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Abstract 

Title: Gas Plasma Polymer Swface Modification Methodologies for the Reduction of 
Device Related Mec tion 

Degree: Master of Appiied Science - Chernical Engineering 
Year of convocation: 200 1 
Name: Vijendra Sahi 
Department: Chernical Engineering and Applied Chemistry 
Institution: University of Toronto 

This research attempted to developed materials resistant to device related infection. 

First, water, amrnonia or carbon dioxide plasmas were utilized in a remote microwave 

plasma (RMP) reactor. Increased hydrophilicity of the surface in water and amrnonia plasma 

treatments was noted. A reduction in colony forming units was noted with water plasma 

treatment when challecged with Pseudomonas aenrginosa under static flow in the presence 

of ciprofloxacin. 

To illustrate the ability of attaching a dmg delivery system activation with primary 

amines was required with arnmonia plasma on ethylene treated polyurethane (optimised 

separately). An optimum using the RMP plasma w u  found at 408 sccm, 20 W power and 1 

minute. 

Attachent of a dnig delivery systern through pnmary amine groups was assessed 

using isocynate chemistry and a commercial fluroalcohol. Surfaces with the activation 

registered a fluorine signal proving the feasibility of attaching a dmg deiivery system 

through this chernistry. 
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1.0 Introduction 

in recent years, the application of medical devices in clinical practice has p a t l y  

expanded. Demographic pressures, advances in materials engineering and improvernents in 

the quality of heaith care deIivery in the developing worId have al1 conmbuted to a 7- 

lS%/annum inmase in the use of medical devices'. As the use of medical devices has 

become commonplace, diseases associated with them, such as infection, have also increased. 

~ristina' and others have shown that bacterial colonization of devices. including orthopedic 

prosthesis and catheter surfaces, evennially Ieads to implant failure. The goal of rhis research 

is to develop methodologies to conml device related infection (DM). Polymer materials 

used for catheters tvere Lùnctionalised with gas plasma to increase biocompatibility of the 

subsuate. Additionally. antibiotic or antibioti~i~o~~rners'.' were bound to the surfaces to 

inhibit bacterial infection. 

Device related infections have been likened to accidents at nuclear power plants-in 

bat  they are law probability events with ver- severe consequencesl. WhiIe little conclusive 

evidence exists relating infection rates to materiai surface properties, cenain in vitro studies 

have indicated that substratum surface properties may have an influence un bacterial 

adhe~ion'-~. When devices are implanted. they are quickly covered with ri conditioning film 

that is generally pmieinaceous in nature'. Bacteria then attach to this surface and sccrete 

extracellular polyneric substances (EPS)'. As a whole. the EPS and bacteria within it are 

known as biofilm. Other constituents of the biofilm include the organic conditioning film. 

substratum reaction products and "enuained deuital material fiom the Iocd environment"'. It 

is the EPS of the biofilrn. in part. that makes biofilm based infection dificuit to treat. This 

mamx resdts in a diffusion bmier to antibiotics and other antimicrobials. Therefore. the 

concentration of antibiotic that must be delivered either locally or systemically to kir1 the 

bacteria and eiiminate the infection is increased. Clearly. any surtkce that limits the ability of 

bacteria to fonn biofilm or iowers the concentration of antibiotic required to kill bacteria 

once the biofilm has formed would be of benefit. 



in this work, gas plasma treated surfaces coupled with the antibiotic. ciprofloxacin. 

were used in an attempt to limit or rnitigate Pseudomonas aeruginosa infections of the 

urinary tract P. aeruginosa infection of the urinary tract is one of the most significant device 

related infections. There are three reasons for this. First, urinary catheters and stents are 

among the most commonly implanted device with 100.000,000 implanted every year in North 

~rnerica'. Catheterization of the urinary mct is the single greatest cause of nosocornial 

(hospital setting) infections9*". Secondly, P. aeruginosa EPS fails to elicit an appropriate 

antibody response from the hosti3. This failure to eiicit an appropriate antibody response 

results in the occurrence of chronic infections. Lastly. the infections result in the formation 

of exotoxin A which causes cell death in the tissue surrounding the infection. Ciprofloxacin 

has been shown to be an effective antibiotic against P. aerziginosa infection and was hence. a 

logical antimicrobial choice in the development of this work. 

As was mentioned previously. in-vitro studies indicate that material surface may 

influence bacterial adhesion. These tàctors include the topography. the presence of trace 

chemicals and the suface energy. Bacterial cells. which often have hydrophobic cell 

surfaces. may adhere better to materials which are also hydrophobic'3*'J. Conversely. 

hydrophilic surfaces may limit bacterid adhesion. Consequently, one aspect of this work 

involved the development of rnethodologies based on gas plasma to attach hydrophilic 

chemical moeities on the surface of polyurethane. These hydrophilic hnctional groups were 

chemically characterized and studied in ternis of their ability to limit bacteriai adhesion or aid 

in the efficacy of ciprofloxacin to remove biofilm once it was fully formed. 

Gas plasma surface modification is L robust technique. which can be readily applied 

to develop coatings and modify surfaces in the device industry. The technique was first 

applied in the semiconductor industq where it has been used in plasma etching and plasma 

assisted chemical vapor deposition. In brief, plasma consists of reagent gas and iÏee radicals. 

ions, atoms, molecules. and electrons generated fiom dissociation of the reagent gas. This 
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dissociation is caused by the input of an energy source. In this work, microwave or radio 

fkquency was used as the energy source. However, other energy sources, induding electrical 

discharges, may dso  be used. The strength of gas plasma lies in the fact that various surface 

chemistries are attainable with simple variations in processing parameters such as reagent 

gas, reagent flow rate, type of power input, total power input. reactor design. reactor pressure. 

position withm the reactor. time of reaction and temperature (both within the plasma and at 

the substrate surface). One of the goals of this work was to introduce hydrophilic groups 

ont0 substrate surfaces. The various processing parameters were altered to obtain surfaces 

with varying hydrophilic chemistries. Additionally, sevcral commonly used catheter 

materiaIs were tested. including silicone. poiyurethane and polyurethane coated with 

polymeric films. 

Another approach to controllhg catheter associated infection is to continually release 

an antimicrobiai agent at the surface of the catheter. If the concentration of an antimicrobial 

agent is suffrcient. bacteria should fail to adhere to the surface and deveIop into an infection 

causing biofiIm. This approach also enables localization of the antimicrobial agent, chus 

minimizing the systemic concentration. Two surface modifications are required so that this 

type of drug delivery system rnay be attached to the catheter surfice. First, the cathster must 

be functionalized to provide a linking site for the attachrnent of the dnig delivery system. In 

this case pnmary amines were chosen. Second. the polqwethane catheter surface must 

maintain its integrity when exposed to reaction solvents. Dimethyl suifoxide (DMSO) is 

required for the polymerization of the drug delivery system: however. DMSO readily 

dissolves polymthane. Attachent and polymerization of the drug delivery system cannot 

occur unless some barrier io DMSO can be developed on the pdyurethane surface. 

Gas plasma offers a solution to these challenges. Plasma c m  be used to functionalize 

a material surface with primary amines groups. Variation of plasma processing parameters 

altows for optirnition of the number of pnmary amine groups. Further. plasma can be used 

to deposit poiymzric barrier films on the surface. Plasma has been shown to produce thin. 
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strongly adherent films that are conformal (take on the topography of the substrate) and 

pinhole free and can thus act as an effective solvent barrier. Furthermore. deposition of a 

polymer film and subsequent derivitization enables this technology to be applied to a variety 

of materials and also inhibit chah migration of polymers. 

The processing steps in the production of a polyurethane catheter with an 

antirnicrobiai drug delivery system attached involves: 1) cleaning the catheter and exposing it 

to a piasma to deposit a solvent banier film; 2) exposing the solvent-barrier coated catheter to 

a plasma to incorporate primary amine groups: 3) polymerizing the drug delivery system 

containing the antimicrobial agent at the surface of the amine functionalized catheter. Issues 

associated with developrnent and fabrication of the h g  delivery system are outside the scope 

of the research presented here. In this work. the development of the solvent banier film and 

the optimization of the primary amine group concentration have been studied. Further. the 

effect of ethylene oxide is assessed. In certain situations ethylene oxide may have the ability 

to react with species on a substrate15 and changes in surface chemisuy with exposure to 

ethytene oxide have been noted15. 

In summary. plasma processing methodologies were developed in this work to 

accomplish these three goals: 1) limit bacterial adhesion by anaching hydrophilic tùnctional 

groups; 2) aid in the eficacy of an antimicrobiai agent in removing a fully developed biotilrn: 

and 3) develop a solvent barrier and pnmary amine linking sites to which a druç delivery 

systern could be anached. 

The outline of the thesis is as follows. Chapter two presents the relevant literature and 

theory for this work. Chapters three and four present the scope of the thesis and the relevant 

experimentai procedures. The results pertaining to the three stated goais are presented in 

chapters five to eight. Chapter five is concerned with the direct functionaiization of 

polyurethane with hydrophilic groups and subsequent challenge of these surfaces with 

bacteria. Results pertaining to the development of the solvent permeation barrier are included 
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in chapter six. Chapter seven is concemed with the functionalization of ethylene plasma tilm 

coated polyurethane with hydrophilic groups and subsequent assessrnent of these surfaces 

against bacteria. Within this chapte- resuits pertaining to the optimization of primary amine 

groups by use of ammonia plasma are presented. Further, the effect of ethylene oxide (ETO) 

gas sterilization is also assessed. Ethylene oxide. also known as epoxy ethane, reacts with 

many chernicals such as alcohols, amines, organic acids, and amides, and is used in the 

manufacture of rnany surface active agents. The vapours of this gas are flarnmable and 

explosive. Experimental evidence suggests that the reaction of ET0 with nucleic acids is the 

primary mechanism for bactericidal and sporocidal activity. In chapter eight. a polper 

having chemisl  similar to that being developed in the dnig delivery system is anached to 

the ammonia rnodified substrates. Finally. surnmq conclusions and recommendations are 

presented in chapters nine and ten. respectively. 
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2.0 Theory and iiteraîure review 

The primary thrust of this research was the development of gas plasma modification 

metiiodologies. To understand how plasma may be used in producing surfaces that rnitigate 

or prevent Dm, a theoretical understanding of plasma is required. Much of the theory is best 

understood in the context of plasma polymerization. A discussion detailing plasma theory is 

presented below. This is followed by a survey highlighting sirnilar applications of plasma 

technoiogy. The mechanisrn of DR[ is also presented followed by theory relevant to the 

anaiytical techniques used in this work. 

2.1.1 Natureofgas plasma 

Plasma is a partially ionized gas where no net positive or negative charge exists. It is 

composed of electrons. ions. free radicals, photons of various energies. and ças atoms and 

molecules at various states of excitement. Generally. plasmas can be categorized as either 

cold, low-temperature plasmas. which are less ionized; or highry ionized. hot plasmas. In hot 

plasmas, the kinetic energy of al1 species are in hermai equilibrium, while in cold plasmas 

the temperature of the electrons are much higher than that of the gas species (ions. radicals 

and molecules). Hot plasmas are generaily not used in matenai processing due to the extreme 

heat generated. Consequently, a hl1 discussion of hot plasmas is beyond the scope of this 

work. 

