) was used to image the samples 

normal to the breaking edge at vacuum conditions of 10
-9

 bar. 

 Energy-Dispersive X-Ray Spectroscopy 2.10

As already mentioned in the previous section, interaction of energetic 

electrons with matter creates secondary electrons as well as X-rays. Whereas the 

secondary electrons originate from the surface of the sample, the X-rays come 

from deeper layers of the sample. The energy they bear is strongly depending on 

the elemental composition of the analyzed specimen. The technique is commonly 

known as energy-dispersive X-ray spectroscopy (EDX). The principle behind 

elemental detection is the Auger effect. It states that upon impact of electrons with 

sufficient energy, electrons from inner shells of an element can be released. The 

lack of an electron is compensated by an electron from the next higher energy 
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level. The surplus energy that is set free upon the transition is released in the form 

of X-rays. By detecting the energy one can determine the element in which the 

X-ray was created. Since the initial primary electron beam is localized a lateral 

resolution in the nanometer range is obtained. Therefore, scanning over the same 

breaking edge as described in the previous section gives information about the 

elemental composition of the multilayers as they are designed in this work. Due to 

the similarity in the primary source of energy (primary electron beam) SEM and 

EDX are often combined in one instrument. Sample preparation and equipment 

was the same as described in section 2.9. 

 X-Ray Photoelectron Spectroscopy 2.11

Another method to investigate chemical composition of surfaces is 

X-ray photoelectron spectroscopy (XPS). Upon exposure to X-rays from a 

magnesium or aluminum source the elements in the surface release electrons. Part 

of the energy of the X-ray Ex is used to overcome binding energy of the electron 

Eb. The kinetic energy of this electron Ek is detected by an analyzer. Since the 

energy of the X-ray is known the binding energy can be determined: 

             2.3 

Because the detector is an energy analyzer that accelerates the electrons the 

work function of that analyzer needs to be considered to compensate for that 

acceleration when measuring Ek.
134,135

 The determination of the binding energy is 

the basis of the identification of elements in the surface. The number of electrons 

counted is proportional to the quantity of the respective element.
136

 Figure 2-13 

shows the basic principle of XPS electron transition upon irradiation with X-rays. 

The sampling depth is about 10 nm due to the relatively low mean free path of 

the electron. This makes XPS a very surface sensitive technique.
137

 Nevertheless, 

it makes it also very demanding since impurities and contaminations are easily 

detected by this technique. To prevent premature interaction of X-rays with any 

elements the whole procedure is carried out at 10
-9

 bar. Due to the loss of 

electrons from the surface the sample may charge. This can either be prevented by 

using electrically conducting or semi-conducting materials, covering the samples 

with a contacting metal grid, or by applying low energy electrons on the surface 

with an electron flood gun.
138,139
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Figure 2-13. Principle of XPS with electron transition. In the bound state the electron 

absorbs energy and bears a specific kinetic energy as a free electron. 

In order to estimate the amount of primary amines in plasma polymerized 

allylamine (ppAA) a selective wet chemical derivatization procedure with 

4-(trifluoromethyl) benzaldehyde
140,141

 was conducted as depicted in Figure 2-14. 

Since XPS is very sensitive to fluorine and no fluorine is contained in the samples 

otherwise this procedure can help to estimate the amount of primary amines on 

the surface. Samples were placed in a closed glass container on 2 mm glass beads. 

A droplet of 4-(trifluoromethyl) benzaldehyde was then placed on the bottom of 

the container and the samples were exposed to the vapor at 45 °C for 3 h. By 

reaction with the derivatization agent a single primary amine bears three fluorine 

atoms. Quantification of fluorine by XPS therefore reveals the amount of primary 

amines. 

 

Figure 2-14. Derivatization reaction of primary amines from a ppAA plasma 

deposit (R) with 4-(trifluoromethyl) benzaldehyde. 
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The setup used was a VG EscaLab 3 MKII and experiments were conducted 

by the École Polytechnique Montréal. The setup is equipped with a MgK source 

with 1253.6 eV X-rays. The screened surface was about 2 x 3 mm. The step size 

for the energy scan was 1 eV. The Shirley algorithm was used for background 

correction of the element signals. Charging effect corrections were made with the 

C1s peak being set to 285.0 eV. Polished Si-wafers were used as substrates and 

ensured minimal charging of the surfaces. 

 Overview over the Surface Analysis Techniques 2.12

Table 2-2 gives an overview over the surface analysis tools used throughout 

the work and includes lateral resolution as well as analysis depth of the respective 

technique. 

 

Table 2-2. Overview over the surface analysis techniques used in this work. 

name information obtained 
lateral 

resolution 

analysis 

depth 

Step Profiling film thickness m whole film 

Contact Angle 

Goniometry 
wettability mm interface 

Infrared Reflection 

Absorption Spectroscopy 
chemical composition mm whole film 

Attenuated Total 

Reflection-FTIR 
chemical composition mm 

whole film 

+ substrate 

Surface Plasmon 

Resonance 

optical thickness 

(adsorption) 
mm nm - m 

Scanning Electron 

Microscopy 
topography nm interface 

Energy-Dispersive X-Ray 

Spectroscopy 
elemental composition nm - m m 

X-Ray Photoelectron 

Spectroscopy 
elemental composition m ~ 10 nm 
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 Bacterial Assays 2.13

Since it is the aim of this work to create antimicrobial surfaces that minimize 

bacterial attachment, colonization, and biofilm formation on surfaces it is a crucial 

step to expose the coatings to bacterial suspensions. The design of the test method 

depends on the mode of action of the antimicrobial surface. Whereas contact 

killing surfaces bearing quaternary ammonium compounds or antimicrobial 

peptides do not act on bacteria in the surrounding medium, the surfaces studied in 

this work actively release antimicrobial agents and affect bacteria in the solution. 

The latter case is easier to observe since merely the solution in contact with the 

surface needs to be analyzed and standard methods have been developed for such 

cases. E. coli K12 (Top10, Invitrogen, Darmstadt, Germany) as well as two 

clinical strains S. aureus MSSA 476 (cultured by Dr. Jodi Lindsay Geraldine 

Mulley, Department of Biology & Biochemistry, University of Bath, Bath, BA2 

7AY, United Kingdom, St Georges University, London, UK) and 

Pseudomonas aeruginosa PAO1 (same source) were utilized. Due to safety issues 

all experiments with S. aureus or P. aeruginosa were conducted at the Pathology 

Department of the University of Cologne and the Hygiene Department of the 

University Medical School in Mainz. 

The simplest method is to measure the optical density of the supernatant since 

bacteria are sufficiently large to scatter light. The more bacteria are present in a 

solution the more light is scattered and the more optically dense this solution will 

be. By measuring the light going through such a solution and comparing it to 

standards with known number of bacteria one can quantify the bacteria in the 

sample. Usually light with  = 600 nm is used since most of the culture media do 

not absorb in that region; hence the measured quantity is called OD600. However, 

no distinction between living and dead bacteria can be made but by comparing the 

result to a control sample with no antimicrobial activity the results may offer a 

first overview over the feasibility of the surface modifications. The photometer 

used for the measurements was a Thermo Fischer Scientific Genesys 10 UV 

(Braunschweig, Germany). For such experiments 1 ml of a bacterial suspension 

with 10
6
 colony forming units (CFU) in 1/10 Luria Bertani (LB) medium (Carl 

Roth, Karlsruhe, Germany) were incubated in polystyrene petri dishes (Nalge 

Nunc International, Rochester, USA) with a diameter of 3.5 cm overnight at 37 °C 

and 95% relative humidity.  
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To obtain accurate numbers the supernatant was plated out on agar plates in 

various dilutions and grown overnight at 37 °C and 95% relative humidity. Since 

every vital bacterium will form a new colony, the number of CFU in the original 

supernatant can be determined by counting colonies on the agar plate and 

considering the dilution factor. Experiments involving E. coli were performed by 

Sabine Pütz (Max Planck Institute for Polymer Research, Mainz, Germany). 

Experiments with silicone urethral catheters and S. aureus were performed by 

Peter Cierniak (Pathology Department, University of Cologne, Germany). 

For assessing the longevity of antimicrobial properties the method was 

changed in such way that no dilution series of the supernatant was made and no 

counting of CFU was conducted. Plating merely served as a way to judge how 

long the bactericidal effect lasted. PTFE (round discs of 13 mm diameter, Cadillac 

Plastic, Swindon, England) was chosen since it is clinically relevant and a 

material that is most challenging with regard to wet chemical procedures.
142

 After 

cleaning with ethanol and deposition of the films described in the previous chapter 

10 l of a suspension of 10
6
 CFU/ml in 1/10 LB medium were incubated on the 

samples at 37 °C and 95% relative humidity overnight. The suspension was then 

transferred to an agar plate and grown over night to see if bacteria survived. The 

original sample was again incubated with a fresh bacterial suspension and this 

process was repeated until bacterial growth was not further inhibited. The time up 

to the point of bacterial growth was then considered as the longevity of 

antimicrobial properties of a given surface. These experiments were conducted by 

Nina Dohm (University Medical School, Mainz, Germany). 

Another method that allows for observation of bacteria on the surface and 

assessing their viability is a so-called live/dead staining. The kit used was 

Invitrogen Live/Dead BacLight (Darmstadt, Germany) which contains two 

nucleic stains, a green fluorescent dye (Syto 9) and a red fluorescing 

dye (propidium iodide). These stains differ in their ability to penetrate the 

membrane of vital bacterial cells. Only Syto 9 (not charged) can penetrate the 

membrane of both live and dead bacteria whereas propidium iodide (positively 

charged) will only penetrate that of dead bacteria. Therefore, dead bacteria 

fluoresce in red and vital bacteria fluoresce in green. Samples were inoculated 

with 10
6
 CFU/ml of bacteria in 1/10 LB medium and incubated at 37 °C and 95% 

relative humidity overnight. For one sample 3 l of each BacLight component 

were mixed with 1 ml of 0.85% NaCl in sterile water (autoclaved). After 
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removing the supernatant from the samples and gentle washing with 1 ml of PBS 

this solution was incubated with the samples for 15 min. By observation with a 

microscope (Carl Zeiss Axio Observer, Oberkochen, Germany) with the use of 

appropriate filters (485 and 530 nm) it is possible to image both dyes 

simultaneously. This is done by overlaying the images with the software provided 

with the microscope. Fabrics made from woven (Sefar, Heiden, Switzerland) and 

non-woven (Freudenberg, Weinheim, Germany) polyethylene terephthalate (PET) 

was used for the Live/Dead staining assays.  

Since plasma itself is sterilizing due to highly reactive species like radicals, 

ions, free electrons and UV light
143

 no further sterilization of the samples was 

conducted with the exception of wet chemically treated samples. The latter as well 

as all the equipment used for handling the samples (tweezers, glass vials, et 

cetera) were washed with 70% ethanol. 

 Cell Microscopy 2.14

Since fast wound healing helps to prevent infections and implant failure it is 

important to assess the cell behavior on the surface coatings. Furthermore, 

antimicrobial properties may also result in cytotoxicity and it is the aim here to 

combine both bactericidal as well as cell-adhesive properties. For this purpose, 

cell morphology, number, and surface coverage of cells were investigated. 