The commercial applications of plasma processing inchde: electronics. optics. semi- 

permeable membranes for the separation of Iiquid and gaseous mixtures and biomaterials. In 

the case of plasma polymerization. the films are chemically stable, contôrmal. and have good 

adhesion and mechanical properties. It is for these reasons that pIasma processing is ohen 

utilized iti these indu~tries'"'~. 

The chemicai composition of the species uithin the plasma varies according to the 

kquency at which plasma is generated. W l e  Frequency is not generally varied within a 

reactor system, variation of fiequency can be gained by the use of different reactor systems. 
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The radio fiequency (RF) and microwave systems are more efficient at promoting 

ionization and sustainhg a discharge than theù direct curent counterpart. Further. within an 

electromagnetically sustained plasma system. the minimum operating pressure fdls as the 

fiequency increasest8. ~ertheimer" has indicated that a clear difference exists between the 

RF and MW plasma systems. In the case of plasma polymenzation, deposition rates are an 

order of magnitude higher in the MW system than the RF systern19. This difference. as well 

as other chernical differences can be attnbuted to a higher nurnber of high energy electrons 

present in the MW Consequently. at equivalent power inputs. a higher 

concentration of active species is seen in t h  MW systern. A complete discussion of plasma 

processing parameters is presented beiow in section 3.1.4 

2.1.2 Plasma reaction mechanisms 

~asuda"  has proposed a bi-cyclic step-grow~ mechanism terrned "rapid step-growth 

polymerization". While the mechanisms have been derived to explain plasma 

polymenzation. much of the chemistry is valid for plasma etching. The mechanism is 

illustrated in Figure 2.2 and involves two major cycles. Cycle 1 is propagated by the repeated 

activation of reaction products from monofunctionai activated species. and cycle II is 

propagated by a difunctional or multifunctiond activated species. 



Cycle I 

[[iM 
Ml. A M,i + iM, - Ml-Ml - 

Cross-cycle reaction 

Plasma 
Excitation 

Cycle II 

Legend 

Un-initiated monomer 
or polymer 

Un-initiateci precursor 
(either rnonomer or 
p reviously terrninated 
poiymer) 
lnitiated (free radical 
fomed) precursor 

Previously initiated 
precunor 

Difunctional ( h o  
radical centers) 
rnolecule 

Previously initiated 
bifunctional molecule 

rMk-Ml Difunctional rnolecule 
reacted with initiated 
rnonofunctional 
molecule 

iM,-M lnitiate rnonofunctional 
rnolecule reacted with 
uninitiated rnonomer or 
polyrner 

Mi-Ml Two reacted 
rnonofunctional 
rnolecules 

rMk-Mc Difunctional rnolecule 
reacted with uninitiated 
rnolecule 

aMk-Ml. Difunctional rnolecule 
reacted with 
monofunctional 
rnolecule 

Figure 2.1. Schematic representation of bi-cyclic mechanism of plasma polymerization'' 

in this system. M refers to the gened monomer. Mer plasma excitation. monofunctional or 

difunctionai species may result (Mi or Mt). Once initiated in this fashion. reactions 1 and 4 
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are sirnilar to initiation steps seen in conventional free radical addition polymerization. The 

monofunctional or difunctional species c m  polymerize with monomer. shifiing its radical 

center and leaving it open for further polymerization. The difunctional species also has the 

ability to react with another difunctionai species resulting in the formation of a new bond. 

while leaving M e r  reactive sites fiom which poIyrnerization can occur (reaction 5). in 

either of reaction 1.4 or 5, no further initiation kom the plasma is required for polymerization 

to continue. Reaction 2 is a termination reaction where. in the formation of the oligomer. the 

radical center is lost. For this oligomer to continue in polymerization. re-initiation from the 

plasma source m u t  occur. Lastly, reaction 3. the cross-cycle reaction combines the 

dihnctiond and monofunctionaI species. A radicaI center remains in this reaction tiom 

which polymerization rnay continue. The result of these reaction modes is a mix of oligomer 

structure and length generated within the plasma. 

2.1.3 Cornpetetive etching and polymerization 

During plasma modification three distinct processes occur: surface etching. hnctional 

group attachrnent and deposition. Figure 2.3 illustrates the difference between etching and 

polymerization. A continuous competition occurs between the processes where one may 

predominate. depending upon the gadvapour entering the system. the reactor design. the 

polymer substrate and the discharge conditions. Etching c m  occur by fngmenting a portion 

of a solid materiai or a portion of the monomer molecuie. If the monomer molecule is 

fragmented. then chemical etching occws. Etched material may be redeposited as plasma 

polymer at different locations within the reaction system or leave the system in the outlet gas. 

If polymerization on the surface occurs. then a new surface is generated whose chemistry is 

dependent upon the monomer gas species used, 



1 1 Substrate II 

Etching 

Substrate 

Figure 2.2. Schematic illustrating the difference between plasma etching and polymerization 

During plasma polymerization. individual funçtional groups or chains of functional 

p u p s  are deposited on the substrate. As the reaction proceeds. fkee radicaIs undergo M e r  

reactions Ieading to the generation of cross-links between the functionai groups. The extent 

of cross-linking and Fragmentation of monomer gas can be controlled by the processing 

parameters of the reaction. Hence. plasma modification can form new surfaces either by 

individual functionai groups bonding to the surface or by complete film coverage with 



crosslinked groups. 

2.1.4 Interna1 and External Parameters 

Plasma can be characterized by a senes of internal parameters which include- 1) the 

energy of neutrai particles. electrons and ions. 2) the structure of neutrai particles and ions 

and 3) the energy distributions of the ncutral particles, ions and electrons. These intemal 

parameters dictate the physical and chemical properties of either the plasma polyrner or the 

iünctionalized surface. ïhese pararneters c m  be aitered by variations in extemal pararneters 

(operational p m e t e n ) .  Within this work. the ceactor geometry. size. and frequency of the 

elecuomagnetic source were fixed for the respective remote microwave plasma (RMP) or 

radio fiequency plasma (RFP) systems. The parameters of system pressure. gas tlow rate. 

discharge power. substrate temperature. exposure time and gas species can be varied to affect 

the internai pararneters described above resulting in a change in the chemistry at the material 

surface. 

2.1.5 System Pressure (Pd 

System pressure. (Pa, is governed by the rate of gas ked into the reactor. pump-out 

rate from the reactor. the rate of deposition/Fragmentation within the reactor and the 

temperature change during the reaction. Fratamentation can be M e r  broken down into rates 

of species Fragmentation and material etching From the surface. Pressure during the reaction 

affects the residence time. the average electron energy and the mean free path. The mean 

fiee path can be described by equation 1. 

where: 

y = rnean fiee path (m) 
k = Bolman constant (JK) 
T = Temperature (K) 
d = diameter of molecule (m) 
P = Pressure (Pa) 



At low pressures, the mean fiee path among active species is high. This results in 

functionalization or deposition that is widespread and homogeneous throughout the reactor 

system. The average electron energy is proportional to power and is inversely proportional to 

pressure. Consequentiy, plasma effects seen with hi& power c m  be attained at low reaction 

pressure. Pressure also affects the size of the glow discharge. Low pressures increase the 

size of the glow discharge region thus increasing the degree of interaction of the plasma with 

the subsuate. This is particularly relevant in plasma systems where the substrate is located 

outside of the glow discharge region of the plasma as  in the RMP systems empioyed in this 

research. As the glow region expands or contracts in relation to the system pressure. the 

distribution of species miving at the substrate varies. 

At this point. a distinction should be made between polymer polymerization rate and 

polymer deposition rate. The deposition rate is the rate of polymerization on the substrate 

surface and is measured by the rate of film thickness increase with time. In order for 

polymerization to occur on the substrate. condensation of the film must occur. The polymer 

polymerization rate is the rate of polqmer formation within the reactor as a whole and does 

not necessarily involve condensation on the substrate. The deposition can be optimized by 

changing the parameters of flow rate. discharge power. system pressure and substrate 

temperature. Two processing environments may have sirnilar rates of plasma polymerization 

but significantly different deposition rates. 

2.1.6 Position 

The distance between the substrate and the reaction area affects the time required to 

modie or derivitize a particular surface and can affect the type of functionai groups 

deposited on the surface. As is mentioned above. plasma polymerization has been shown to 

preferentially deposit near the glow discharge because the path length for higher reactive 

species is shorter. This is aiso true for etching/functionalizing plasmas where shorter path 

lengths favour more active species during functionaiization. 



2.1.7 Flow Rate (F) 

Gas flow rate. (F), represents not only the rate of feed within the reactor. but also the 

residence tirne that plasma species will be in contact with a substrate; i.e.. a higher flow rate 

means a shorter residence time. Therefore. the gas flow rate together with the reactor 

pressure, FP,, determines whether the plasma polyrnenzation is carried out in a dimision- 

dominating or flow-dorninating fiow pattern. At constant input power, the polyrner 

deposition rate increases linearly with increasing flow rate as Long as the flow pattern remains 

unchanged. However. as the reaction system moves from the monomer-deficient region (too 

much energy for the available reagent), the linear dependence begins to ease. At this point. a 

balance exists betwsen energy available for reaction and monomer. h increase of flow rate 

beyond this point decreases the residence time resutting in a decreased reaction rate as 

measured by the percent of total activated species. FIow rate and pressure are generally not 

independent parameters. As the flow rate is increased. the pressure of the system rises. 

Consequently. the effects associated with higher pressure are also noted with higher tlow rate 

(Le. non-uni formity in surface chemistrv). 

2.1.8 Input Power (W) 

A higher rate of plasma polymerization is noted within the glow region of the reactor 

compared to outside the region. However. there is littie variation in plasma deposition rate 

within the glow discharge region itself. Any deposition that occurs outside of the glow 

region is due to stray reactive species and is much lower than the rate of deposition within the 

glow. in general, the polqmer deposition rate increases in a linear manner with increasing 

discharge power (W) until a plateau is reached. Subsequently. any further increase in power 

may result in a decrease in deposition rate. 

The glow discharge at Iow power dues occupy a large volume resulting in a uniforni 

but low intensity giow discharge. From a mechanistic perspective. an increase in discharge 

power means an increased rate of initiation (plasma excitation and re-excitation) for the 
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gowth reactions. The influence of power input on the property of polymers formed depends 

on the nature of monomer. the type of discharge, and reactor design. 

2.1.9 Substrate Temperature (T) 

In conventionai solution polyrnerization, the significance of temperature depends 

upon whether the process is kinetically or thermodynamicaily controlled. The polymerization 

rate (kinetics) increases exponentially with increasing temperature. but the degree of 

polymerization (thermodynamics) decreases simultaneously. As temperature approaches the 

ceiIing temperature (the temperature above which polymerization cannot occur) of 

polymerization. the polymerization rate is equal to the de-polyrnerization rate. This kind of 

temperature dependence is not observed in plasma polymerization. Instead. a negativr 

temperature dependence is seen. As the temperature increases the deposition rate decreases. 

However. experimentai data indicate that a change in substrate temperature results in a 

change in the deposition mechani~m"-~. A higher degree of monomer fragmentation is 

noted at higher temperature. In the case of polyrnerization. this higher fragmentation results 

in an increase in cross-linking andlor branching of the deposited polymer which will. in tum. 

reduce the rnobility of the deposited polymer. Further. ~o~ez" - "  has indicated that an actual 

change in chemical composition is seen in plasma polymerization with an increased substrate 

temperature when compared to the chemistry in solution phase polymerization. For example. 

Lopez noted that a mater  degree of oxidation occurred during plasma polymerization with 

ethylene at a higher substrate temperature. while deposited polymer at lower substrate 

temperature was similar to high-density polyethylene produced in solution phase 

polymerization. 

2.1.10 Time of Plasma Exposure (t) 

In a plasma polymerization, an increase in plasma exposure tirne (t) will lead to an 

increase in deposition (film thickness). However. the chemicai structure and morpholog of 

the deposited film may change due to continuous cross-linking and etching processes. If the 

s u b m t e  is exposed to a Functionalizing plasma, an increase in plasma exposure time may 
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resdt in a p a t e r  amount of functionalization. However, as is the case in pIasma deposition. 

the chernical nature of functionalized surfaces will change as etching occurs. 

2.1.11 Composite Parameter 

As has previously been mentioned, many of the processing parmeters in piasma 

modification are not independent. Parameters such as power. flow rate and pressure are 

related to each ottier. Consequently, yasuda17 has described a composite parameter. WfFM 

(in J k g ) ,  to express the characteristic power density within plasma processing. W is 

discharge wattage. F is the motar flow rate and M is the rnolecularweight ofthe monomer. 

Generally. the discharge wattage (input power), W. c m  be related to the temperature within 

the reactor system in that a higher discharge wattage corresponds to a higher temperature 

within the reactor system. This composite pammeter has been used to characterize the rate of 

polymer deposition on a substrate. When the deposition rate is plotted against the composite 

parameter (Figure 2.1). plasma polymerization can be divided into three regions: region 1 

(power deficient region), region II (power deficient transient region) - ample monomer is 

available but ihe power input rate is not sufficient to create a high concentration of reactive 

species and region [II (monomer-detïcient üansient region) - suficient discharge power is 

available but the monomer flow rate (F) is the rate-limiting factor (flow-rateîontrolled). 

The atomic nature of plasma polymerization tends to increase in region III where the 

plasma energy density is high. Conversely. fragmentation of the monomer molecuIes occurs 

to a lesser eaent in region 1. 
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III 
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Composite Parameter (W/FM) 

Figure 2.3. Illustration of die Composite Parameter in Plasma  roce es sin^" 

2.1.12 Theoretical considerations particultir to this work 

In addition to the general principies described above. two additionai theoretical 

considerations should be noted. These considerations are unique to the developrnent of the 

particular surfaces we are interested in to prevent microbial attachment andlor enhancing 

antimicrobial effrcacy. First. the material surface rnust contain a hi@ d e p e  of prirnap 

amine functionai groups after modification. Second. the surface afier hydrophilic 

functionalization must have limited migratory ability. 

~ t - iesser .~  in an extensive review article discussing gas plasma techniques for the 

preparation of hydrophiiic surfaces. suggests that bond breakage in p tasrna may be ô 

"predominantly statisticai process."" This indicates that "film formation ivith incorporation 

of a suitable pendant functional group might be more facile the higher the number of -Cm-  
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groups in the monomer."13 In this mode1 of bond decomposition within plasma amine 

containhg species of higher chah length, such as allylamine, may have a greater potential to 

introduce functionai groups to the surface than wouid species such as amrnonia. A 

significant body of literature exists supporthg this rn~del'~-'~. 

As was discussed in the introduction, polyurethane has been used as a substrate in this 

work because of its use as a catheter materiai. Chain migration is a significant issue with 

polyurethane. Polyurethane is a block CO-polymer with segments that are relatively more 

hydrophobie than others. Further, segments at the air-polyurethane interface have the ability 

to migrate into the bulk polymer and vice-vers;'*'*. ~ e n ~ e n b a c h ' ~  has shown that materials 

modified with hydrophilic fùnctiond groups %il1 have chains that migrate into the bulk 

polymer with time. In fact, migration has been noted in as short as an 8-hour period'Y. The 

rapidity of this migration validates the use of a stabilizing interlayer such as that proposed in 

this work. 

2.2 Plasma Applications 

As was mentioned previously. poiymerizing plasma has gained widespread use 

because of the durable and conformai nature of the films generated. Plasmas of methane. 

ethane and ethylene have been widely used to produce carbon films incliiding the arnorphous- 

(a), ion-assisted-(i) and diamondlike-carbon films. In these systems. Ar. H7 and NI are used 

as carier gases to control the atomic concentrations oEH, C. and N in filmjO"'. In some 

cases, plasma can be used to generate a film where no comparable conventional technology 

exists. For example, methane cannot be poiymerized by conventionai means, but can by 

plasma polyrnerization. sadhii3 has indicated that the methane-based film deposition tate 

was slow; however. the poIymer formed was highly cross-linked. A cross-linked polymeric 

structure is an important requirement of the technology under development in this work. The 

cross-linked polymer network stabilizes tiinctional p u p s  at the surface of the material by 

limiting the migratory ability of these functionai groups into the buik polymer and functions 

as a diffusion barrier. 



yeh3' developed a cross-linked ethylene based film on silicone using a RF plasma 

system. The film was completely amorphous and unifonniy covered the surface of the 

silicone. This converted the heterogeneous surface consisting of crystalline and amorphous 

phases to a homogenous amorphous laye+'. Nine plasma polyrners were exarnined which 

included ethylene, tetrafiuoroethylene, hexduoroethane, hexafluoroethanelHI and rnethane. 

Extraction of these films with n-hexane indicated that the films were relatively loosely bound 

to the substrate. However. ail of the monomers formed uniform and impermeable coatings. 

Two kinds of reactions can be introduced by non-polymerizable (functionalizing) 

plasmas 1) reaction of active species in the plasma with the polymer. and 2) formation of Free 

radicais in the polymer due to ultraviolet radiation emitted within the plasma and collision of 

plasma species with the substrate. In many instances. both of these reactions occur 

sirnultaneously. Generally. phsrna technology has been used to change the wettability and 

adhesive properties of a surface3u9. In one of the few exarnples of modification using a 

microwave plasma. wenheimeri9 improved the mechanical properties of du Pont Krvlar 

laminates by utilizing Ar. Nt. NHj. ~ u b ~ O - "  has also employed ammonia to functionalize 

polystyrene. Other processing methodoIogks have attempted to attach amine poups directly 

by use of nitrogen. Mixtures of hydrogen and nitrogen in a 1 to 1 molar ratio" have been 

used with some degree of success. Other work has included addition of amino groups on 

polypropylene beadsUu. The treated surface was then used to covaiently attach bovine 

serurn albumin protein which is conceptually similar to the attachent of a dmg delivtcy 

systern. one of the goals of the modification developed in this work. Protein and enzyme 

irnmobilization has also been cauied out by ~awakami". 

Longer polyrneric chahs have been utilized to deposit appropriate linking groups on 

substrates. ~ombotzJ6 has used aliyl amine to incorporate amine groups on the surface. They 

noted that an increase in average power density Ied to an increase in imine and nitrile group 

deposition over amine. This is in Line with ~en~enbach 's '~  contention that plasma 
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polymerization can essentiaily be considered a statistical process with greater power resulting 

in greater fragmentation of the rnolecde. A direct comparison of ailyl amine and arnmonia3 

indicates that 90% of the nitrogen in aliylamine and 33% in ammonia is deposited in the form 

of primary amine. Gnesser used heptylamine in an even longer chah and found that a 

significant amount of the amine groups were retained, 

2 3  Bacterial infections and medical device 

With this presentation on the theory of plasma, a discussion of nature of DR1 is required 

in order to understand how plasma modified material may be utilized to mitigate DRI. 

2.3.1 Mechanisms and factors innuenciag bacterial adhesion 

The occurrence of infection in medical devices involves a series of steps of which 

attachent of the organism CO the materiai surface is keyl. Once implanted. the clean surface 

of a device is covered with a conditioning film to which bacteria subsequently adhere and 

produce EPS. ~ h r i s t e n s e n ~ ~  has shown that the presence of a device increases the probability 

of certain kinds of infections by a factor of four. An example of this increased probabiIi. of 

infection is seen in in-vivo experiments invorving Staphylococcris ariretis and a polymeric 

substrate. In the presence of the substrate. the minimum infective dosage was only 100 

organisms while 10' organisms were required in the absence of substrate. The ability of 

bacteria to adhere to a substrate is cleariy one of the key factors in determining infection 

ability. 

Adhesion is the discrete association of bacteriun to a substrate' for which two 

mechanisms exist - a specific mechanism based on a lock and key interaction of bacteria with 

substrate and a non-specific mechanism based on physiochemicai forces. The non-specific 

adhesion is a function of the physiochemicai environment of both the bacteria and substrate 

and the nature of both surfaces. Factors that influence non-specific interactions indude pH. 

temperature. ionic strength. charge density. surface topography and the hydrophobie effect. 

As was mentioned in the introduction. a number of investigators have indicated that when 
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adhesion is studied over a short tirne period, bacteria adhere preferentially to hydrophobic 

surfaces. When two hydrophobic surfaces approach each other, ordered layers of water are 

displaced. This displacement resuits in an increase in entropy, making the interaction of the 

two hydrophobic surfaces favorable. The surface chemistry of both the substrate and bacteria 

may dictate, in part, if bacterial adhesion will be favorable or unfavorable. Aromatic amino 

acids, fatty acids. and mycolic acids within the I?acterial ce11 wall can give bacteria a 

hydrophobic character. Consequently, hydrophilic moieties generated by gas plasma on the 

substrate should limit bacteriai adhesion. However. it should be noted that while the initial 

stages of colonization are influenced by surface energy. longer term in vivo studies have 

failed to demonstrate a relationship between surface energy and the biomass associated with 

various surfaces'. 

Specific adhesion is the altemate route for bacterial adhesion. From the evolutionary 

point of view. it can be assumed that specific adhesion mechanisms have evolved to allow 

bacteria to adhere to specific biologicai substrates such as ce11 membranes. In the case of the 

engineered materiai. specific adhesion may result when a chemical moiety on the material 

surface mimics a moiety seen in nature. With P. aeruginosa. lectins on the bacterial surface 

have been shown to attach specifically to N-acetylgalactosarnine and N-acetylglucosamine. 

which are components of host membranes. When P. aeruginosa was exposed to a polyether- 

polyurethane preincubated in senim. attachent was inhibited by the presence of specific 

glycoconjugates which preferentiaily attached to N-acetylgalactosamine and N- 

acetylglucosamine. thus blocking sites where P. aenrginosa could attach. ~irnrnerman'l has 

dso provided evidence for a S. epidermidis adhesin specific for polystyrene. Despite these 

studies. no consensus view on the occurrence of specific attachment exists because of the role 

the conditioning film may play. 

The conditioning film may influence both non-specific and specific adhesion. Deposited 

irnrnediately afier device implantation, this film has characteristics of the proteins and 

polysaccharides present at the site of implantation and may include blood, urine. bile. saliva. 
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and respiratory secretionsi. ~hr i s t ensen~~  has suggested that the conditioning film is the 

major determinant of bacterid attachrnent, as  opposed to the underlying substrate. This view 

is supported by Cheung and ~ischet t '~  who have shown that the fibrinogen plays a role in 

limiting the adhesion of S. aureus to central venous Iine catheters. In the case of P. 

aeruginosa, adhesion to soft contact lens material has been shown to increase by 45% in the 

presence of albumen, mucin. fibrinogen or desidyated fibnnogenSJ. While a clear body of 

literature suggests that the conditioning fiim plays a role in mediating bacterial attachrnent. 

the role of the substrate in mediating the degree and orientation of the conditioning film 

attachrnent cannot be overlooked. The substrate may also atTect the adsorption of non- 

proteinaceous constituenw of and dialysate56. 