Fibroblasts NIH 3T3 (DSMZ, Braunschweig, Germany) were grown overnight on 

the various films deposited on glass cover slips. These glass samples were 13 mm 

in diameter and were placed in 24-well plates. The number of cells seeded was 

10,000 per sample in 1 ml of Dulbecco's Modified Eagle Medium (DMEM) 

(Invitrogen, Darmstadt, Germany) and growth conditions were kept at 37 °C and 

95% relative humidity. After incubation for 24 h the samples were observed 

through a microscope. The microscope used was a phase contrast Olympus 

IX70 (Hamburg, Germany).  

Human umbilical vein endothelial cells (HUVECs) purchased from Pan 

Biotech (Aidenbach, Germany) were also used since they are clinically relevant 

especially for the assessment of coatings for vascular grafts. The cells were 

cultivated in Endopan3 medium (Pan Biotech) at 37 °C and 95% relative 

humidity. The samples, made of PTFE or titanium, were seeded with 10,000 cells 

per sample in a 24-well plate. Cell attachment was monitored after 24 h and 3 d. 
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For the visualization of the attached cells the samples were rinsed with PBS and 

subsequently incubated in FCS-free DMEM containing 1 mg/ml calcein-AM. 

Calcein-AM is the acetoxymethylester of calcein. It prohibits the calcium 

chelating effect of calcein and thus enables diffusion through the cell membrane. 

Within a vital cell the ester is cleaved by esterases and calcein is formed. Upon 

chelating calcium it can fluoresce at 515 nm (excited at 495 nm). After 30 min of 

incubation at 37 °C samples were washed with medium. Micrographs were 

obtained using standard FITC filters. At least three different, representative spots 

from each sample were photographed. The surface coverage of attached cells was 

quantified using ImageJ software (NIH, Bethesda, USA) and expressed as 

percentage of total observed area. For this purpose, three pictures of each of the 

tested surfaces were converted into an RGB stacked image (red, green, and blue 

channels). Using the green channel the threshold for particle recognition was 

adjusted manually and the picture converted into a binary image (black and 

white). The software could then determine the area covered by cells as well as 

their number. Sterilization of the samples was performed as described in the 

previous section. 

 

Throughout this work all substrates were thoroughly cleaned several times 

with HPLC grade ethanol in an ultrasound sonicator for 15 min. The only 

exceptions were silicon wafers and glass cover slips since they are too thin and 

brittle to endure sonication. Nevertheless, they were cleaned by washing with 

ethanol before conducting any further treatment. 
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3 Cell-Adhesive Coatings with ppAA 

The following chapter will address immobilization of fibronectin on ppAA
113

 

and provides the basis of the work in chapter 5. The aim was to create coatings 

that enhance cell attachment on materials for biomedical applications. It was 

shown previously that plasma polymerized allylamine (ppAA) exhibits 

cell-adhesive properties because of the amount of amino functional groups 

covering the resulting film.
144-146

 

It was furthermore shown that ppAA can be used to immobilize biomolecules 

by physisorption
108,147,148

 as well as chemisorption
97,149

. The fundamental 

principle of utilizing biomolecules to prompt a certain behavior of mammalian 

cells is applied here by grafting fibronectin onto ppAA and subsequently 

observing the cell adhesion and morphology of HUVECs on modified PTFE 

samples. A basic scheme of the utilized layer system is shown in Figure 3-1. 

 

 

 

Figure 3-1. Scheme of the layer system discussed in chapter 3. 

 Analysis of Cell-Adhesive Coatings 3.1

Many traditional polymers are susceptible to plasma and will easily bond to a 

plasma polymer film* thus ensuring stable coatings.
145,150

 Nevertheless, upon 

immersion in aqueous solutions plasma polymer films can delaminate from some 

substrates, e.g. silicon based substrates like Si-wafers or glass as well as metallic 

substrates like gold, silver or titanium. Delamination can be overcome by using 

                                                 
*
 Often an argon and/or oxygen plasma is used to create reactive species on the substrate to further 

enhance stability, especially in cases were a 'soft' (low input power) plasma deposition is 

chosen for the sake of retaining monomer structure and functionality. 

ppAA 

substrate 

biomolecule 

linker 
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plasma polymerized hexamethyldisiloxane (ppHMDSO) as an adhesion layer 

between the substrate and ppAA.
151,152

 This works well for substrates from 

titanium and silicon based materials. The ppHMDSO deposit can attach to the 

surface with Ti-O-Si or Si-O-Si bonds while providing organic moieties at which 

a subsequent plasma deposit can attach to.
99

 

 Film Adhesion Improvement with ppHMDSO 3.1.1

In order to obtain thin ppHMDSO films small pieces (few millimeters in 

dimension) of polished Si-wafers were evenly distributed throughout the reactor 

chamber in an area of 16 by 6 cm. Figure 3-2 shows the film thickness according 

to the position in the reactor for a 5 s deposition of HMDSO (0.100 mbar) at 

40 W CW and an oxygen carrier gas flow of 10 sccm. 

 

Figure 3-2. Film thickness distribution throughout the reactor after 5 s of HMDSO 

deposition. The precursor inlet is situated on the left whereas the vacuum pump is placed 

on the right. 

Film thickness increased from the precursor inlet towards the pump (distal 

end). It is not yet understood why this is the case. However, it is also the direction 

of precursor flow and the reactor chamber forms a bottleneck towards the distal 

end lowering the diameter of the chamber from 10 cm down to 3 cm. This may 

well lead to an accumulation of monomers therefore causing a higher partial 

pressure of the monomer in that region. 

Nevertheless, the variation in film thickness did not influence the stability of 

the subsequent plasma polymer layers. In all following experiments with silicone 
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based substrates a short deposition of 2 s was used to create ppHMDSO films of 

10 to 20 nm in thickness. These could then further be activated by a short oxygen 

plasma treatment with low input power (30 W). As has been shown previously 

this does not alter the general organic nature of the ppHMDSO but increases film 

stability, adhesion, and reactivity.
151-153

 

Figure 3-3 shows IRRAS spectra of ppHMDSO thin films on gold 

before (green) and after (red) exposure to oxygen plasma for two seconds at 

30 W CW at a flow of 10 sccm. 
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Figure 3-3. IRRAS spectra of ppHMDSO with (red) and without (green) subsequent 

plasma activation with oxygen. Water contact angles are shown by the side view images 

of a water droplet on the surfaces (also refer to Table 3-2 in section 3.1.2). 

Both spectra demonstrates the retention of the organic character of the thin 

films by showing specific signals (see Figure 3-3 for details and assignments) 

which were in accordance to what has been reported before.
151

 This was also true 

for the wettability. While ppHMDSO had a water contact angle of about 100°, the 

contact angle of ppHMDSO treated with 'soft' (30 W) oxygen plasma decreased to 

35° (see Table 3-2 in section 3.1.3 for details). It has been shown before that 

hydrophilic ppHMDSO itself leads to adhesion of proteins
154

 and the increase of 

adhesion and proliferation of fibroblasts on ppHMDSO coatings with and without 

oxygen activation was studied.
155

 Here, ppHMDSO merely serves as an adhesion 

promoting layer between substrates and additional plasma polymer layers. 
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 Analysis of ppAA Films 3.1.2

In this work ppHMDSO merely serves as an adhesion mediator between 

silicon and titanium based substrates. The subsequent deposition of ppAA builds 

the basis of the cell-adhesion experiments. 

In order to investigate deposition rates small Si-wafer pieces (few millimeters 

in dimension) were placed in the reactor and were subsequently coated with ppAA 

at 0.150 mbar for 1 min and 40 W CW. As shown in Figure 3-4 deposition rates 

were higher towards the bottleneck at the distal end of the precursor inlet, which 

is in agreement to what has been observed for ppHMDSO.  

 

Figure 3-4. Film thickness distribution throughout the reactor after 1 min of allylamine 

deposition. The monomer is located on the left whereas the pump is placed on the right. 

Additionally, for IR analysis three distinct positions inside the reactor were 

chosen; close to the precursor inlet, in the middle, and close to the pump 

(see  Figure 3-5). Also, three different input powers were used in order to vary the 

composition of ppAA. Table 3-1 furthermore gives detailed assignment on the 

various signals in accordance with the literature.
97,144,156-158

 

All spectra in  Figure 3-5 were normalized to the signal at 1650 cm
-1

 and were 

background corrected manually to ensure comparability between them. The 

signals at 1450-1370 cm
-1

 (seen as two signals at the right shoulder of the main 

peak at 1650 cm
-1

) as well as the signals at 3000-2800 cm
-1

 serve as a reference 

for the loss of functionality of the plasma polymer film because they originate 

from aliphatic structures of carbon and hydrogen. Relative changes in intensity 
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between hydrocarbon signals and the signal at 1650 cm
-1

 (mainly attributed to the 

primary amine) are therefore discussed. 

 

 

 Figure 3-5. IRRAS spectra of three different positions in the reactor and three 

different input powers (y-axis). Spectra were normalized to the strongest signal at 

1650 cm
-1

. The signals marked in red are representative for aliphatic hydrocarbon 

structures and are discussed in the context of loss of amino functionality. All spectra were 

background corrected manually to ensure comparability. 

 

Table 3-1. IR signals of ppAA 

wavenumber / cm
-1

 chemical structure 

3340 =N-H stretch, N-H, and O-H stretch 

3280 NH2 stretch 

3190 R3N-H stretch 

3000-2800 R3C-H stretch 

2870 =C-H stretch 

2240 C≡N and C≡C stretch 

2180 N=C=N stretch 

1650 NH2 bend, , C=N stretch  

1450 CH2 in plane 

1370 CH2 and CH3 deformation 

850 R3N-H bend 
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The 150 W high input power films exhibit especially strong signals attributed 

to hydrocarbon structures and are therefore unsuitable for the following 

experiments which rely on retention of amino functionality. 

The films deposited in pulsed mode at 40 W 10/100 show lower signals for 

aliphatic structures but such low input power films are prone to loss of film 

structures upon immersion in liquids or autoclaving.
159,160

 The amount of 

crosslinking within these plasma polymer films is usually too low. They are 

therefore unsuitable for further experiments. 

The best compromise between stability and retention of the monomer structure 

seems to be reached at 40 W CW. All aliphatic hydrocarbon structures were 

relatively low compared to films deposited at high input powers. Delamination or 

loss of film structure was not observed except for what is already known in 

literature.
159

 With regard to the position in the reactor there seem to be minor 

differences. At the distal end (closer to the vacuum pump) higher signals for 

aliphatic structures were observed. However, these differences were relatively 

small and may also originate from baseline corrections*. A broad homogeneity 

throughout the reactor is favorable because many samples can thus be coated 

simultaneously. 

Due to the fact that plasma deposition is mostly substrate independent
118,161

 it 

is possible to deposit different plasma polymer films on top of each other without 

compromising integrity of the sub-layers of plasma polymer films. Therefore, 

deposition of ppAA on top of ppHMDSO is easily achieved and can be observed 

via infrared techniques as well as simply measuring water contact angles (see 

Table 3-2 in section 3.1.3 for details). Both results are presented in Figure 3-6 

where infrared spectra of the ppAA, ppHMDSO, and the bilayer as well as contact 

angles are shown. Corresponding signals are highlighted by colored arrows 

revealing the presence of both films. Assignments were given in Figure 3-3 and 

Table 3-1. It is worth noting that although film thickness is in the same order of 

magnitude (10 nm for ppHMDSO and 20 nm for ppAA) the signal for ppAA is 

relatively weak compared to ppHMDSO.  