2.3.2 Effect of Biofilm 

Once attached. bacteria within biofilms possess an intrinsic resistance to topically or 

systemically applied antimicrobials. This resistance is partially due to the EPS secreted by 

bactena. EPS may impart this resistance by modulation of the immune response or by 

functioning as a diffusion barrier to antimicrobial agents. 

The EPS produced by S. epidermidis and P. aeruginosa modulates the immune response 

at the site of implantation. A negative chernotactic response is seen in polymorphonuclear 

(PMN) cells as a result of the EPS produced by S. rpidrrmidis. PMN's are involved in the 

initial immune response to a foreign body and the resulting negative chemotmis results in 

suppression of the imrnune response. P. aeruginosa produces an EPS which fails to elicit an 

opsonic antibody response. The resuit is that no antibodies are produced against P. 

aeruginosa and again as is the case with S. rpidermidis. the immune response is suppressed. 

Along with modulatuig immune responses, bacterial biofilm functions as a diffision 

barrier to bacteriai attachrnent. Nickel and a os ter ton^' have indicated that Psetrdomonns 

aeruginosa within biofilm associated with a urinary catheter are twenty tirnes more resistant 

to tobrarnycin. ~ o ~ l e ' " ~ ~  and sucia have also indicated that EPS may function as a 



diffusionai barrier to antibiotics. 

233 Methods of coatroiling device related infection 

A number of methodoIogies to controi DR[ have been devetoped. These methodologies 

include: use of silver coatings. increasing the efficacy ofantimicrobial agents at the surface. 

increasing the retention of antibiotic at the surface and devdoping controlled release systems 

to give a sustained release of an antirnicrobiai agent. Silver is one of the oldest microbiai 

agents in existence. Takeuchi has ernployed silver in an antimicrobial coating for a urinay 

catheter systern6'. However. silver is pmblematic in that resistance may devebp over timeb'. 

Another approach to controllhg DM is to increase the eficacy of antimicrobial agents used. 

saboh6' has described the influence of protamine sulfate. a surfactant. on the rffmcy of 

cipro floxacin against a clinical isolate Pseudomonas ueruginosa. Protamine sulfate aided in 

the penetration of ciprofloxacin into the biotïIm and subssquently increased the eficacy of 

ciprofloxacin. 

MethodoIogies to c o n ~ o l  DM are not limited to catheter applications. hmb '  used 

the e1etrostaùc interaction betwen anodized Ti6A14V and the cationic antibiotic gentamicin 

sulfate to retain the gentamicin sulfate on the surface of the Ti6AI4V. Ti6A14V is commonIy 

used in orthopedic bioprosthetic devices. Dunn found that the antimicrobial activity of the 

surface could be retained for a period exceeding two weeks, Dunn's work, and that of 

~ r o o s k i n ~ ~ ~  are particularly relevant in that they involve the develapment of a material 

surface which retains antibiotics for an extended period of time. Trooskin used the interaction 

of anionic penicillin with a silicone elastomer and polyethylene catheters that had been 

treated with tridodecylmethylammoniurn chloride (TDMAC). A three month elution study 

indicated that the TDMAC coating combined with the anionic penicillin results in a bacterial 

resi stan t surface65. 

Anothet aspect of this work is the attachrnent of a drue delivery system which will 

give a sustained controlled release of an antimicrobial agent. Dmg deiivery systems to 



control infection have been previously developed by chang6'. Chang incorporated 

gentamich into polymethyl methacryiate during its molding process. This system relied 

exclusively on d i i i o n  as the mechanism of antimicrobial release. 

2.1 Rational for gas plasma modification in controlling DR1 

Surface modification with tiydrophilic groups, as has been perfomed in this work. is 

similar in concept to the anodizing or cathodizing of a surface in order to increase the 

retention of an antimicrobial agent. The use of gas plasma to control DR1 may be cost 

effective. Where this work differs significantly fiom previous work to increase the retention 

of antimicrobial agents is by developing a drug delivery system that is not diffision 

controlled. 

2.5 Surface characterization techniques 

2.5.1 X-ray Pho toelectron Spectroseo py 

Surface modifications must be c hemically charactecized with a technique that is 

highly surface specific. X-ray photoelectron spectroscopy ( X P S )  dong with secondas ion 

mass spectroscopy are widely used suriàce spectroscopy techniques6'. XPS is based on the 

photoeiecmc effect where electrons are ejected fiom a surface when exposed to a photon 

source. Einstein nated the effect rnathematicaliy in 1906 (equation 1)68. 

Eb=hv-Ek (1 

where hv is the enera associated with the incident photon at the surface. Eb is the binding 

energy of the photoeiectron generated and Ek is the kinetic energy. Aside fiom surface 

specificil. the analyticai strength of XPS lies in its highIy quantitative nature. Each element. 

except for hydrogen. present at a surface produces a photoelectron. The energy of these 

electrons corresponds to the binding eneru of the Ievel fiom which the electron resides. 

These are readily separable. Consequently. the atomic components that make up a sarnple 

surface can be measured since the peak at a gïven bindiig energy is proportional to the 

number of moles of a species present in the surface. Further. anaiysis of the shape of each 

peak yields information dependent upon the chernicai envuonment associated with each 



element. 

XPS anaiysis is specific for the top 10 nrn of a materiai. Electrons fiom greater 

depths cannot escape the surface due to energy loss during collisions. The depth of anatysis 

can be varied in XPS, so that knowledge of chemical changes within the outer 10 nrn of 

materiai car. be gained. Generally. electrons in XPS are generated kom the first 3(À) sin(a) 

where h is the mean fiee path of an electron generated fiom a particular element within the 

sample being analyzed and a is the take-off-angle (TOA). which is the angle an electron 

escapes From relative to the sample plane. Thus. angle-resolved XPS enables depth profihg 

up to the 10 nrn level. 

When analyzing XPS spectra. certain spectral features must be considercd. Thesc 

inchde: the nature of the background. satellites. Auger peaks. shake-up and shake-off peaks 

and charging. XPS spectra appear on a continuously increasing background. This 

background is the result of inelastic electron losses. which decrease their kinetic energ  

before they reach the detector. Satellite peaks are also generated by the hi&-enerp X-ray 

lines from the source that exist in an urunonochromatized source. These Iines are generaily 

10% the intensity of the main X-ray lines and can produce a superimposed spectra on the 

prirnary spectra. 

In Auger emissions. an electron from an outer leve1 fills the hole left by 

photoemission process. which results in a release of energy. The excess energ  is released by 

the ernission of another electron - its Auger electron ~su l t i ng  in a double ionized atom. 

Auger emissions are the dominant form of de-excitations for core holes with binding energies 

lower than 2 kvb8, and therefore Auger peaks are always present in XPS spectra. 

Another spectrai feature. the shake-up or shake-off peak is generated during 

cearrangement of the local electron density around the atom after photoemission. Suficient 

energy may become available during relaxation to either excite (shake-up) or ionize (shake- 
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off) a vaience electron. This feature is observed particularly in systems with strong x 

bonding. Finally, during XPS analysis charging of the material occurs in insulating materials. 

The ejection of the photoelectron results in a net positive charge generated in the 

materiai within the instrument. If the material is insulating, then no mechanism exists for the 

materiai to compensate for this charging effect. The net result of this charging effect is that 

the binding energy from a particular element increases since it is now more difficult to 

abstract an electron from the core level. Low energy electrons are usually supplied to prevent 

this effect. With a non-monochromatic source. low-energy electrons are generated by a 

Bremmstrahlung radiation passing through the X-ray source ,41 window. 

Along with the element from which an electron is generated. the binding energy of an 

etectron depends on its chemical environment. This fact yields imponant information within 

XPS, For example. electrons associated with the carbon 1s orbital where the carbon is bound 

only to another carbon or hydrogen have a binding energy of 285 eV. i\lternatively. if carbon 

is bound to oxygen. a chemical shifi of 1 .S eV/bond exists. resulting in the peak location 

moving from 285 eV to 286.5 eV for a C-O single bond. This shifi is the result of oxygen 

being more electronegative. Thus. the electrons are harder to extract from a carbon bound to 

oxygen as opposed to carbon bound to carbon. Such chemical shifis can be used to find 

rnolecular bonding information using XPS. 

2.5.2 Derivitization analysis 

While s h i k  can be used to separate different chemical species. certain groups have 

similar shifts. In this work. pnmary amines have to be separated from other nitrogen 

containing functionalities. This functional group must be separated fiom other nitrogen 

containing species. In such a situation. denvitization with a compound containing an element 

not expected on the surface may be used to highlight the concentration of a particular 

fùnctional group in question. ~ a k a y a r n a ~ ~  has used a gas phase derivitization technique 

comprised of treatment with pentatlurobenzaldehyde for 6 h at 45°C to identifi the primary 



amines. The reaction mechanisrn is given in Figure 2.4. 

Pentatluorobenzaldehyde Pnmary Amine on Substrate Surface 

Schiff base 
formation 

Pentafiuom beddehyde anacheci to Primary .bine 

Figure 2.1. Schematic of reaction mechanism in Pentaflurobenzaldehyde derivitization 

This reaction results in Schiff base (hemiaminal). which is specific to primary amines. The 

reaction yield in this reaction is 88% and it can be used to elucidate the concentration of 

nitrogen present in the fom of primary amines. 



2.53 Contact angle analysis (ADSA-ÇI) 

Contact angle analysis is another highiy sensitive surface technique. It can be used to 

confirm or add to results found by XPS. For instance, if the XPS results indicate that 

hydrophilic functional groups are being incorporated on the material surface, then contact 

angle measurements can be used as an independent measure to confirm these results. Contact 

angie measurements are based on the thermodynamics of wetting, whereby the rninimization 

of the free energy of the system will yield a unique contact angle. Consequently. contact 

angle measurements involve the measurement of the angle formed between a drop of liquid at 

a surface. Generally. when measuring contact angles with water, hydrophilic sudàces have 

lower contact angles while hydrophobie surfaces have higher contact angles. A~isymmetriir 

drop shape analysis (ADSA-d) is a new technique for contact angle anaiysis that is gaining 

wide spread use7'. The technique is superior to other contact angle techniques such as the 

Wilhemy plate technique in that only small arnounts of liquid are required7'. Discussion of 

these techniques are beyond the scope of this thesis. and further details can be found within 

t h  references. 



3.0 Scope of Thesis 

The primary goal of this research was to develop methodologies to functionalize 

polymeric materials used for medical polymers by means of a gas plasma to either control 

medical device related infection (DM or to facilitate subsequent immobilisation of an 

antibiotic or an t ib io t i~ /~ol~mer~.  

The immobilisation of an antibiotic/polyrner system is best served through the 

deposition of primary amines on a subsmte surface. Consequently. one of the research 

objectives was to optimise concentrations ofprimary amine groups on a surface deposited 

using gas plasma. in particular ammonia plasma. Two reactor systems were compared in 

terms of their efficiency in primary amine deposition - RFP and RMP. The operating 

parameters of flow rate. system pressure. power. reaction time and position were varied in 

order to optimize the concentration of prirnary amine groups at the surface. This is similar to 

the work by wertheimeri9. ~ u b ' ' ~ '  and sipehia4j. The subsequent attachment of a drug 

delivery system is conceptually similar to protein immobilization through a primary amine 
49. SI -J I  group which has also been widely described . Research involving the deposition of 

longer chain amine containing compounds is on going and is not presented in this thesis. 