                                                 
*
 Baseline correction was merely conducted to make the spectra comparable. Throughout this work 

baseline correction was avoided wherever possible. 
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Figure 3-6. Normalized IRRAS spectra of ppAA on ppHMDSO. Colored arrows mark 

signals of the respective films (details are shown in Figure 3-3 and Table 3-1). The 

according water contact angles are shown next to the spectra (also refer to Table 3-2 in 

section 3.1.3). 

Not all substrates need ppHMDSO as an adhesion enhancing interstitial layer. 

Classical polymeric substrates like PTFE can be plasma modified
162

 and ppAA 

was directly deposited onto these substrates after 10 min pretreatment with 

oxygen plasma. 

Figure 3-7 shows a spectrum of ppAA on top of PTFE as well as spectra of the 

substrate and ppAA only.* The two main signals at 1200 and 1140 cm
-1

 originated 

from stretching vibrations of fluorocarbons and they are characteristic for PTFE. 

The signals assigned to ppAA were present on coated PTFE samples. Also, static 

water contact angles change drastically upon deposition of ppAA on PTFE. The 

latter exhibits contact angles of 110° whereas plasma polymerization of 

allylamine lowered the water contact angle to 35° (see Table 3-2 in section 3.1.3 

for details). 

                                                 
*
 The ppAA spectrum was obtained with IRRAS. The PTFE and the PTFE + ppAA spectra were 

obtained with ATR. Peak areas or height are therefore not directly comparable. Nevertheless, 

peak positions are. 
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Figure 3-7. ATR-FTIR spectra of ppAA on PTFE. Also shown are spectra of PTFE 

and ppAA only. Distinct signals of ppAA are highlighted (see Table 3-1 for details). The 

according water contact angles are shown next to the spectra (also refer to Table 3-2 in 

this section). 

Besides infrared absorption spectroscopy techniques and water contact angle 

measurements, X-ray photoelectron spectroscopy (XPS) was utilized to give 

further information on the composition of ppAA and the retention of amino 

functional groups. Elemental scan data will be given later on in section 6.1 but it 

is worth noting here that the elemental composition of ppAA was close to that of 

the monomer. Almost 20% of the films composition was made of nitrogen 

compared to 25% in the precursor. Utilizing 4-(trifluoromethyl) benzaldehyde 

which can be used for selective derivatization of primary amines
140,141

 has shown 

a high retention of monomer structure. It can be concluded that 28.7% ± 0.3% of 

the total nitrogen concentration originated from primary amines and about 10% of 

the carbon atoms bore primary amine moieties. 

 Biofunctionalization of ppAA 3.1.3

The purpose of ppAA deposits was to create a cell-friendly environment and 

to produce cell-adhesive surface modifications. Therefore, fibronectin and the 

adhesion sequence RGD in its linear and cyclic form were chosen to be 

immobilized on ppAA coated substrates and devices. 
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A binding chemistry that has previously shown to be applicable for traditional 

polymers was utilized for the grafting of fibronectin to ppAA (see section 2.6).
115

 

Diethylene glycol diglycidyl ether (DEGDGE) is a short polyethylene glycol like 

linker molecule with two terminal epoxide rings and is used to covalently bind to 

amino functional groups. It can react with either end and in principle may form 

loop structures on the ppAA surface. Since loop structures do not contribute to 

further binding to amino functional groups of biomolecules they need to be 

avoided using a large excess of this diepoxy linker. This way the single sided 

reaction is kinetically favored. DEGDGE is readily soluble in aqueous solutions 

such as 50 mM NaHCO3. Here, a concentration of 5% v/v in a 1 ml per sample 

was utilized. The alkaline solution with a pH of 9 enhances the nucleophilic attack 

on a carbon of the epoxide ring, most likely on the sterically less demanding 

terminal carbon. The electron lone pair of either amino functional group can 

therefore readily react with the ring structure leaving pendant epoxide moieties 

which either hydrolyze or react with other amino functional groups. The latter will 

be favored if the subsequent addition of the biomolecule solution is started shortly 

after binding the linker. 

Here, the reaction time of the linker was 30 min in order to minimize 

hydrolysation. Figure 3-8 shows a kinetic SPR measurement. Figure 3-8 a) 

represents the procedure used for all experiments involving this grafting 

chemistry. After adding DEGDGE in buffer the signal increased strongly (from 

60.8 to 63.2°) which is mainly due to the optical properties (high refractive index) 

of the solution and does not indicate any binding event yet. During washing with 

buffer after 30 min the signal decreased below the starting point to 60.6° (overall 

decrease at this point 0.2°). Plasma polymer films including ppAA are known to 

release material upon immersion in aqueous solution
141,159

 but various other 

effects take place simultaneously; plasma polymer films swell in solution 

therefore changing their refractive indices as well as their thickness but as already 

mentioned they also release material. All of these processes affect SPR signals 

and are hard to distinguish. Nevertheless, a plateau is reached after a few minutes 

and upon incubation with fibronectin solution the signal increased again to 61.5° 

indicating an adsorption process. Up to this point, physi- and chemisorption 

cannot be distinguished though most of the adsorbed mass remained bound after 

rinsing with buffer. 
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Figure 3-8. Kinetic SPR measurements of fibronectin adsorption to ppAA a) with and 

b) without DEGDGE. The angular position (corresponding to adsorption or desorption 

processes) is plotted against the time. 

In contrast to the results presented in Figure 3-8 a) the spectrum looks 

different when no linker is used. This is shown in Figure 3-8 b) and the result 

implies that the process relied only on physisorption. During incubation with 

buffer for 30 min* the signal decreased by 0.2° (swelling of the film and loss of 

plasma polymer material as discussed above) and stabilized. After incubation with 

fibronectin solution the signal increased but not to the extent seen in the case of 

utilization of the linker. After rinsing with buffer, the signal remained well below 

that of the linker modified samples. The overall increase in angular position was 

only 0.21° (no linker used) compared to 0.87° (linker used). The results indicate 

that the utilization of the linker molecule caused chemisorption compared to 

physisorption that was always present in either case. 

It is likely that due to its size of 520 kDa
163

 fibronectin binds to many sites on 

the surface and reacts with many linker molecules. In principle this may cause the 

protein to lose its functionality due to the loss of the natural tertiary structure. 

Nevertheless, it has been shown before that fibronectin retains its biofunction 

even after denaturation.
111

 This is because of the relatively small binding domain 

consisting mainly of the RGD sequence which the protein can display even upon 

denaturation.
164

 In principle a quantification of such biomolecules is possible but 

involves techniques such as the Western Blot
165

 which were not conducted during 

this work. 

                                                 
*
 This step serves as a substitute for incubation with the linker solution and makes the results 

comparable. 

a) b) 
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Figure 3-9 shows IRRAS spectra of ppAA and the subsequent layers after wet 

chemical treatment. For comparison, spectra of fibronectin as well as of the 

DEGDGE linker were added. There are various signals found in the fingerprint 

region after incubating ppAA with DEGDGE and fibronectin. Among them the 

anti-symmetric and symmetric epoxide ring deformation at 908 cm
-1

 and 842 cm
-1

 

respectively.
166

 The most prominent signal is the C-O-C stretching vibration from 

ethylene glycol structures at about 1150 cm
-1

 which were not present in 

unmodified ppAA.
167
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Figure 3-9. IRRAS spectra of the wet chemically modified plasma deposit. The green 

box marks the detailed section shown in Figure 3-10. 

A clearer picture can be derived from the hydrocarbon signals between 

3100-2800 cm
-1

 which can be seen in greater detail in Figure 3-10. Spectra of 

DEGDGE and ppAA are shown in the lower part whereas the wet chemically 

modified films are shown in the upper portion of the figure. At 3060 cm
-1

 the 

anti-symmetric stretching of CH2 in the epoxide ring structure can be seen.
166

 It is 

not a prominent feature but was present in case of DEGDGE and 

ppAA + DEGDGE but did not show after binding fibronectin. This suggests that 

either fibronectin saturated all the linker molecules and/or the linker hydrolyzed. 

That the former is more likely was shown by the kinetic SPR measurements (see 

above). There are further signals at 3000 cm
-1

 and 2860 cm
-1

 which are attributed 

to hydrocarbon vibrations that were found in both spectra. Nevertheless, they 
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were enhanced after wet chemical treatment which is pointing to formation of new 

bonds after ring opening of the epoxide structure. 
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Figure 3-10. Detailed section from Figure 3-9. The distinct signals are highlighted with 

red lines. 

Table 3-2 shows static water contact angles of various surfaces at the different 

stages of preparation. It is worth noting that wettability of PTFE did not change 

after 10 min of oxygen plasma treatment at 100 W CW. Gold and silicon based 

substrates like glass and Si-wafers exhibited typically low contact angles and the 

software of the measurement system failed to determine reliable numbers (they 

are therefore merely denoted <10° in Table 3-2). All plasma deposits developed a 

specific static water contact angle independent of the substrate.* Water contact 

angles after all wet chemical modifications were in a comparable range of 30 to 

35° which makes distinction between them impossible by this method only. 

 

                                                 
*
 Note that this may very well not be true for dynamic water contact angles, which were not 

measured here. 
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Table 3-2. Water contact angles of various surfaces used in the context of 

cell adhesion on ppAA. 

surface water contact angle / ° 

PTFE 110 ± 2 

PTFE with activation 108± 4 

glass < 10 

gold < 10 

silicon wafer < 10 

ppHMDSO 98 ± 6 

ppHMDSO with activation 35 ± 5 

ppAA 52 ± 4 

DEGDGE on ppAA 32 ± 4 

fibronectin 33 ± 4 

L-RGD 33 ± 4 

C-RGD 33 ± 4 

 

 Cell Adhesion on Biofunctionalized ppAA Films 3.1.4

For cell experiments HUVECs were chosen because they provide a clinically 

relevant biological system, especially for applications involving vascular grafts 

made from PTFE. It is desired to have fast attachment and growth of endothelial 

cells on such devices. Endothelialization of PTFE would prevent platelet adhesion 

and activation of the coagulation cascade. This coagulation together with foreign 

body reactions are the main cause for thrombosis and implant failure of vascular 

grafts.
168-170

 

Cell adhesion was determined with microscopy after seeding HUVECs on 

treated and untreated PTFE discs. Figure 3-11 shows micrographs of calcein 

stained HUVECs after 24 h and 3 d of incubation. It is evident that PTFE did not 

allow cells to adhere to the surface due to its hydrophobic and chemically inert 

nature. This is implied by the spherical morphology of the cells minimizing 

cell-surface interaction. Also, oxygen plasma treated PTFE did not improve cell 

adhesion. This was not expected but became obvious after measuring static water 

contact angles (see Table 3-2 above) which proved that these samples remained 

hydrophobic. Nevertheless, all subsequent samples were cleaned by oxygen 

plasma treatment prior to ppAA deposition. 
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Figure 3-11. Calcein stained HUVECs after 24 h and 3 d on PTFE samples with 

various surface modifications based on ppAA deposits. 
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Deposition of ppAA on PTFE allowed HUVECs to adhere to the surface 

which is seen by the enhanced cell-surface interaction. The cells changed their 

morphology and adopted a well-spread shape. There was a difference in adhesion 

between the 24 h and 3 d results revealing a better attachment after the longer 

period. This is important to notice as it shows that ppAA remained stable on the 

chemically inert PTFE material and that ppAA furthermore remained active as an 

adhesion promoting surface modification after several days.After wet chemical 

treatment with DEGDGE cell adhesion was reduced which is due to hydrolyzation 

of the linker taking the form of PEG-chains* on the surface which are known to 

have anti-fouling properties.
171

 It can be expected that the same chemistry may be 

exploited for anti-fouling strategies in other applications by using PEG-chains 

with higher molecular weight exhibiting even less cell adhesion. 