Other hydrophilic plasma surface modifications involving water. methanol and carbon 

dioxide are also presented in this thesis. Given the genenlly hydrophobic nature of bacterial 

surfaces. hydrophilic surface modification alone should Iimit the adhesion of bacteria to the 

surface. 

In al1 hydrophilic surface modifications. particularly in the modification of 

polyurethane, chain migration is a significant To limit chain migration and develop 

a solvent permeation barrier for subsequent drug delivery system attachent. the use of 

ethylene gas plasma was explored. in theory. ethylene plasma modification should produce a 

highly cross-linked film similar to that produced by ~adhir". yeh3' and ~asuda". This 

surface could then be functionalized using arnmonia pIasma. Al1 of the modifications were 

characterized using surfaçe analytical techniques and studied in terms of bacterial adhesion. 



1. Materials and methods 

in order to achieve the desired goal, i.e. surface modification of catheter material to 

allow control of DM. the following steps were taken. 1) Optimisation of plasma parameters. 

2) Surface characterisation of modified surfaces. 3) Bacterial studies on these surfaces and 

proof of feasibility in the anachment of the antimicrobial poIymer. In this chapter. the 

general materials and methods will be discussed, more speciftc details will be covered in the 

relevant c hapters. 

4.1 Polymeric substances 

Two polyrneric materiais were used in these studies, extrusion grade (EG-80A) 

polyurethane (Tecoflex. Thermedics. Baltimore. MD) and silicone elastomer (Silastic. Dow 

Corning, Midland. MI). The polyurethane pellets were cast into a film by first drying 10 g of 

the pellets at 60 OC ovemight. The dried pellets were then placed in a 90 g of distilled N.N - 
dimethylacetamide (DMAC). This solution was allowed to mix for 24 h. Once the 

polyurethane was completely dissolved. it was cast in a Teflon dish with eight 4 x 4 cm' 

wells. The dish was then placed in an oven at 60 OC Cor 48 h. Then the films were removed. 

allowed to cool and peeled from the Tetlon surface. 

Solvents were distilled 24 t.1 prior to their use. In each case. approsimately 200 ml of 

N.N - dimethylacetarnide (DMAC) was distilled. DMAC was distilled at about 30 O C  and 

approximately 8 mPa. The distiliate was collected in a dry tlask. which was sealed and 

maintained until it was required for casting or other wet chernimy. 

Subsequent to casting. polymer films were cut in I ?; 1 cm2 pieces. Three of these 

pieces were then mounted on an aluminium disk using adhesive backed copper tape. These 

disks allowed for the samples to be rnoved and ptaced within the plasma reactors without 

contacting the surfaces. The nie cm' pieces were frst washed in Ivory liquid detergent and 

then rinsed with copious amounts of double distilled water (DDW) before sonicating in 
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DDW for 10 minutes. The cleaned pieces were then mounted on the tape using tweezers to 

manipulate them. in the later work, the samples were fust mounted on the aluminum disks. 

The disks, dong with the mounted pieces. were then placed in a cleaning bath for sonication 

consisting of 30 % (vlv) methanol in DDW. 

Silicone came in the form of flat sheets, 1 mm thick. The samples were cut. mounted 

and cIeaned using the same protocol as that for polyurethane. 

4.2 Plasma Reagents 

A series of different reagents were used in this work. Table 4. I list the different 

reagents used and there respective vendors. Al1 were reagent _=de or better. unless 

othenvise indicated. 

Table 4.1. List of reagents used and their respective vendors 

Reagent Veodor 

Ammonia Matheson Gas. Whitby. Ontario. Canada 

Ethylene 

1 Carbon Dioxide 1 Canox, Vancouver. British Columbia Canada 1 

Matheson. Whitby. Ontario. Canada 

Methanol 

Argon 1 Canox, Vancouver. British Columbia Canada 1 

VWR Canlab. Mississaugau. Ontario. Canada 

Further details concerning each reagent will be given in the appropriate chapters. 

4 3  Surface modification of materials using gas plasma 

Two plasma systems were used to modiS; the polymer surfaces - a radio fiequency 

plasma (RFP) reactor and a remote microwave fiequency plasma (RMP) reactor. The reactor 



systems varied in terms of geometry, frequency and input power. 

13.1. Remote Microwave Plasma Reactor 

The remote microwave plasma (RMP) reactor was a custom-built instrument that has 

been described previously by Ridge7'. Briefly, the reactor consists of a stainless steel 

chamber with a total volume of 5.8 litres into which extends a quartz tube. A schematic is 

given in Figure 4.1. The plasma was generated by an Opthos Mode1 MPG 4 microwave 

generator (Opthos instruments inc.. Rockville, MD) operating at 3.45 GHz with a mavimum 

power output of 100 W. The pump was a trivac "A" dual stage rotary vane pump with a 

pumping speed of 500 Llmin. (Leybold. Cologne, Gerrnany). Matheson flow meters ssries 

E300 were used along with Nupro SS48K valves to control the gases entering the reactor. In 

this reactor. sarnples couid be placed at varying distances from the glow discharge via a feed 

through apparatus. Parameters that were varied included: power. time. flow rate. position 

within the reactor and reagent(s). Pressure of the system was monitored by a Series 275 

analog readout and convection gauge by Granville-Phillips (Longmont. CO). 
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Figure 4.1. Schernatic representation of Remote Microwave Plasma Reactor 
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4.3.1.1 Procedure for use of Remote Microwave Plasma Reactor 

P60r to deposition the reactor was evacuated down to a base-pressure of 60 mtorr and 

checked for leaks using methanol. which was sprayed onto ail seais. Gas was fed into the 

system and a microwave field was applied to the cavity. The plasma was ignited with a Tesla 

coil and optimised by tuning the cavity so as to minimise the reflected power. The power 

input was the difference between forward and reflected power. Different gases required 

different tuning conditions. Once tuned, the plasma was tumed off, the flow of the reagent 

gas was stopped and the reactor brought to atmospheric pressure with air. The c1eaned and 

mounted samples were attached to the top of aluminium disk hoIders and threaded into the 

reactor. Once purnped down to base pressure. feed gas was introduced and ailowed to flow 

for 2 minutes to ensure that most of the residual moisture and air were eliminated. Then. the 

plasma ignited and the feed flow rate of the reagent was adjusted. Upon completion of the 

reaction. the microwave was t m e d  off; however, the feed gas was allowed to continue for a 

few minutes to quench any free radicals that may have been on the surface. Samples were 

removed by venting the chamber to air and stored for subsequent analysis. Specitic details 

for parameters used with differing reagents and substrates %il1 be given in the appropriate 

chapters. All experirnents were nin in tripkate. 

4.3.2. Radio frequency plasma reactor 

A Harrick plasma cleaner mode1 PDC-32G (Harrick Scientific Corporation. Ossining. 

NY) that operated at a 10 MHz level was used. The reactor was a bel1 jar of 10 cm ID and 

glow discharge was generated using a coil. This reactor had three discrete power settings: 40 

W. 60 W and 100 W. The pump and gas flow system for this reactor was the same as that 

described for the RiMP reactor. Unlike the RMP. the samples in this case were placed within 

the plasma region. Once sarnpies were introduced. the system was evacuated and the plasma 

tumed on with no ignition required. Figure 4.2 illustrates the RFP system. 
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Figure 4.2. Schematic representation of Radio Frequency Plasma Reactor 

1.4. Material Surface C haracterization 

The bulk of the results for this thesis are concerned hith characterising the end effect 

of particular gas plasma modification. Consequently. X P S  was usrd extensively to 

characterise the chemical effect of the modification on the material dong with ADSA and 

scanning electron microscopy (SEM). 

4.1.1 X-ray Photoelectron Spectroscopy 

The Leyboid MAX 200 XPS (LH, Cologne, Germany) was used in the surtàce 

anaiysis. The samples were anaiysed with a Mg K, X-ray source at 15 kV and 20 rnA. The 

energy scale of the specuometer was caiibrated according to the Cu 3p and Cu 2pjr, peaks at 

75.1 eV and 932.7 eV. respectively n. The energy-scale due to charging was corrected by 
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placing the C 1s feature of C-CJC-H cornponent at 285.0 eV. No differentiai charging was 

obsewed with use of the unmonochromatized X-ray, the Brernmstrahlung of which created 

the necessary low energy e- to charge compensate. 

in most cases. large area analysis was perfomied using an aperture of 4x7 mm'. The 

large area minimised the exposure of the samples to the x-ray source while still enabling a 

significant signal-to-noise ratio in resolving spectral features. During angle resolved work. 

an aperture of 1 mm2 diameter was used. Most sarnpies were analysed at a TOA of 90" 

relative to the surface: however. the samples were analysed at TOA's of 30' and 30" during 

the angle-resolved work. Elementai compositions were measured using a low resolution 

mode where the pass energy was 192 eV. This same p a s  energ  was used during initial 

survey scans of the samples. Chemical shift information was obtained using high resolution 

scans at 48 eV. 

During data processing, features within the spectra resulting fiom the excitation of the 

sample from the weaker x-ray satellite lines present in the unmonochromatic Mg iC, source 

were removed using an aigorithm supplied with the instrument and based upon a program by 

van Attekurn and ~rooster'". Spectra were aiso normaiised to unit transmission of the 

electron spectrometer by the mutine supplied by the manufact~rer'~. 

Atomic percentages were calculated using Iow-resolution spectra for fluorine. oxygen. 

nitrogen, carbon and silicone using sensitivity factors of 1.0.78.0.54.0.31 and 0.4 for the 

FI S. O 1 S. N 1 S. C 1 s and Siîp respectively. Leybold ernpiricaily derived the sensitivity 

factors for the normalised spectra. 

In high resolution XPS analysis. spectral fitting was performed using ESCA Tools 

(SSL. Mountain View. CA). 
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4.4.2. Contact angle anaiysis (ADSA) 

Contact angle anaiysis using ADSA-d involved analysing the shape of the sessiIe drop 

generated assuming that the gravitational and surface tension effects are comparable. The 

aluminium disk holding the sarnples was placed on a stage and levelled. Care was taken to 

ensure that the surface of the polymer was srnooth and uncuried. The sessile drop on the 

surface was created so that it was at the center of the field of view of an image capture system 

as viewed tiom above the drop. An image of the drop was taken and digitised. This digital 

image was then used in the drop shape anaiysis dong with the volume of the drop. its density 

and the liquid-vapour surface tension of the DDW and air. The static contact angle is the end 

result of the drop shape analysis. For hydrophilic surfacesl Iower contact angles are to be 

expected. 

4.4.3. Scanning electroa microscopy 

A senes of different SEM instruments were used in this work and are described in 

detail in the relevant chapters. However. in general the polymer film sarnples that did not 

contain bacteria were sputter coated with Pt before SEM analysis. Samples containing 

bacteria1 biofilm were fixcd in glutaraldehyde/Os04 Followed by critical-point drying and 

goid sputter coating. 

4.5. Bacterial colonisation studies 

Two types of bacterial studies were performed throughout this work. The first was a 

study of bactenal adhesion under laminar flow conditions and the second was a study of 

bacterial attachent under non-flow (Le. static) conditions. In both of these studies. the 

polymer sarnpies were mounted to a stage using 100 % silicone mbber leaving only the 

modified side elcposed to the bacteria. Silicone mbber was used in order to prevent bacteria 

fiom penetrating to the untreated side of the material. 