RGD modified surfaces, whether using the linear or the cyclic form, promoted 

cell adhesion.
164,172,173

 Initial attachment seemed to be fast and there was no 

difference between cell morphology after 24 h and 3 d for both the linear or the 

cyclic peptide. Also, cell adhesion did not exceed that of ppAA after 3 d.  

Fibronectin immobilized on the surface strongly enhanced cell adhesion. Cell 

numbers and morphology implied good attachment and after 24 h the sample 

already showed an almost confluent coverage. 

Further data can be gained, by converting the images into binary pictures 

(black and white) and evaluating the number and surface coverage of the cells. 

This was done with an automated algorithm provided with the software ImageJ. 

Figure 3-12 shows the cell numbers observed on the specified samples and the 

results correspond to what has already been discussed. Coating PTFE with ppAA 

as well as with the biomolecules increased the number of cells compared to the 

control whereas grafting DEGDGE showed reduced cell numbers.  

It is worth noting that the amount of cells did not change between 24 h and 3 d 

except for both forms of RGD where cell numbers in fact decreased. The reason 

for this is unknown at this point. A possible explanation may include a fast boost 

of cell attachment and growth in the initial phase followed by an inhibitory effect 

in proliferation. Nevertheless, this can only be proven with appropriate methods 

including proliferation tests (e.g. Alamar Blue assay) which were not conducted 

                                                 
*
 In this case PEG (polyethylene glycol) is misleading and due to the short length of the linker it 

should not be called PEG but merely shows a similar structure. 
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here. Again, fibronectin showed a strong effect on the cell behavior and strongly 

increased cell growth compared to all other surface modifications or the control. 

 

Figure 3-12. Cell counts evaluated from pictures shown in Figure 3-11. 

The coverage of the surface by cells can also be quantified using the ImageJ 

software. Figure 3-13 shows the results which are in good agreement to the 

microscopic pictures. Compared to linear RGD the cell coverage on the cyclic 

form was slightly increased after 3 d. In the literature it is also claimed that the 

cyclic form of RGD offers better cell adhesion compared to the linear form.
174

 

This is thought to originate from the natural arrangement of RGD within the 

tertiary structure of fibronectin which forms a loop domain.
107,175

 Nevertheless, 

the error is relatively large here and as shown above cell numbers and 

morphology did not differ between the two RGD structures. It is worth 

mentioning that the coverage is almost confluent in the case of fibronectin coated 

samples whereas it is almost zero for the PTFE control. Immobilization of 

fibronectin therefore offers the most promising cell adhesion strategy. 

 

Figure 3-13. Cell coverage derived from pictures shown in Figure 3-11. 
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4 Antimicrobial Coatings with ppZn(acac)2 

The aim of this chapter is to discuss antimicrobial coatings from plasma 

polymerization of metal-organic precursors among which ppZn(acac)2 seems 

favorable due to its high vapor pressure compared to other metal-organic 

compounds. 

 Analysis of ppZn(acac)2 Films 4.1

Analysis of the zinc containing plasma polymers included investigation of the 

distribution of film thickness in the reactor as well as on confined samples like 

petri dishes. Also static water contact angles were observed and the zinc content 

in the films was determined. Further structural analysis and investigation of 

chemical composition is given in the following chapters. 

 Plasma Deposition of ppZn(acac)2 4.1.1

The zinc-organic monomer zinc acetylacetonate (Zn(acac)2) was heated to 

125 °C with a silicon oil bath in order to create sufficient amounts of vapor 

needed for a glow discharge. In addition to heating the monomer containing flask, 

the parts of the reactor that fed the vapor into the chamber were heated as well. 

Heating filaments regulated by a temperature controller heated the reactor head to 

125 °C from the outside to minimize resublimation at the glass wall. Nevertheless, 

glass is not a good thermal conductor and temperature might differ between 

outside, where the temperature sensor for the feedback loop is positioned, and the 

inside, where resublimation can occur. Figure 4-1 shows the temperature setpoint 

compared to the actual temperature at the inner surface of the glass wall. The 

temperature slightly remained below the setpoint but was considered sufficiently 

high to prevent resublimation. The straight line represents the bisector between 

x- and y-axis at which perfect heat convection would exist.  

Air and vacuum have a low thermal conductivity and therefore the 

temperature at the sample position was also measured. There was a large 

difference between the setpoint and actual temperature, e.g. at 125 °C being set in 

the controller the temperature at the sample position merely reached about 90 °C. 

This is acceptable since the monomer is supposed to polymerize and to deposit 
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onto the substrate at this position. High temperatures over a prolonged period of 

time could reduce deposition rates or might even decompose the precursor. 
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Figure 4-1. Temperatures in the reactor (at the inner reactor wall surface and at the 

position where the samples were placed) versus the setpoint of the temperature 

controller. The straight line represents the angle bisector between x- and y-axis (a 

theoretical perfect heat convection). 

 

Figure 4-2. Film thickness distribution throughout the reactor after 30 min of 

ppZn(acac)2 deposition. 

The film thickness distribution inside the reactor is depicted in Figure 4-2. In 

contrast to the results shown in chapter 3.1 where HMDSO and allylamine gave 
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thicker films towards the distal end of the reactor close to the cold trap, the 

behavior of Zn(acac)2 is the reverse. Due to the lower vapor pressure compared to 

that of HMDSO or allylamine, Zn(acac)2 can resublimate inside the reactor. 

Although the heating system is preventing this, it does not extend over the entire 

reactor but ends right at the point of highest deposition rates. Beyond that position 

the lack of external heat will cause the partial pressure of the precursor to decrease 

drastically leading to slower film growth. It is worth mentioning that the 

difference in film thickness can reach 500% for ppZn(acac)2 within a few 

centimeters. Therefore, throughout this work sample position for following 

experiments was restricted to the position of highest deposition rate. 

Limited access to confined spaces of samples is a known issue of plasma 

polymerization.
176

 Therefore it is interesting to investigate how deposition rates 

alter for a confined sample since antimicrobial efficacy was tested in 3.5 cm 

diameter polystyrene petri dishes with a rim height of 1 cm. Figure 4-3 shows the 

film thickness distribution on a radius of such a petri dish. Along the first 2 mm 

from the rim, film thickness was lower compared to more accessible areas in the 

center of the petri dish. However, the thickness was considered high enough not to 

influence any experimental results. Also, reduced film thickness was limited to 

the first 2 mm from the rim only. It therefore comprised only a small portion of 

the petri dish. 
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Figure 4-3. Film thickness of ppZn(acac)2 within a petri dish of 3.5 mm diameter going 

from the rim to the center. 
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Table 4-1 gives a short summary of static water contact angles relevant for this 

chapter. It is worth noting that there is a clear distinction between hydrophobic 

polymeric materials like polystyrene or polyethylene terephthalate (PET) and 

ppZn(acac)2. The latter is more hydrophilic and readily absorbs water during the 

measurement so that a starting contact angle can only be approximated. The fact 

that this plasma polymer tends to change its static water contact angle within 

seconds reveals its ability to absorb water without completely dissolving. The 

antimicrobial properties depend on the dissolution and diffusion of zinc from 

those water absorbing deposits.
95

 

 

Table 4-1. Water contact angles of various surfaces used in the context of 

antimicrobial coatings with ppZn(acac)2. 

surface water contact angle / ° 

polystyrene 88 ± 2 

woven PET 78 ± 3 

ppZn(acac)2 ~ 60 

 

 Zinc Content in ppZn(acac)2 Films 4.1.2

Plasma polymerization merely affects the surface without altering the bulk 

properties of the substrate. But it is possible to influence the structure of the 

resulting plasma polymer film by further exposure to a glow discharge.
118

 This is 

due to ion bombardment and results in sputtering, crosslinking, and chemical 

restructuring. Hence, it is worth to investigate the zinc content of ppZn(acac)2 in 

dependence of the polymerization duration or film thickness. This is possible by 

dissolving the zinc embedded in the deposit with concentrated nitric acid and 

quantifying the zinc content with ICP-OES. Table 4-2 shows the zinc content per 

volume element of the films for varying ppZn(acac)2 film thickness. About 

275 mg/cm
3
 of zinc were found independent of the film thickness. It is therefore 

evenly distributed in the plasma deposit and the total amount of zinc is easily 

controlled by controlling the film thickness. 
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Table 4-2. Zinc content per volume element of ppZn(acac)2 films. 

thickness ppZn(acac)2 / nm zinc content / mg/cm
3
 

100 282 ± 19 

250 270 ± 11 

500 265 ± 16 

 

 Antimicrobial Efficacy of ppZn(acac)2 Films 4.2

Antimicrobial properties of the presented surfaces rely on zinc originating 

from the coating and going into solution. The focus of this section is on the 

release of zinc as well as the potential application of ppZn(acac)2 for medical 

devices. 

 Optical Density of Bacterial Suspensions 4.2.1

Antimicrobial properties were investigated by incubating 4 ml of a bacterial 

suspension with 10
6
 CFU/ml of either S. aureus or P. aeruginosa in 1/10 LB 

medium overnight on coated and uncoated polystyrene petri dishes. After 

collecting the supernatant a dilution series was made in order to measure OD600 

for quick estimation of the applicability of the approach. 

Figure 4-4 shows the results of this experiment. Growth of S. aureus was 

inhibited by ppZn(acac)2 whereas that of P. aeruginosa was not and even 

exceeded the bacterial growth on the control. OD600 measurements can only give 

general information about bacterial behavior but it clearly reveals that 

P. aeruginosa was not stressed by ppZn(acac)2. Other approaches must be found 

to overcome this limitation. Resistance to oxidative stress caused by zinc
177

 has 

been observed before for gram-negative bacteria like P. aeruginosa
178

 whereas 

gram-positive bacteria seem to be more susceptible. This is most likely due to 

their lack of an outer membrane. A solution to overcome the limitations of zinc 

based antimicrobial approaches will be presented in chapter 6. 
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Figure 4-4. Optical density of bacterial suspensions of S. aureus and P. aeruginosa 

after incubation in uncoated and coated polystyrene petri dishes overnight. 

 Coating Woven Fabrics with ppZn(acac)2 4.2.2

Besides coating petri dishes, woven fabrics made from PET fibers (Sefar, 

Switzerland) which are used as filter material for medical applications were 

treated with ppZn(acac)2. Figure 4-5 shows photographs of the uncoated and 

coated material. A change in color is visible and does not seem to be completely 

homogenous. The reason for this was the varying deposition rate inside the reactor 

as shown in Figure 4-2 in section 4.1.1. Also, the fabric was attached in upright 

position in the reactor to achieve coating on both sides simultaneously. To 

position the fabric in such fashion it was attached to the reactor with an adhesive 

tape. These spots were therefore left uncoated and were not used for any 

experiments. Appropriate samples were cut out with scissors (cleaned with 

ethanol prior to usage). A more homogeneous coating would be reached by laying 

the sample flat on a sample dish. However, this procedure is only suitable for 

one-sided treatment and would require a second treatment on the other side. Since 

smaller pieces were cut out from the sample the inhomogeneous coverage was 

accepted. 
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Figure 4-5. Photographic images of a) uncoated and b) ppZn(acac)2 coated woven 

PET from Sefar. 

Energy-dispersive X-ray spectroscopy (EDX) spectra were taken from both 

samples (Figure 4-6) revealing that the control only contained carbon and oxygen 

(next to hydrogen which is not detectable by EDX). The coated material 

additionally contained zinc as expected. A quantitative analysis was not 

conducted due to relatively low signal to noise ratio (SNR). 

 

 

Figure 4-6. EDX spectra of the woven PET samples shown in Figure 4-5. 

Both the untreated and treated PET samples (4 cm
2
) were incubated overnight 

with 4 ml of a suspension containing 10
6
 CFU/ml of S. aureus in 

1/10 LB medium. Subsequently, the samples were stained with Baclight 

Live/Dead (Invitrogen, Germany) which stains vital bacteria in green and dead 

bacteria in red. These dyes always give a background staining. Only stained spots 

or particles should therefore be considered since they represent stained bacteria. 

Figure 4-7 shows micrographs of the samples after performing the assay revealing 

that all bacteria are vital on untreated PET whereas a coating of 500 nm of 

a) b) 

a) b) 
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ppZn(acac)2 kills most of the bacteria. Cytocompatibility and cytotoxicity is not 

yet discussed here and is postponed to sections 5.3.3 and 5.3.4. 

 

 

Figure 4-7. Live/Dead staining of S. aureus on a) uncoated and b) ppZn(acac)2 

coated woven PET shown in Figure 4-5. 

  

a) b) 
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5 Bilayered Coatings with ppAA and ppZn(acac)2 

The aim of the work described in this chapter was to investigate the amount of 

zinc released from the surface of ppZn(acac)2 and bilayers of ppZn(acac)2 and 

ppAA. Furthermore, a method of controlling the release is presented. Because of 

the importance for medical applications the behavior of bacteria and mammalian 

cells was observed. A basic scheme of the layer system discussed in this chapter 

can be seen in Figure 5-1 and is thought to have potential for medical application 

and industrial exploitation.
179

  

 

 

Figure 5-1. Scheme of the layer system discussed in chapter 5. 

 Plasma Deposition of ppAA on ppZn(acac)2 5.1

In order to control the release of zinc from the ppZn(acac)2 films an additional 

top-layer, consisting of another plasma polymer film, was deposited and serves as 

a diffusion barrier for zinc. This barrier needs to be stable, hydrophilic, and 

swellable to enable diffusion of aqueous solutions. For this purpose ppAA was 

chosen which furthermore provides the basis for additional wet chemical 

modifications. The deposition and film properties of ppAA have already been 

discussed in section 3.1.2 and the focus here lies on the combination of ppAA and 

ppZn(acac)2 plasma polymer deposits. 

As already discussed in section 4.1.1 plasma polymerization has limitations in 

confined areas. This is also true for ppAA and because bacterial testing again 
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included coating polystyrene petri dishes the deposition behavior of ppAA on 

such a sample was investigated. As shown in Figure 5-2 the first 2 mm from the 

rim of the petri dish deposition rates were reduced about 5 to 10 nm. Nevertheless, 

the majority of the coated area is not influenced and such effects are therefore not 

taken into account. Errors are relatively large since various batches were 

considered. Repeatability is reduced due to the short deposition times of 

allylamine (here 60 s) and the very thin films. 
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Figure 5-2. Film thickness of ppAA inside a petri dish of 3.5 cm in diameter (from the 

rim to the center). 

Also, the amount of zinc within a volume element of ppZn(acac)2 does not 

change with the thickness of ppAA on top as can be derived from data shown in 

Table 5-1. 

 

Table 5-1. Zinc content per volume element of ppZn(acac)2 films modified with 

top-layers of ppAA in varying thickness 

thickness ppAA / nm zinc content / mg/cm
3
 

100 270 ± 11 

250 261 ± 15 

500 275 ± 8 
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IRRAS spectra were taken from ppZn(acac)2 and ppAA films as well as from 

bilayers of ppAA in varying thickness on top of a 500 nm ppZn(acac)2 film. The 

zinc containing layer was relatively thick here in order to obtain a large reservoir 

for zinc. This is thought to provide increased longevity of antimicrobial properties 

compared to thinner films. Figure 5-3 shows the spectra of the films. Obtaining 

signals that reveal both layers simultaneously is challenging due to overlapping 

absorption peaks. Nevertheless, O-H and N-H bands were detectable at around 

3300 cm
-1

 which are attributed to ppAA or water adsorbed on the film. For thicker 

films of ppAA in the range of 100 nm the signal at 1650 cm
-1

 (see Table 3-1 in 

section 3.1.2) occured as a shoulder of the ppZn(acac)2 signal at 1595 cm
-1

 which 

originates from carbonyl in the zinc organic complex.
180

 Further signals in 

ppZn(acac)2 at 1535 cm
-1

 (C=C stretching mode), around 2960 cm
-1

 (aliphatic 

hydrocarbon modes), and 1390 cm
-1

 (CH3 stretching vibration)
180

 can be 

identified but to a large extent overlap with signals from ppAA. 
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Figure 5-3. IRRAS spectra of ppAA films of varying thickness on ppZn(acac)2. Distinct 

differences in spectra are highlighted by dashed lines. 

Static water contact angles were measured of various surfaces relevant for this 

chapter and are given in Table 5-2. Each surface modification exhibited a 

characteristic and substrate independent water contact angle.  
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Table 5-2. Water contact angles of various surfaces used in the context of bilayered 

coatings from ppZn(acac)2 and ppAA. 

surface water contact angle / ° 

titanium 49 ± 2 

polystyrene 88 ± 2 

glass < 10 

ppZn(acac)2 ~ 60 

ppAA 52 ± 4 

DEGDGE on ppAA 32 ± 4 

fibronectin 33 ± 4 

 

 Release from Bilayered Coatings with ppAA on 5.2

ppZn(acac)2 

An additional plasma polymer coating of ppAA could provide a method for 

controlling the zinc release from the ppZn(acac)2 sub-layer. In order to prove this 

ICP-OES measurements were performed. The supernatant was collected from 

samples that were incubated with 4 ml of ultrapure water. Substrates were 

polystyrene petri dishes that were coated with 500 nm of ppZn(acac)2 and a 

top-layer of ppAA with varying thickness. 

Figure 5-4 shows the change in concentration of zinc in the supernatant over 

time. Zinc is released from the coating and accumulates in the liquid phase. A film 

consisting of ppAA on top of the ppZn(acac)2 deposit reduces this release. The 

extent of this reduction is controlled by the thickness of the top-layer. Each point 

in time was acquired by collecting 0.5 ml from the supernatant. This amount was 

considered sufficiently small so that the diffusion of zinc was not disturbed. This 

seems reasonable considering the small absolute amount of zinc compared to the 

relatively large reservoir of the supernatant. Nevertheless, later experimental 

designs were changed to completely collect the supernatant and to reincubate with 

fresh ultrapure water at each point in time. This is thought to resemble the 

biological situation where a permanent flow of fluids is present. Instead of an 

accumulation of zinc in the supernatant one expects a decrease in zinc 

concentration over time (this will be confirmed in chapter 6.2). 
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However, Figure 5-4 shows the amount of zinc released from the bilayer over 

the course of 1 to 120 h after incubation with distilled water. This amount is easily 

controlled by the thickness of the barrier layer. Without a barrier layer the 

concentration of zinc increased quickly within the first few hours and continued to 

rise over the course of 5 d (up to 3 g/cm
2
). By deposition of 14 nm of ppAA as a 

barrier layer the zinc concentration in the first hours was only half of that 

compared to the monolayer of ppZn(acac)2. Also the increase of zinc over the 

following days was much lower. For very thick barrier layers like 140 nm the zinc 

concentration remained extremely low (below 1 g/cm
2
) over the course of 5 d. 

Depending on the size of the coated device the amount of zinc released from such 

layers may not be sufficient for antimicrobial applications. Errors enlarged 

towards the end of the experiment. Although the petri dishes were stored in a 

bowl which was lined with wet paper tissue to ensure high humidity unequal 

evaporation of the solvent is a possible explanation.  

In an application one could adjust the thickness of ppAA to meet the 

requirements considering the size of the device as well as the amount of fluid in 

the tissue or the flow of bodily fluids around the implant. Both, the thickness of 

ppZn(acac)2 and the thickness of ppAA can be altered so that the amount of zinc 

released for a given amount of time and volume matches the medical 

requirements. 
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Figure 5-4. Concentration of zinc in the leachate from bilayers of ppAA on 

ppZn(acac)2 over the course of 120 h. 
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 Antimicrobial Efficacy of Bilayers with ppAA on 5.3

ppZn(acac)2 

According to what is known from the literature, concerning zinc the minimum 

inhibitory concentrations (MIC) for bacteria lie in the g/ml range.
177

 The ppAA 

top-layer must not be too thick so that sufficient amounts of the antimicrobial 

agent are released. Therefore, ppAA films with 20 nm thickness were chosen for 

the following experiments. 

 Bacterial Colony Counting from Bilayers with ppAA on 5.3.1

ppZn(acac)2 

Figure 5-5 shows the result of plating the supernatant of E. coli suspensions 

(with 10
6
 CFU/ml). One ml of the suspension was incubated with uncoated and 

coated glass cover slips overnight in 1/10 LB medium. Subsequently 20 l were 

taken from the supernatant and a dilution series was made with dilutions of 

1/1, 1/2500, 1/5000, and 1/10000. These were then plated and grown on agar 

overnight.  

 

Figure 5-5. Plating of bacterial suspensions of E. coli after incubation overnight on 

a) uncoated and coated glass slides; b) ppZn(acac)2 and c) a bilayer of ppAA on 

ppZn(acac)2. A serial dilution was made from 20 l with 1/1 (top), 1/2500, 1/5000, and 

1/10000 (left to right). 

a) 

b) c) 
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Uncoated glass slides (a) did not inhibit bacterial growth. The plating of 

undiluted supernatant (petri dish on top) resulted in a dense lawn of bacteria. The 

glass slides coated with 500 nm of ppZn(acac)2 as well as with the bilayer 

(500 nm of ppZn(acac)2 and 20 nm of ppAA) showed no bacterial growth after 

overnight culture. 

Also, S. aureus was incubated on untreated and treated polystyrene 

petri dishes. The procedure was similar to that used for E. coli except for the 

substrate (here: petri dishes) and the suspension volume which was 4 ml. The 

amount of colonies that grew on the agar plates were counted and are shown in 

Figure 5-6. Again, no growth of bacteria occurred after overnight culture with 

S. aureus on ppZn(acac)2 as well as on the bilayer of ppZn(acac)2 and ppAA. 
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Figure 5-6. Colony counting of S. aureus after incubation overnight on uncoated and 

coated polystyrene petri dishes (ppZn(acac)2 and a bilayer of ppAA on ppZn(acac)2). 