In ail cases, the sarnples were sterilised using a standard ethylene oxide (ETO) 

sterilisation protocor described Further in chapter seven. 



4.5.1. Bacterial Atîachment - Flow Condition 

An 18 h culture of P. aeruginosa was used to colonize 1 cm2 substrates. Colonization 

studies were carried out under larninar-flow adhesion cells at a flow rate of 1.5 mllmin usin9 

direct image analysis microscopy (DIAM) over a 48 h period. The video carnera systern was 

attached to a computer which identified objects with an aspect ratio of greater than two. The 

total area within the field of view covered with bactena was measured and results presented 

as percent area covered. At each time point. five fields of view were measured and an 

average was taken. Using this approach. a plot of percent adhesion versus time could be 

made. After 48 h of bacterial colonisation. 100 pdml of ciprofloxacin (Bayer, Mississauga 

Canada) was continuously fused in situ for a 24 h period The change in bacteriat numbers 

associated with the surface was measured during this time frame. 

4.5.2 Bacterial attachment - static condition 

[n the static culture experiments. the discs with treated and mounted sarnples were 

attached to nichrome wires and allowed to hang from a rubber stopper inside a beaker and be 

completely submerged in 200 ml of nutrient broth. A 1 mL volume of P. aeruginosa cuIture 

broth (a single colony of P. aeruginosa was inoculated into 25 mi. tqticase soy broth and 

incubated for 18-24 h) was inoculated into the nutrient broth and incubated for 24 h at 37 OC 

in a shaking incubator at 80RPM. A plate count was done on the broth before the incubation. 

In some cases. the experimem was terminated at 24 h and the bacteria were plated or stained. 

The procedure for plating or staining is described below. Other experiments invoIved 

bacteriai colonisation for 48 h. In this case. 100 ml of the broth culture was removed and 

replaced with 100 ml of sterile nutrient broth afier the initiai 24 h period. A plate count was 

done on the broth at the 24 h period and the flask was returned to the incubator as  before, in 

one experiment. the biofilm was ailowed to form for 48 h. Then. ciprofioxacin was introduce 

in situ to a concentration of 100 @ml. Samples were subsequently removed d e r  4 h and 24 

h ciprofioxacin introduction for piating. 



4.5.2.1 Procedure for plating 

in order to prepare for plating, sarupies were gently rinsed 3 tirnes with 5 mL PBS and 

then placed in a test-tube containing 5 rnL of PBS and glas beads. The tubes were capped 

and then sonicated for 30 seconds foilowed by vortexing for 60 seconds. This cycle was 

repeated 3 times. The bacteria were then seriaily diluted and plated out on nutrient agar, The 

sarnples were incubated for 24 h after which bacteria counts were obtained for each dilution. 
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5.0. Direct gas plasma modification of polyurethane 

In the context of developing gas plasma modification methodologies to control device 

related infection, the first phase of the work has been concemed with modifj6ng polyurethane 

directly with plasma so as to render the polyurethane surface hydrophilic. As has been 

mentioned previously. other studies have shown that hydrophilic surfaces can limit initial 

bacterial adhesion. 

The first goal of the research presented in this chapter was to compare different 

plasma reagents in ternis of their abiiity to bctionalize polyurethane with hydrophilic 

groups. Polyurethane was treated with gas plasmas generated by the remote microwave 

plasma (RMP) system described previously. Water vapour, carbon dioxide and ammonia 

plasmas were used to modify the polyurethane. The effects of these modifications were then 

assessed using XPS. SEM and ADSA-d contact angle malysis. XPS was also used to mess  

the ability of the modified suriace to adsorb the antibiotic ciprofloxacin. Bacterial adhesion 

studies were also perfonned under static and larninar flow conditions using P. aencginma. 

The laminar flow bacterial adhesion studies were performed in the presence and absence of 

ciprofloxacin to answer two questions. namely: 1 ) whether the surface modification itseIf 

produces a non-fouling surface; and 2) whether the surface modification aided the efficacy of 

bacterial biofilm inactivation and removd in the presence of ciprofloxacin. 



40 
5.1 Materials and methods 

Polyurethane preparation and cleaning were performed according to the procedures 

presented in chapter four. Three RMP plasma processing methodoiogies were developed 

using ammonia, carbon dioxide and water vapour plasma. in al1 cases, modification was 

perfomed using 60 W power and a 3 minute exposure with sarnples in the high position. Le. 

the position closest to the plasma zone within the RMP system. In the case of carbon dioxide 

and ammonia modification, a flow rate of 81 and 130 sccm corresponding respectively to a 

reactor pressure of 2.4 torr was used. For water vapour modification, residual vapour was 

purnped out of a sealed flask and through the RMP reactor. The resulting pressure was 200 

mtorr. The chemistry and topopphy of the surfaces was assessed with XPS. SEM and 

ADSA-d contact angle analysis as described in chapter 4. Ciprofloxacin was adsorbed to the 

treated and control surfaces by exposing the surfaces to a solution of 100 pg/ml for a period 

of 24 or 48 h. M e r  this period. the surfaces were removed and rinsed with DDW. The 

samples were then ailowed to dry and analysed in XPS for fluorine content. 

P. aeruginosa adherence to these surfaces was also assessed using larninar flow and 

static culture experiments as described in chapter 4. 



5.2 Results and Discussion 

5.2.1 Surface cbaracterisation of RMP functionalized of polyurethane 

The rational for this phase of the work is that a hydrophilic surface will limit bacterial 

adhesion or increase the amount of antibiotic retained at the polyurethane surface. Table 5.1 

presents the elernental composition data for the polyurethane exposed to various gas plasmas 

(&O, CO2 and NH3). The corresponding high resolution spectra of the C I s envelope are 

s h o w  in Figure 5.1. dong with the rel. at% in Table 5.2. Lastly, SEM photomicrogaphs of 

the surfaces are presented in Figure 5.2 and ADSA-d contact angle analysis data are 

presented in Figure 5.3. 

Table 5.1. Elemental composition at polyurethane surface derived from XPS analysis of 
RMP modified polyurethane (EG-80A) 

Controi 
( EG-80A) 

HrO Treated 
EG-80A 
Carbon Dioxide 
Treated EG-8OA 

Ammonia Treated 
EG-80A 

Enor= +/- Standard error of the mean. n=3 

Carbon 
(at.%) 

83.2 * 1.0 

77.6 s 0.7 

82.9 * 0.8 

69.0 i 0.8 

Nitrogen 
(at.%) 

1.1 * 0.2 

3.7 C 0.2 

3.8 * 0.1 

22.0 * 0.6 

Oxygen 
(at. %) 

12.7 5 0.8 

19.2 I 0.6 

13.2 * 1.0 

9.0 * 0.5 



Binding Energy (eV) 

Figure 5.1. C 1s spectra for RMP plasma modified polyurethane. a) control. b) water vapour 
C) carbon dioxide d) ammonia 

Table 5.2. Deconvolution anaiysis of C 1s spectra for RMP modified polyurethme 

distinguished in the deconvolution. 

Binding Energy (eV) 

C-CtC-H 
C-O 
C=O 

O=C-O 
n=3, Note: *conaibutions from the C-N bonding could not be resolvrd and hence cannot be 

Control 1 Carbon 1 Arnrnonia 
(at%)* 

73 -3 
15.3 
8.4 
3 .O 

(atY0) Dioxide 

81.1 72.1 69.3 ' 

19.2 
8.4 
3.1 

13.6 1 17.0 
3 -4 
2.0 

7.4 
3.6 



Figure 5.2 a) & b). SEM photomicrographs of RMP modified polyurethane. 
a) control potyurethane and b) ammonia modified polyurethane 
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5.2 c) & d). SEM photomicropphs of RMP modified polyurethane. 
ion dioxide modified polyurethane and d) water vapour modified polyurethane 



Control 

Figure 5.3. ADSA-d contact angle analysis for RiMP modified polyurethane. 
Error bars= +/- Standard error of the mean. n=3 

As Table 5.1 indicates. the oxygen concentration at the polyurethane surface after 

exposure to water vapour plasma increases from 12.7 to 19.2 at% with a concurrent decrease 

in both the carbon and nitrogen content. in the case of ammonia plasma. an increase in 

nitrogen fiorn 4.1 to 22 at% is noted. No clear difkence is seen in the elemental composition 

of the carbon dioxide modified polyurethane and the control polyurethane. However. results 

based on the deconvolution of the C 1s peak presented in Figure 5.1 and Table 5.2 indicate 

that the C-O peak after carbon dioxide modification increases to 19.2 at% fiom 13.6 at% in 
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the control. Significant increases C-O and C=O peaks in the case of water vapour 

modification are also noted in Table 5.7. In the case of ammonia modification, the increase 

in the "C-O" peak is not as pronounced, with the total concentration changing fiom 13.6 to 

15.3 ata/o. This peak will include C-N bonding contributions which cannot be resolved. 

The binding energy shifi of carbon with nitrogen attached ranges from 285.3 to 388.4 

eV dependirig on the particuiar nitrogen containing fùnctional group attached to the carbon. 

Similarly. the binding energy shift of oxygen attached to carbon ranges fiom a low of 386.5 

eV for alcohols and a hi& of 290.2 eV for carbonates. The siyificant overlap within these 

two ranges makes resolution of nitrogen and oxygen difficult. While C Is deconvolution ha 

k e n  performed ignoring the contribution of the nitrogen containing Iùnctional groups. the 

deconvolution still illustrates the relative polarity of the surface, 

The SEM photomicrographs of the modified surfaces presented in Figure 5.2 indicate 

that no observable surface roughening occurred due to the i W P  exposure of the 

polyurethane. In fact. no difference in surface topography is noted between any of the 

modified polyurethane surfaces and the conmi surface. Generaily the surfaces are smooth 

with no observable pits. valleys or cracks. The particdate matter observed on the surface of 

amrnonia modified polyurethane may be due IO scale or m artifact of the SEM preparation. 

Mi l e  no difference in surface roughness is seen at the micron level. differences may exist at 

the submicron level. From the point of view of bacterial attachment. surface roughness is an 

important consideration, Previous observations have indicated that bacteria may 

preferentially attach to rough surfaces. Consequently, in order to attribute differences in 

bacterial attachrnent and surface energy to surface chernistry differences. the roughness of 

each surface must be the same. The similarity in surface roughness of the substrates presented 

in Figure 5.2 indicate chat differences in bacteriai adhesion and surface energy may be 

attributable to surface chernistry alone. Clearly. further study of the surfaces at the nanometer 

scaie level is required to clearly correfate surface energy and bacterial adhesion differences 

with surface chemimy. 
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In the contact angle study presented in Figure 5.3, a contact angle of 97" was found 

for the unmodified polyurethane surface. M e r  carbon dioxide modification, a slight yet 

statisticaily significant decrease in contact angle is seen. While no difference in elemental 

composition could be ascertained due to the addition of C and 0, already present in the 

polyurethane, deconvolution of the C 1 s envelope does indicate a difference in surface 

chemistry in that there is an increase in the alcohol constituents. This would suggest that the 

surface has been rendered more hydrophilic (Le.! increased surface energy) if al1 other factors 

remain unchanged. in this case. an increase in the surfàce energy is noted by the decrease in 

contact angle From 97" to 63*. The SEM andysis indicated no difference in the surface 

topography at the micron level. Consequentiy. it may be inferred that the increased surface 

energy is a function of change in surface chemistry From an ether moiety to an alcohol 

moiety. 