 Coating Urethral Catheters with Bilayers of ppAA on 5.3.2

ppZn(acac)2 

Bacterial testing was also performed on medical devices, like silicone urethral 

catheters (Coloplast, Denmark). The tubes were cut into 5 cm long pieces and were 

glued* vertically onto a sample holder with at least 1 cm distance to one another. 

                                                 
*
 Epoxy glue (two-component, solvent free) was used so that the vacuum during plasma deposition 

was not disturbed. 



Designing an Antimicrobial and Cell-Adhesive Multilayer via Plasma Polymerization 

80 

Subsequently, the samples were coated with 500 nm of ppZn(acac)2 or the bilayer. 

Due to the relatively small inner diameter of 3 mm it is unlikely that coating 

occurred on the inside of the tubes. However, this was not investigated except for 

visual inspection of the samples which revealed no change in color. This implied 

that the inner part of the catheters was not coated. Antimicrobial properties 

therefore entirely relied on the outer coating of the catheters. Samples were 

immersed in 4 ml of 1/10 LB medium containing 10
6
 CFU/ml S. aureus in a 10 ml 

falcon tube. The samples were incubated overnight and the supernatant 

subsequently plated as described above. 

Figure 5-7 shows the results of colony counting on the agar plates. Uncoated 

silicone catheters did not inhibit bacterial growth whereas coated samples for both 

tested layer systems did and no bacteria were found growing on the latter. The 

amount of zinc released from the coated part of the sample was not measured but 

was sufficient to cause bacterial death although the inner portion of the catheters 

remained uncoated. This is one of the advantages of an active release system 

compared to contact killing strategies. Antimicrobial properties are not locally 

restricted but are exhibited in the general area of the coated device. However, the 

release will also occur even without bacteria being present and the material 

released will be transported into surrounding parts of the tissue and body. 

Depending on the medical application this might be acceptable. 
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Figure 5-7. Colony counting of S. aureus incubated in a falcon tube together with 

uncoated and coated silicone catheter samples. 
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 Cell Adhesion on Bilayers with ppAA on ppZn(acac)2 5.3.3

Antimicrobial properties are desired for many biomedical applications but 

antimicrobial agents may also be cytotoxic. This is also the case for zinc and the 

concentration of this antimicrobial metal has to be balanced against the potential 

cytotoxicity. Figure 5-8 shows calcein stained HUVECs on uncoated and coated 

titanium discs (99.7 alloy, Alfa Aesar, Karlsruhe, Germany). The procedures for 

the cell experiments were the same as described in section 3.1.4. A 10 nm 

ppHMDSO layer was deposited on titanium prior to further surface modifications 

in order to enhance adhesion and stability of the subsequent layers as described in 

section 3.1.1. The microscopic images show that endothelial cells easily attached 

to bare titanium and that cell attachment was enhanced by coating the samples 

with ppAA. This is indicated by the well spread morphology of the cells. 

 

 

Figure 5-8. HUVECs on uncoated and coated titanium samples after 24 h. 
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Depositing a 500 nm thick layer of ppZn(acac)2 on titanium reduced cell 

adhesion. Cell numbers were low and the few cells present have spherical shapes 

and do not indicate healthy or propagating cells. Whether this is an apoptotic or 

necrotic effect was not investigated here. 

The plasma polymer modification with Zn(acac)2 can be altered by deposition 

of a 20 nm ppAA film thus obtaining a bilayer. Cell adhesion was improved for 

such a bilayer compared to ppZn(acac)2 and was comparable to that of ppAA 

only. However, in contrast to ppAA only, the bilayer not only exhibited 

cell-adhesive properties but at the same time showed antimicrobial efficacy as 

well (chapter 5.3). Therefore, a combination of both antimicrobial and 

cell-adhesive properties can be obtained by adjusting the thickness of ppZn(acac)2 

and ppAA plasma polymer films. However, so far the antimicrobial effect is 

restricted to gram-positive bacteria. Chapter 6 will address this issue. 

The images were also analyzed with the ImageJ software as described in 

section 3.1.4. Figure 5-9 shows the cell count from HUVECs on uncoated and 

coated titanium discs. The results are in good agreement to what has been already 

described. The cell number more than doubled as a result of coating titanium with 

ppAA. For 500 nm of ppZn(acac)2 the amount of cells drastically decreased 

whereas the bilayer of the zinc containing film and ppAA increased the cell 

number to that found for bare titanium. 
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Figure 5-9. Cell count evaluated from images shown in Figure 5-8. 
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Looking at the surface coverage confirms these results (Figure 5-10). The total 

surface covered by cells was more than three times as large comparing ppAA with 

bare titanium. This is accounted to the morphology of the cells since the cell 

numbers only doubled. Surface coverage of cells on 500 nm ppZn(acac)2 was 

almost zero whereas the bilayer of ppAA on ppZn(acac)2 again increased cell 

coverage to a level double of that seen for bare titanium. This also was caused by 

the cell morphology since the cell count was about the same. Considering the 

results, the presented bilayer system of ppZn(acac)2 and ppAA is a feasible 

antimicrobial and cell-adhesive coating for devices in medical applications. 
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Figure 5-10. Cell coverage evaluated from pictures shown in Figure 5-8. 

 Cell Adhesion on Biofunctionalized Bilayers with ppAA on 5.3.4

ppZn(acac)2 

So far in this work no cell behavior on fibronectin modified bilayers has been 

described and other cell types were not considered yet. A very common cell type 

used for cell experiments is the mouse cell line fibroblast NIH 3T3. These cells 

were seeded on uncoated and coated glass. The glass cover slips had a diameter of 

13 mm and were put into 24-well plates. In this case 10,000 fibroblasts were 

incubated overnight on the samples in 1 ml of Dulbecco's Modified Eagle 

Medium (DMEM) with 10% FCS. Figure 5-11 shows micrographs of the cells 

after 24 h. The 500 nm of ppZn(acac)2 did not allow for adhesion of cells 

indicated by the spherical morphology compared to uncoated glass. In contrast to 
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this, ppAA and ppAA on ppZn(acac)2 caused good adhesion of cells comparable 

to that of the control. However, upon immobilizing fibronectin on the bilayer as 

described in section 3.1.3 cell adhesion was drastically increased and cell-cell 

interaction took place due to the high number of cells and the large area they 

covered. The cells formed almost a confluent layer on fibronectin coated bilayers 

of ppZn(acac)2 and ppAA. It is therefore concluded that cell adhesion is possible 

on the bilayers but can be improved strongly by immobilization of fibronectin on 

such coatings. 

 

Figure 5-11. Fibroblasts NIH 3T3 on uncoated and coated glass cover slips after 24 h 

of incubation. 

Due to the way the microscopic images were taken no automated evaluation 

with ImageJ could be conducted.* Nevertheless, cell numbers were counted 

manually and results are shown in Figure 5-12. The number of cells adherent to 

the ppAA surface was almost 3-fold higher compared to that on bare glass. The 

error was large which is not only due to the manual counting but can also be 

contributed to the fact that the glass cover slips are so light in weight that they 

never perfectly align with the bottom of the well (24-well plate). Cells in most 

cases accumulated in some portions of the well and were not homogeneously 

distributed.  

Nevertheless, the 500 nm films of ppZn(acac)2 considerably prevented cell 

adhesion and spreading whereas the bilayer exhibited cell adhesion and spreading 

                                                 
*
 Automated procedures rely on high contrast images that enable the algorithm to distinguish 

between particles and background. 

200 m 
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comparable to that of uncoated glass. Immobilization of fibronectin on the bilayer 

resulted in cell numbers comparable to that on ppAA. The effect of fibronectin on 

the cell count was not as pronounced as compared to endothelial cells 

(section 3.1.4). This might be due to the fact that for the experiments with 

HUVECs fibronectin was immobilized on ppAA only without any ppZn(acac)2 

coating. Nevertheless, cell morphology on the fibronectin modified bilayers 

implied healthy cells and they were almost exhibiting a confluent layer. It is 

possible that the zinc released into the medium reduced cell proliferation without 

compromising the strong adhesion promoting effect of fibronectin. Whether this is 

true could be investigated by using proliferation assays which were not conducted 

here. 
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Figure 5-12. Cell count evaluated from images shown in Figure 5-11. 
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6 Multilayered Coatings with silver, ppZn(acac)2, 

and ppAA 

As described in section 4.2.1 the antimicrobial efficacy of ppZn(acac)2 

strongly depends on the bacterial species used in the experiment. Zinc containing 

films can therefore not be the only solution to prevent microbial colonization. The 

aim of this chapter is to broaden the spectrum of antimicrobial efficacy by an 

additional layer of silver below the already mentioned bilayer. The coating would 

thus contain a multilayer of up to six modifications. Fortunately, most of the 

modification procedure takes place under the same vacuum conditions so that, 

with the right equipment, expenses in industrial application would be minimized.  

The substrate was coated with thermally evaporated silver which is known for 

its antimicrobial properties.
181

 In order to obtain better adhesion of plasma 

polymer deposits the silver coated samples were then immersed in an ethanolic 

solution of 50 mM allyl mercaptane as described in section 3.1.3. Subsequently 

500 nm of ppZn(acac)2 were deposited followed by 20 nm of ppAA. The ppAA 

was also wet chemically modified with DEGDGE in order to immobilize 

fibronectin. A basic scheme of the layer system discussed in this chapter can be 

seen in Figure 6-1. 

 

 

Figure 6-1. Scheme of the layer system discussed in chapter 6. 
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 Film Analysis of Multilayered Coatings with silver, 6.1

ppZn(acac)2, and ppAA 

In principle a thicker layer of thermally evaporated silver would not lead to a 

gain of silver ions released since the supernatant only comes in contact with the 

surface of the silver (2-dimensional system). This is in contrast to ppZn(acac)2 

where the aqueous solution diffuses into the porous film forming a 3-dimensional 

system. Nevertheless, the silver coating needs to be sufficiently thick to provide 

homogeneous coverage. 

Figure 6-2 confirms this by showing the silver content in the supernatant of 

silver coatings depending on the thickness of the silver film. Ultrapure water was 

used for these experiments in order to circumvent any effects caused by other ions 

in the solution. The supernatant was collected at each point in time and the sample 

reincubated with ultrapure water. The silver was deposited on round glass cover 

slips with a diameter of 13 mm. After 2 d the release of silver from the surface 

remained constant. Also, 5 nm thin silver films did not seem to provide a 

complete coverage of the substrates since the silver release never reached the 

extent seen for the thicker films. Nevertheless, a 50 nm silver layer was sufficient 

for a constant release that could not be increased by thicker layers of silver. 
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Figure 6-2. Silver content in the supernatant on thermally evaporated silver with 

varying thickness. 
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Figure 6-3 shows an SEM image of a multilayer cross section on a Si-wafer. 

The wafer was first coated and subsequently broken in half. The breaking edge 

was then observed in the microscope (normal to the breaking edge). The black 

arrow points at the silver film positioned above the polished Si-wafer. The film on 

top consisted of the 500 nm ppZn(acac)2 as well as the 20 nm of ppAA. 

Nevertheless, SEM did not resolve the ppAA layer on ppZn(acac)2. This is mainly 

due to the lack of contrast between the two films. It is possible that with 

increasing zinc content in ppZn(acac)2 (e.g. higher input power upon deposition
95

) 

this contrast increases as well and distinction would be possible in SEM imaging. 

However, this was not investigated. 

 

 

Figure 6-3. SEM cross section of a Si-wafer coated with 50 nm of silver (black arrow), 

500 nm of ppZn(acac)2, and 20 nm ppAA. The barrier layer of ppAA was not resolved 

possibly due to lack of contrast. 

Additionally to SEM, the same samples were analyzed with EDX in order to 

obtain further information about the composition of the multilayers. Figure 6-4 

shows the elements that were found in the multilayer.* The interface of the 

                                                 
*
 This is true except for hydrogen and nitrogen. Whereas the former cannot be detected the latter 

gave high amounts of background. It is worth noting here that nitrogen can be found as 
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Si-wafer and the silver film was set to zero (see x-axis). At this point the signal 

for silicon (grey) decreased whereas that of silver (blue) increased. Other elements 

were observed as well possibly originating from contaminations. However, 

scattering of electrons reduces the resolution and lead to overlapping and 

broadened signals. Nevertheless, a clear distinction between silver (blue) and zinc 

(green) can be made at the interface at a distance of 50 nm from the surface of the 

Si-wafer. Oxygen as well as carbon signals (red and black) increased in the area of 

the plasma polymer deposit. It is unknown why the carbon signal (black) is so 

strongly increased towards 500 nm representing the top of the multilayer. 

Nevertheless, the zinc content remains constant up to 500 nm. At this point the 

signals for zinc (green) and oxygen (red) decreased. Due to the little amount of 

ppAA compared to the rest of the multilayer no sufficiently distinct signal for 

nitrogen was detected (except for background) and is therefore not shown here.  
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Figure 6-4. EDX cross section of the sample shown in Figure 6-3. Nitrogen is not 

shown because of the amount of background signal observed for nitrogen. 

In addition, film analysis included XPS which has a sampling depth of 

approximately 10 nm and therefore is suitable for the investigation of the surface 

of a specimen. All layer systems were analyzed concerning their elemental 

composition at the surface and the data is shown in Figure 6-5. The original data 

                                                                                                                                      
contamination in most samples and the resolution of EDX was not sufficient to resolve the 

20 nm thin ppAA film. 
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can be found in Table 6-1. Silver films showed large amounts of carbon which is 

mainly due to impurities. Freshly prepared thermally evaporated silver films 

readily adsorb airborne contaminants and can also oxidize partially. Due to the 

fact that XPS is very surface sensitive these impurities contribute to the signal to a 

large extent. 

 

 

Figure 6-5. XPS survey spectra of the single layer systems showing elemental 

composition (normalized to 100%) in atomic percent. Error bars for each element extend 

into the corresponding column for that element.  

 

Table 6-1. The original data set for Figure 6-5 with elemental composition in percent 

without normalization (difference to 100% is attributed to impurities, e.g. Na, Cl, Si) 

surface at % C at % O at % N at % Ag at %Zn 

Ag/Zn/AA/Linker/FN 61.3 ± 0.6 22.8 ± 1.8 9.6 ± 3.0 - - 

Ag/Zn/AA/Linker 66.9 ± 3.4 19.3 ± 2.2 7.3 ± 1.9 - - 

Ag/Zn/AA 75.2 ± 7.8 6.8 ± 6.7 17.2 ± 2.9 - - 

Ag/Zn 60.8 ± 4.2 23.5 ± 2.9 11.5 ± 1.8 - 2.7 ± 0.6 

Ag 33.3 ± 4.3 12.9 ± 1.0 - 45.0 ± 8.3 - 

 

After the deposition of 500 nm of a ppZn(acac)2 layer surface composition 

changed and no silver was detected any more. The carbon as well as the oxygen 

content increased, whereas zinc was present only in small amounts. This 
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corresponds well to the literature where similar films were investigated.
95

 Looking 

at the elemental composition of the Zn(acac)2 monomer which consists of carbon, 

oxygen and zinc in a ratio of 60:20:6 the composition of the plasma deposit 

agreed reasonably well with 60:25:3. Nitrogen was also found but was probably a 

result of contamination from residual air during plasma polymerization. Also, the 

precursor was used without further purification and might be a source of volatile 

nitrogen compounds. Further investigations should address this issue but these 

impurities did not impede antimicrobial properties (see section 4.2). Also, the 

amount of zinc in the deposit was 50% lower compared to the precursor. Higher 

amounts of zinc can be reached by using higher input powers.
95

 However, this 

also leads to higher zinc release rates and would make control over the release 

increasingly difficult. 

Deposition of 20 nm of ppAA on top of the above mentioned films resulted in 

spectra that did not show any zinc which is expected due to the low sampling 

depth of XPS (about 10 nm). In accordance with the precursor composition both 

the carbon and nitrogen content were higher compared to ppZn(acac)2. The 

precursor composition is 75:25 for carbon and nitrogen and 75:17 was found for 

the ppAA coated samples in XPS. Airborne contaminants as well as gaseous 

oxygen may have reacted with reactive species on the film. The results of 

quantifications of primary amino functional groups were already discussed in 

section 3.1.2. 

After wet chemical treatment with DEGDGE the nitrogen content decreased 

as the linker does not contain any nitrogen. However, due to the short length of 

the linker ppAA may contribute to the nitrogen signal. The sampling depth of 

XPS was sufficient to resolve parts of the ppAA even after coupling of the linker. 

The amount of oxygen was increased. The carbon to oxygen ratio in DEGDGE is 

66:33 which corresponds reasonably well with 70:25 considering the fact that 

ppAA contributed to the signal thus increasing the carbon signal. 

Immobilization of fibronectin did not show signals sufficiently distinct from 

that of DEGDGE on ppAA. The same is true for control samples that were 

incubated with fibronectin without using the DEGDGE linker (not shown here). It 

is possible that the surfaces are not homogeneously covered by fibronectin and 

that agglomeration of protein may play a role. Nevertheless, this did not hamper 

cell adhesion (see section 3.1.4). 
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 Release of Silver and Zinc from Multilayered Coatings 6.2

with silver, ppZn(acac)2, and ppAA 

Silver exhibits antimicrobial properties
181

 but is also known for its cytotoxic 

effects
182

. It is therefore important to control the release of silver from the surface. 

The principle applied here is similar to the approach shown for the control of the 

release of zinc. Here, not only the ppAA film functions as a barrier layer but the 

ppZn(acac)2 layer as well. Both are positioned on top of the silver film and 

therefore can limit the amount of silver released from the multilayer. 

Figure 6-6 shows the amount of zinc released from the multilayers with three 

different layers of ppZn(acac)2 of varying thickness. For each point in time the 

supernatant was collected and the sample incubated again with ultrapure water. 

For all samples a strong decrease of zinc release within two days was observed. 

After this time the release of zinc from the thinner films (100 and 250 nm) was 

almost zero, whereas that of the 500 nm thick films slowly decreased from 

0.75 to 0.4 g/cm
2
 over the course of three weeks. There is no clear distinction 

between the behavior of the 100 and the 250 nm films. It is likely that the 

thickness measured did not match the thickness on the samples used for the 

release experiments. This is possible because thickness measurements were 

conducted on Si-wafers whereas samples for release measurements were glass 

slides. These samples were placed close but not at the exact positions during the 

deposition. Looking at section 4.1.1 shows that minor differences in position can 

lead to strong deviations in film thickness. This is especially true for thinner films 

where control of film thickness depends on exact timing of the plasma 

polymerization process. This problem could be overcome by using smaller 

samples so that all the samples can be placed in a zone of same deposition rate. 

However, this would lead to smaller sample volumes insufficient for ICP-OES 

measurements. 

Nevertheless, the results show that the principle of controlling the release of 

zinc from the surface depended on the thickness of ppZn(acac)2. Due to its ability 

to absorb water, which in turn dissolves the zinc, thicker films provide a greater 

reservoir for metal release. Over time this release was reduced due to the 

permanent loss of zinc from the film. Since thicker films represent a greater 

reservoir for zinc the release of material is prolonged.  
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Figure 6-6. Zinc content in the leachate of a multilayer consisting of 50 nm of silver, 

ppZn(acac)2 of varying thickness, and 20 nm ppAA. 
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Figure 6-7. Silver content in the leachate of a multilayer consisting of 50 nm of silver, 

ppZn(acac)2 of varying thickness, and 20 nm ppAA. 

The silver release was also measured for the same multilayers (Figure 6-7). 

Depending on the thickness of ppZn(acac)2 films the release of silver was 

retarded. Thicker ppZn(acac)2 films exhibited slower release rates for silver 

because the plasma deposit acts as a barrier layer. Over time the release was 
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increased for all samples since the aqueous solution diffused through the zinc 

containing plasma polymer films and reached the silver film. Permeability of the 

layers was increased with decreasing zinc content.  

The results shown in this section indicate that the release of metals from a 

multilayered coating as it is presented in this work can be controlled by various 

parameters. The thickness of the zinc containing plasma polymer as well as the 

barrier layer of ppAA can influence this release. This way, by controlling the 

thickness of these layers, the antimicrobial and cell-adhesive properties of such a 

multilayer can be controlled. 

How the release of a multilayered coating is influenced by immobilization of 

fibronectin was not investigated. However, wet chemical treatment of these layers 

lead to a release of metal and therefore has to be kept as short as possible. 

Antimicrobial efficacy and longevity of the presented multilayers (including 

fibronectin coated multilayers) will be discussed in the next section. 

 Antimicrobial Efficacy of Multilayered Coatings with 6.3

silver, ppZn(acac)2, and ppAA 

Multilayered coatings were tested for antimicrobial properties using E. coli, 

S. aureus, and P. aeruginosa. Various combinations of multilayer compositions 

were investigated. Silver films had a thickness of 50 nm, ppZn(acac)2 films were 

500 nm and ppAA barrier layers 20 nm in thickness. 

 Bacterial Testing for E. coli on Multilayered Coatings with 6.3.1

silver, ppZn(acac)2, and ppAA 

A simple test for antimicrobial efficacy was utilized in the same manner as 

described in section 5.3.1 where E. coli was incubated on uncoated and coated 

glass cover slips overnight. The supernatant was then transferred on agar in two 

different dilutions. Figure 6-8 shows photographs of the agar plates and clearly 

reveals the antimicrobial properties of the multilayered coating containing silver, 

ppZn(acac)2, and ppAA (c) compared to the controls (polystyrene petri dishes (a) 

and uncoated glass slides (b)). Furthermore, immobilization of fibronectin on the 

multilayer (d) did not reduce the antimicrobial effect at least after 24 h.  
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Figure 6-8. Agar plates after incubation with supernatant containing E. coli. The 

supernatant was previously incubated on a) uncoated petri dishes, b) uncoated glass 

slides, c) Ag/ppZn(acac)2, and d) Ag/ppZn(acac)2/ppAA/FN coated glass slides. The two 

rows correspond to two dilutions of the supernatant. 

 Coating Non-Woven Fabrics with Multilayered Coatings with 6.3.2

silver, ppZn(acac)2, and ppAA 

The application of the multilayer coating on a clinically relevant material, 

used for wound dressings, was also conducted. Non-woven PET from 

Freudenberg (Weinheim, Germany) was coated with the multilayer system. 

Combinations of silver, ppZn(acac)2, ppAA, and immobilized fibronectin were 

used.* Figure 6-9 shows photographs of the uncoated (a) and coated (b) fabric. 