Ln the case of water vapour and ammonia modification. the change in surface energy 

is more drarnatic. XPS analysis indicated that a significant increase in the concentration of 

nitrogen occurred during ammonia modification and a significant increase in oxygen 

concentration occurred with water vapour modification. Generally. oxygen at the surface 

would manifest itself as a hydroxyl. carbonyi or carboxylic acid groups. Nitrogen would 

manifest itself in the t o m  of primary amine. seconday amines and other nitrogen containing 

functionai groups. Further. the elemental analysis data indicate that bath nitrogen and oxygen 

exist at the surface-in which case amide type chemistry may also esist at the surface. In ai1 

of these cases. functionai groups containing pure oxygen, pure nitrogen or a mix of the wo. 

would result in a surface having an increased surface energy if al1 other factors such as 

surface roughness remained unchmged. The C 1s deconvolution for water vapour and 

ammonia modified polyurethane presented in Figure 5.1 indicate an increase in functionaiised 

carbon. The increase in these types of chemismes suggests an increased surface ene ru  with 

a subsequent decrease in contact angIe. The lowest contact angle. at Go. is seen in the water 

vapour modification. These data are consistent with the contact angle measurements (Fi_gure 

5.3). 
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The results fiom this section indicate that a polyurethane surface is more readily 

modified by water vapour or ammonia plasma than with carbon dioxide plasma. The 

implication For this type of modification is that water vapour or ammonia plasma should be 

used instead of carbon dioxide if a substrate with increased surface energy is desired. 

However, it should be noted that in either of these two -stems the chernistry generated at the 

surface is non-specific (chemistries other than the hydroxyl or primary amine chemistry are 

generated within the plasma stream). Consequentiy, if such a non-specific chemistry is 

undesirable, then the plasma systems utilised in this work rnay be inappropriate. 

5.2.2 XPS analysis of ciprofloxacin adsorption to kMP functionalized 
Poiyuretbane 

Figure 5.1 iIlustrates the adsorption of ciprofloxacin to RMP functionalized 

polyurethane. The modified surfaces were exposed to a ciprofloxacin solution for a period of 

24 and 48 h. These surfaces were then analysed for their fluorine content at the surtàce using 

XPS. Since fluorine is an element exclusive to ciprofloxacin in this experiment, its presence 

is taken as a relative measwe of the amount of ciprofloxacin adsorbed. 



Figure 5.4. XPS analysis of ciprofloxacin adsorption to RMP hnctionalized polyuethane. 
Enor= H- Standard error of the mean. n=3 

In this experiment, a degree of ciprofloxacin adsorption was noted on ail surfaces 

including the control. The data in this experirnent serve to semi-quantitatively characterize 

the substrate to which ciprofloxacin adsorption preferentially occurs. The fact that 

ciprofloxacin adsorption occurs on al1 the substrates (including the control) may indicate that 

a particdar chemicai moiety on each substrate interacts with ciprofloxacin. 

Only on the water vapour plasma-modified surface was ciprofloxacin adsorption 

significantly higher than that of the control. This surface was enriched with hydroxyl 

functionai groups and thus indicates that a specific interaction may be occurring between 

ciprofloxacin and the hydroxyl containing functionaiity. The initiai presence of hydroxyl 

groups on the controi surfaçe or their creation during plasma modification may account for 

the adsorption of ciprofloxacin that is noted on ail of the substrates. As is to be expected. the 

degree of adsorption increases as a function of tirne. 



The results in this section indicate that there is no correlation between surface energy 

and ciprofloxacin adsorption, in that the arnmonia and water vapour modified surfaces had a 

similar surface energy as measured by their contact angIe. Further, no difference in surface 

roughness was noted between the two modification methodologies. These similar surface 

energies and surface roughnesses indicate that the only cIear difference is in the chemistry of 

the surface. 

The mechanisrn by which hydroxyl groups may aid in the adsorption of ciprotloxacin 

is not immediately clear. One possible mechanism is that the hydroxyl groups interact with 

the ciprofloxacin through hydrogen bonding. AlternativeIy, a chernical reaction may be 

occurring with the ciprofloxacin and the hydroxyl groups at the surface. The reversibility of 

this adsorption is unclear, Some of these questions may be answered by a kinetic study of 

ciprofloxacin adsorption. that may be obtained by using radiolabelled ciprofloxacin. This 

method would allow the actual molar concentration of ciprofloxacin adsorbed to be 

measured. 

5.2.3 Bacteriai adhesion 

Bacterial adhesion was studied under both laminar and static flow conditions in the 

presence and absence of ciprofloxacin. In the laminar flow adhesion experiment. a video 

imaging system measured the percentage of total area covered with bacteria within the field 

of view of the irnaging system and did not discriminate between viable and non-viable 

bactena. The results of the bacterial adhesion studies are shown in Figures 5.5-5.7. Figure 

5.5 illustrates the formation of biofilm on the various substrates in the absence of 

ciprofloxacin within the larninar flow system. Figure 3.6 shows biofilm formation over 48 h 

in the presence of ciprofloxacin within the laminar flow system. Finally. Figure 5.7 shows 

viable bacterial growth after 48 h within a static culture medium with and without the 

addition of ciprofloxacin. 
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Figure 5.5. Total bacteriai adhesion in a laminar flow system on RMP hnctionalized 
polyurethane in the absence of ciprofloxacin. Enor= 4- Standard error of the mean. n=3 
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Figure 5.6. Total bacterial adhesion in a laminar flow system on RMP functionahed 
polyurethane in the presence of 100 pg/mL ciprofloxacin. Errer= +/- Standard error of the 
mean, n=3 



Figure 5.7. Viable bacterial anachment to RiMP functionalized polyurethane. 
Error= +/- Standard error of the mean. n=2 



One hypothesis for this work was that hi& surface energy substrates (Le. hydrophilic 

surfaces) would limit bacterial adhesion. In Figure 5.5, no difference is seen in bacterial 

adhesion between any of the treated surfaces and the control polyurethane. tn al1 cases. the 

surface becomes saturated with bacteria within 48 h to approximately 40% coverage. This 

indicates that the surface energies (within the range of surface energies explored in this work) 

do not influence bacterial adhesion. Further. no specific chernical moiety functions are 

hindering bacterial adhesion. Therefore. the hypothesis that bacterid adhesion could be 

limited simpiy by an increased hydrophilicity of the surface has been shown to be invalid in. 

in Figure 5.6. ciproflo'tacin is introduced into the laminar flow bacterial culture 

medium after the biofilm has been allowed to develop for 48 h. This experiment explores 

whether the modified surfaces enhance the ability of ciprofloxacin to remove the biofilm after 

it has hlly developed. A key requirement of this experirnent is that no initial difference in 

bacterid adhesion. as measured by percent area covered exists prior to ciprofloxacin 

adsorption. If such a difference did exkt than subsequent differences in biofilm removal 

could not be attributed to the presence of ciprofloxacin. 

The resuits present in Figure 5.5 indicate that no initial difference existed in the 

biofilm formation as measured by percent aren covered and. in facc. the surface reached a 

saturation concentration of biofilm of JO% by 48 h. The results in Figure 5.6 indicated that 

no difference exists in the rate of biofilm removal in the presence of ciprofloxacin after the 

biofilrn had been allowed to develop for a period of 48 h. In the previous section. it had been 

shown that ciprofloxacin preferentially adsorbs to the water vapour treated surface. The 

question then arises as to why no difference is observed between the control and the water 

vapour treated surface. An answer to this may be that ciprotloxacin ditfision through the 

biofiim is the rate limiting step in the removal of biofilm. in this case. the rate or d e p e  of 

adsorption of ciprofloxacin to the surface would not impact a Fully formed biofilm. 
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At this point, two details should be noted about the larninar flow adhesion studies. 

First, the imaging system is lirnited because it measures the presence of al1 bacteria on the 

surface and not just the viable bacteria. Clearly, viable bacteria are of greater clinical 

importance. [n fact. a difference in viable bacteria may exist in the laminar flow system. 

particularly in the presence of ciprotloxacin. It rnay be that the rate of removal of viable 

bacteria through ciprofloxacin is enhanced by the surface modification. but this is not 

apparent given the limitations of the experiment. Second, in both Figures 5.5 and 5.6. a 

significant standard error is associated with the rneasure. This high standard error limits the 

ability of the observer to draw substantial conclusions fiom the data and suggests that the 

sample size should be greatly increased. 

In the results presented in Figure 5.7. bacterial adhesion experiments were performed 

in the absence of flow. Initiaily. the biofilrn was allowed to grow on the various substrates in 

the absence of ciprofloxacin for a period of 48 h. At the end of this time period no significant 

difference in bacteriai adhesion was noted between any of the surfaces. After biofilrn 

formation. ciprofloxacin was introduced to the medium for 38 h and the viable number of 

bacteria was measured at the end of this time period. Bacteriai reduction was noted on al1 of 

the surfaces. However. the viable number of bacteria on the water vapour modified surface 

was found to have a statinicaily significant reduction over that observed on other surfaces. 

This observation lends support to the previous observation that surfaces treated with 

water vapour plasma and consequently rich in hydroxyl groups. which results in an increased 

retention of ciprofloxacin at the surface. This increased retention of ciprofloxacin on the 

water vapour treated polyurethane surface may explain the lower number of total viabIe 

bacteria on the surface aiter the formed biofiim is exposed to ciprofloxacin in the static 

culture system. There are many possible explanations as to why this difference is observed in 

the static cuiture ystem and not in the laminar flow system. 

First. as mentioned previously the difference has been obsewed in the viable number 

of bacteria as opposed to the total number (both living and dead bacteria). If the diflerence is 
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specific to the viable number of bacteria it may not be observable using the image analysis 

approach. Second, the error associated with the Ianiinar flow approach is high making 

meaningful conclusion diffrcult to attain. Third, the rate of diffusion of ciprofloxacin through 

the biofilrn may be much slower in the laminar flow ?stem than in the static environment. If 

this is the case, then. as discussed previously, diffusion through the biofilm becomes a rate 

limiting factor in the laminar tlow environment which would not be the case in ths static 

environment. 

What can be inferred from these data is that a surface rich in hydroxyl groups appears 

to retain ciprofloxacin at the surface preferentially. This retention does not appear to be a 

function of the surface energy but appears to be a function of the particular chemical moeity 

at the surface (Le. hydroxyl groups). The mechanisrn and rate by which ciprotloxacin 

adsorption occurs is unciear. In a static culture environment, this water vapour plasma 

treated surface rich in hydroxyl groups appears to enhance the degree of biofilrn removal. 

This enhancement is seen oniy in the presence of ciprofioxacin within the static culture 

environment. Consequently. decreased bacterial a t tachent  does not appear to be a function 

of surface modification or ciprofloxacin aione. but appears be the result of an interaction 

between ciprofloxacin and hydroxyl groups. 

The enhanced reduction in bacteriai a t tachent  observed on a surface rich in hydroxyl 

groups in the presence of ciprofloxacin may have clinicai significance. If this observation is " 

indeed vaiid then a medical device such as a catheter codd be treated with water vapour 

plasma pnor to insertion. Any subsequent infection codd be treated systemically with 

ciprofloxacin and the !en& of treatment could be reduced because of the enhanced effect of 

ciprofloxacin in the presence of the hydroxyl goups. However, these results must first be 

verified using a more precise test system. If the results c m  be verified. then an appropriate 

animai mode1 must be employed to validate these results. 