The greyish color originated from the silver coating (this is also seen for 

commercially available plasters and band aids that contain silver) whereas the 

brownish tint resulted from additional layers of ppZn(acac)2 and ppAA. It is worth 

noting that the material remained as flexible and soft as the uncoated control. This 

is due to the fact that the plasma deposition procedure does not influence the bulk 

properties of the substrate. 

 

                                                 
*
 Whether a wound dressing should bear such cell-adhesive moieties was not studied here. 

a) b) c) d) 
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Figure 6-9. Photographs of a) uncoated and b) multilayer coated non-woven PET. 

The multilayer consisted of silver + ppZn(acac)2 + ppAA + linker bound fibronectin. 

EDX spectra (Figure 6-10) showed that only carbon and oxygen were detected 

on uncoated PET, whereas additional signals appeared on the multilayered 

coatings. Silver as well as zinc were present in the sample; also minor amounts of 

nitrogen and sulfur were found. The latter originates from the interstitial layer of 

allyl mercaptane between silver and ppZn(acac)2 (used for adhesion improvement 

as described in section 2.2). Furthermore, sulfur is also present in proteins like 

fibronectin. Nitrogen originated from ppAA as well as from fibronectin. 

 

 

Figure 6-10. EDX spectra of the woven PET samples shown in Figure 6-9. 

Both the untreated and treated PET samples were incubated overnight with 

4 ml of a suspension containing 10
6
 CFU/ml of S. aureus in 1/10 LB medium in a 

polystyrene petri dish. Subsequently, the samples were stained with Baclight 

Live/Dead (Invitrogen, Germany) and optical micrographs were taken with the 

appropriate filters (Figure 6-11). As already seen for samples in section 4.2.2, 

background staining was also visible here. However, stained spots and particles 

a) b) 

a) b) 
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represent bacteria. Whereas the uncoated sample (a) showed green staining on the 

fibers, the multilayer coated material exhibited stained bacteria preferentially in 

red. With regard to S. aureus the multilayer clearly acts antimicrobial over the 

course of at least 24 h. 

 

 

Figure 6-11. Live/Dead staining of S. aureus on a) uncoated and b) coated woven 

PET shown in Figure 6-9. 

 Longevity of Antimicrobial Efficacy of Multilayered Coatings 6.3.3

with silver, ppZn(acac)2, and ppAA 

So far antimicrobial efficacy was tested in overnight cultures, which is not 

sufficiently long to judge the feasibility of the antimicrobial surface modifications 

for medical applications. It is therefore necessary to test the longevity of these 

properties. Uncoated and coated PTFE discs with a diameter of 13 mm were 

incubated overnight with 10 l of a suspension containing 10
6
 CFU/ml bacteria in 

1/10 LB medium. The complete suspension was then collected, plated on agar, 

and incubated overnight. The sample was again incubated with a fresh bacterial 

suspension on the same spot. The agar plates were visually inspected for bacterial 

growth after the overnight culture. The number of days with no bacterial growth 

was observed. 

Figure 6-12 shows the results for S. aureus. The controls that do neither 

contain silver nor zinc did not inhibit the growth of bacteria at all. Coatings from 

silver, zinc as well as the combination of both lost their antimicrobial properties 

after about one week. After that time the release of metal was too low to cause 

bacterial death. The addition of a ppAA barrier layer on top of these surfaces 

a) b) 
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increased the longevity of antimicrobial properties. After two weeks the metal 

content seemed to be exhausted and not sufficient to cause bacterial death. The 

bilayer made from ppZn(acac)2/ppAA/fibronectin, however, showed antimicrobial 

activity for only one week. This is due to the fact that wet chemical treatment 

(immobilization of fibronectin) involves 1 h of exposure to aqueous solutions and 

additional washing steps. This procedure already causes a loss of antimicrobial 

agent, most of which occurs in the first minutes to hours (compare Figure 6-6 in 

chapter 6.2). This is also true for the samples coated with 

silver/ppZn(acac)2/ppAA/fibronectin but the additional release of silver probably 

compensated for the initial loss of zinc. 
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Figure 6-12. Qualitative evaluation of the longevity of the antimicrobial efficacy for 

various coatings on PTFE on S. aureus. 

As already explained in section 4.2.1 (compare Figure 4-4) the zinc-based 

antimicrobial coatings are not effective against gram-negative bacteria like 

P. aeruginosa. Figure 6-13 confirms this but at the same time reveals the 

applicability of multilayers containing silver. It is worth noting that the samples of 

a particular coating showed no variation in their longevity (no error bars). This is 

due to the fact that the samples were obtained from one batch during coating 

procedure and thus were probably very homogeneously coated. Also, the very 

roughly distributed measurements in time (days) contributed to this.  
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The experiment revealed that antimicrobial properties lasted no longer than 

12 d. As described before P. aeruginosa is tolerable towards many metals and 

may therefore colonize the samples quicker compared to gram-positive 

bacteria.
183,184

 Multilayers containing a top-layer of ppAA did not increase the 

longevity of the samples since the release of metal was decreased too far to 

exhibit antimicrobial activity against P. aeruginosa. At the same time, the metal 

content of multilayers without barrier layer was depleted relatively fast. It is 

therefore concluded that multilayers containing a barrier layer still need a lot of 

experimentation in order to optimize the thickness of the various layers. 

Gram-negative bacteria seem to be especially challenging with respect to the exact 

metal release behavior of the coating, especially when cytotoxicity has to be 

considered as well. 
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Figure 6-13. Qualitative evaluation of the longevity of the antimicrobial efficacy for 

various coatings on PTFE on P. aeruginosa. 
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7 Conclusion and Outlook 

Surface modifications for medical applications play an important role in 

modern medicine. Medical devices are fabricated from a large variety of 

materials, e.g. titanium, PET, or PTFE. Biointegration is one of the big issues in 

implantology. Integration of artificial materials is often hampered by foreign body 

reactions triggered by the reaction of surrounding tissue with implant failure being 

the result. Wound healing is further impaired by the fact that cavities between 

tissue and material offer pathways for bacteria to enter the wound. Nosocomial 

infections with fatal outcome are often seen in hospital scenarios. Coatings on 

medical devices and implants that exhibit cell-adhesive as well as antimicrobial 

properties are therefore desired. Offering a tool to overcome repulsion of medical 

devices as well as the inclusion of antimicrobial properties was the aim of this 

work. 

Plasma polymerization offers a way for the surface modification of various 

materials. This technique is suitable for coating prefabricated devices in medical 

applications. The method was utilized in this work in order to combine 

antimicrobial and cell-adhesive surface modifications aimed at minimization of 

foreign body reactions as well as reduction of hospital acquired bacterial 

infections. 

Plasma polymer films were analyzed with respect to their static water contact 

angles because biological systems require aqueous solutions and the release of 

metal from antimicrobial layers is based on dissolution of the metal. A method to 

enhance cell-adhesive properties was presented by the wet chemical modification 

of ppAA films. Fibronectin, a protein of the extracellular matrix was immobilized 

to specifically target biochemical pathways for cell-surface interactions. Infrared 

absorption techniques were applied in order to characterize the plasma polymer 

deposits and wet chemical modifications. In addition, kinetic SPR measurements 

helped to observe the chemisorption of fibronectin. 

The cell-adhesive film also served as a tool to control antimicrobial properties 

of the surface since it reduced the release of metal from the sub-layers. SEM and 

EDX were utilized to characterize the multilayered system. Furthermore, XPS 

provided information about the elemental composition of the multilayer and was 
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also used to investigate the amount of primary amino functional groups on ppAA. 

Sufficient amounts of primary amines were necessary for the immobilization of 

fibronectin on the plasma polymer deposit. 

Because antimicrobial efficacy of the presented coatings was based on the 

release of metal from the surface ICP-OES was used to determine silver and zinc 

concentrations in the films as well as the release from the surface upon immersion 

in water. It was shown that the release can be controlled by varying film thickness 

of both the metal containing layer as well as of the barrier layer on top. 

Cell-adhesive properties and cytotoxicity were tested by using fibroblasts and 

endothelial cell lines. Their morphology, number, and surface coverage were 

observed with optical microscopy and quantified. It was shown that 

immobilization of fibronectin strongly enhances cell adhesion. Nevertheless, thick 

layers of ppZn(acac)2 exhibited cytotoxic effects. This was circumvented by 

applying a barrier layer on top that reduced the release of the metal from the 

surface. 

Antimicrobial surface modifications based on zinc were shown to be effective 

against E. coli and S. aureus but not against P. aeruginosa. The latter is known for 

its resistance against zinc and a further metal containing layer was added by 

depositing a silver film on the substrates prior to coating with ppZn(acac)2 and 

ppAA. 

The controlled release of metal from the coating served as a tool to reduce 

cytotoxicity. This offered the opportunity to deposit thicker films containing a 

large reservoir of antimicrobial agent. Thus, the longevity of antimicrobial 

efficacy of such deposits was greatly enhanced without compromising 

cytocompatibility. 

Future work should be aimed at stability of the coatings especially towards 

handling in surgery scenarios. High shear forces along the coating can play a role 

for dental implants or vascular grafts. For example, delamination of the coating 

from a vascular graft could lead to an immediate thrombosis with acute risk of 

fatal outcome. Surface modifications have to withstand mechanical stress and 

different solutions and suspensions with varying pH may come into contact with 

the implant material. Furthermore, standardized sterilizing procedures 

(e.g. autoclaving, UV irradiation, ethanolic solutions) can cause further stress to 

the coating increasing the risk of losing the designed properties. 
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Experiments on cell adhesion and cytotoxicity, especially for the silver 

containing multilayer designs, need to be conducted. This may include viability 

and proliferation assays to quantify the cytotoxicity. Approved standards for 

testing procedures would have to be considered before such a coating can be 

utilized in medical applications. It is furthermore interesting to test the 

ppZn(acac)2 and multilayer deposits for the induction of apoptosis and necrosis. 

So far it is unknown what the major contribution to cell death is. Additionally, cell 

cultures with immune cells or co-cultures with various cell types may offer new 

information on biocompatibility. It would also help to understand and prevent 

implant failure for devices coated with the proposed surface modifications. 

Additional types of cells depending on the application aimed for need to be 

considered, e.g. osteoblasts are especially interesting as a cell type to test for 

biointegration of dental implants. 

There is far more bacteria responsible for hospital acquired infections than the 

ones discussed in this work. It would therefore be interesting to investigate the 

behavior of various types of bacteria on the presented surface modifications. For 

example, S. aureus MSSA 476 (methicillin sensitive S. aureus) was used in this 

work, but MRSA (methicillin resistant S. aureus) strains are considered far more 

resistant to known antibiotics and would therefore be an ideal species to test for. 

Nevertheless, such strains require higher security standards for laboratories. Also 

co-cultures of various types and strains of bacteria, also with mammalian cell 

lines, could offer more information on combining antimicrobial and cell-adhesive 

properties. 

Furthermore, wet chemical methods may offer a route to immobilize 

quaternary ammonium compounds as well as PEG-like brush polymers on the 

ppAA surface. By co-immobilizing various compounds new coatings with tailored 

properties could be designed. Also, the combination of different antimicrobial 

approaches, e.g. release systems as well as anti-fouling properties could increase 

antimicrobial efficacy. Multiple strategies would target various sites in the 

bacteria thus increasing bactericidal properties.  
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