Three surface modification methodologies were developed to modify polyurethane in this 

work using RMP. An increase in the oxygen content of the surface was noted in the water 

plasma modification while an increased concentration of nitrogen was noted in the ammonia 

modification which also showed oxygen incorporation. probably due to residual water vapour 

in the chamber during processing. 

Peak deconvolution of the C 1s carbon peak in al1 samples indicates that the water 

vapour and carbon dioxide modification generated a surface rich in hydroxyl groups over that 

of the control. However. the results for the carbon dioxide modification are not 

unarnbiguous as the elemental anaiysis did not indicate any significant change in the C i 0  

ratio. 

ADSA-d analysis indicated that surfaces rnodified with water vapour and amrnonia 

plasma had higher surface energies than either the unrnodified polyethane or the carbon 

dioxide treated surfaces. However. a significantly lower contact angle was noted for the 

carbon dioxide treated surface over the unmodified surface. 

SEM exarnination of the surface indicated that no change in the surface roughness 

occurred as a result of the plasma modification methodologies employed in this work. The 

examination of surface roughness was limited to the micron scaie and does not eliminate the 

possibility of changes in surface roughness occuning at the nanometer scde. 

Ciprofloxacin adsorption to the surface was slightly higher on the water vapour 

plasma treated surface. No difference was noted between a surface treated with any other 

rnethodology and the control. As is to be expected. the degree of adsorption on ali the 

surIàces was higher at 48 h than with the 24 h exposure period. The dissimilarity in 

adsorption of ciprofloxacin between the water vapour and amrnonia plasma modified 

polyurethane indicates that there is no general correlation between surface energ and 
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ciprofloxacin adsorption. The enhanced ciprofloxacin adsorption on the water vapour 

modified surface may be due to the hydroxyl functionaiity as opposed to change in surface 

energy. 

Differences in bacteriai adhesion were observed only for the water vapour treated 

samples in the static culture environment and in the presence of ciprofloxacin. Thus the 

initiai hypothesis that hydrophilic, higher surface energy surfaces would limit bacterial 

adhesion is invalid. The enhancement in the total biofilm removed seen in the static culture 

system on the water vapour modified surface, may indicats that a particular interaction 

between ciprofloxacir, and the hydroxyi rich water vapour modified surface may be 

occuning, resulting in an increased efficacy of ciprofloxacin for biofilrn removal. The 

particular interaction may be a longer retention of the ciprofloxacin at the surtàce in the 

presence of hydroxyl groups. The lack of difference between this and the analogous 

experiment under the larninar flow condition may be explained by the hi& degree of error 

associated with measurement in the lamina. flow system or a difference in the mass transfer 

of ciprofloxacin through the biofilm in the laminar and static environments. 

Overail, these results indicate that a water vapour plasma treated surtace may 

preferentially retain antibiotic. The benefit would be derived from the decreased time of 

antimicrobiai therapy required to alleviate an infection. However. the clinical relevance of 

results fiom a static culture environment is unclear as most clinical environments involve 

infection sites where some flow exists. Further. the mechanism of ciprofloxacin interaction 

with a treated surface is unckar. Subsequent research is required to m e s s  the validity of 

these results for multiple substrates both in static and flow environments. Research into the 

mechanism by which ciprofloxacin interacts with the modified substrates is d s o  required 

before any cIear surface modification and infection treatment methodoiogy can be 

established. 



6.0 Development of an ethylene based polymer (EBP) film using gas plasma 

As part of the development of an antimicrobial surface or to facilitate attachent 

of a drug delivery system, it may be necessary to functionaiize the surface. In the last 

chapter, this was accomplished directly; however, another technique would be to deposit 

a polyrnenc film, which could subsequently be functionaiized. This approach has three 

advantages, narnely: 1) the methodology could be applied to any surface, 2) the film 

could act as a solvent barrier and 3) the film couid act to stabilise functionai groups 

which wodd othewise migrate into the bulk polymer. An ethylene base polymer (EBP) 

generated in plasma may be one candidate for such a film. 

Plasma polymer based films have had varying roles in the biomateriais sciences. 

~ e h "  indicated that conformai and stable thin films on the surface of polymers could be 

generated by plasma. Further. ~asuda"  showed that the deposition of a thin methane 

based plasma polymer film aided in the stabilisation of hydrophilic hct ionai  groups at 

the surface. Ic was the cross-linked nature of the plasma polymer film that limited the 

migratory ability of chains at the surface. This migration is particularly apparent in 

polyurethane and has been documented by ~en~enbach". Along with stabilisation of 

surface functionai groups. plasma films have functioned as diffusion barriers for some 

drugs or solvents. in a polymer system. 

in the research presented in this chapter. an EBP film on poIyurethane was 

deposited on medicai-grade polyurethane by both RMP and RFP systems. These systems 

were previously descnbed in chapters one. two and four. Medicai-grade poiyurethane 

(Tecoflex EG-80A. Baltimore, MD) was used as a substrate because of its broad utility in 

biomedicai applications. The parameters of flow rate. t h e ,  and power were varied 

within these reactor systerns to optimise the film deposited initiaily on g l a s  as a test 

substrate and then on polyurethane. The film was considered optimised when the oxygen 

content within the film could be minimised and the film couid be deposited uniformly 

without the underlying substrate being visible by ,XPS. Within the RMP system. the 

effect of Ar as a diluent gas was aiso assessed. SEM and XPS were used to assess the 

uniformity and chemicai nature of the film. Solvent permeability was assessed using 



dimethylsdphoxide @MSO). DMSO is a key solvent in subsequent chernical reacuons 

which are to be performed on these modified surfaces towards a possible goal of 

attaching a dnig/polyrner system. 

6.1 Materials and methods 

Initiai optimisation of ethylene plasma polymer was performed on borosilicate 

giass coverslips in the RMP reactor. These coverslip: were cleaned in a manner similar 

to that utiiised in the cleaning of polyurethane; i.e., the coverslips were washed with 

Ivory liquid and subsequently sonicated in 30 % (vlv) methanol in DDW for 10 minutes. 

The coverslips were then mounted to the aluminium discs in a manner similar to the 

polymer mounting procedure presented in chapter 4. The parameters of flow rate. time. 

and power were varied within this reactor to optimise the film deposited. The optimum 

was determined when elements such as silicon fiom the undcrlying glass substrate could 

not be seen in XPS (Le. greater than 8-10 nm thick) at a TOA of 90° and the oxygen 

content ~ i t h i n  the ethylene plasma film was at a minimum. The 10 nm thickness is the 

maximum sampling depth within XPS analysis and was consequently used as a minimum 

threshoid thickness for the EBP film. 

The optimum parameters determined for the glass substrate were then applied to 

polyurethane. Medical-grade Tecoflex EG-80A was prepared. mounted and cleaned 

according the procedure presented in chapter 4. The mounted and cleaned polyurethane 

samples were coated with EBP film generated in either RMP or RFP according the 

procedure in chapter 4. The films were optimized by variations in reactor power. reaction 

time, flow rate and, in the case of the RMP system, position within the reactor. Within 

the RMP system. the role of Ar as a diluent gas was also assessed once the optimum 

conditions without Ar had been attained. in this expenment. 340 sccm of Ar were added 

to 350 sccm of ethylene within the reactor system at 60 W power and 5 minutes exposure 

t h e  in the high position. Coated sarnples were subsequently assessed using XPS or 

SEM using the protocols presented in chapter 4. Solvent permeability was assessed on 

the optimised RMP and RFP EBP film on polyurethane. in this experiment. substrates 

with the deposited films were exposed to DMSO which readily dissolves polyurethane. 



for a period of 24 h. After exposure to DMSO, the samples were visually inspected to 

assess whether the DMSO afYected the underlying polyurethane by causing it to dissolve. 

6.2 Results and Discussion 

The deposition of an EBP film and the abiiity of DMSO to dissolve the 

underlying polyurethane substrate was assessed using XPS, and SEM. To ensure 

complete coverage, the main criteria was to eliminate the signal measured by XPS From 

the substrate. Thus! a film thickness in excess of 10 nrn had to be achieved. 

6.2.1 Initial ethylene plasma film deposition and optimisation on glass using RMP 

Initial optimisation of the ethylene coating was performed on borosilicate glass 

cover slips. Figure 6.1 illustrates the swvey and high resolution C 1s peak deconvolution 

of the EBP film after deposition on the glas cover slip. 

2 - Carbon Silicon 
' . -. 

Figure 6.1. a) Survey and b) high resolution C 1 s spectra of RMP ethylene based film 
deposited on borosilicate glas  coverslip (XPS anaiysis was at TOA 900) 

The parameters for the optimum deposition of the film on glas using the RMP 

reactor were found to be 60 W. 250 sccm, for 20 min at the hi& position. With these 

parameters. it was found that the oxygen content could be lowered to 4.5 + 0.5 at% with a 

corresponding carbon content of9j . j  k 0.5 at% as measured by XPS. The absence of a 



silicon peak (2p -102 eV, 2s -154 eV) in the survey spectra indicates that the film indeed 

had a minimum thickness of 10 m. Further, examination of the C 1 s peak shows that the 

film has Little contribution, within the XPS spectra, attributable to C-O, C=O or O-C=O 

type bonding. The srnall peak located at a slightly higher binding energy than the C-C 

binding energy of 285 eV can be attributed to the 4.5 at% oxygen incorporation noted and 

appears to exist mostly in the form of hydroxyl type of group (i.e. C-O bonding normally 

at 286.5 eV). 

Two possibie explmations exist for this residual oxygen. First, the oxygen may be 

the result of residud air or moisture present in the reactor during the plasma processing. 

Although the RMP reactor was initially evacuated to a pressure of 60 mtorr, this may 

have not been a suffïcient base pressure to eliminate all contributions From residual air 

and moisture within the reactor. Second. afler polymerisation. long lived free radicals 

could exist on the surface afier plasma processing. If such long living fiee radicals exist. 

then oxidation of the film post deposition and prior to XPS analysis could occur. 

Previous work within this reacto? where an EBP film was deposited on various 

substrates indicated that the degree of oxidation that occurred d e r  film deposition and 

prior to XPS analysis was minimal. In these experiments the RMP reactor was directly 

attached to the XPS and the sample transferred without exposure to ambient air. 

Generally. oxidation occurred within the plasma reactor during deposition of the film due 

to few but highly reactive oxygen species generated within the plasma reactor. 

A further point should be noted with respect to the assessrnent of film thickness. 

Throughout this work. film thickness was assessed indirectly through the use of XPS. 

Techniques by which film thickness could be assessed directiy include ellipsometry and 

atomic force microscopy (AFM). Assessrnent of film thickness with ellipsometry 

requires that the rehctive index of both the underlying substrate and deposited film be 

known. in this work, the optical properties of the film are unclear. Consequently. M M  

analysis of the fiim would be more appropriate. By masking half of the gIass substrate 

pnor to deposition of the EBP and subsequently removing this mask afier deposition of 

the film. a profile of the edge of the film can be made. in this way. the depth of the film 



can be measured. This technique would be particularly useful in this work as the film 

thickness is within the nanometer range where AFM is sensitive. 

6.2.2 RMP ethylene plasma film deposition and optimisation on poiyurethane 

Figure 6.2 shows the survey spectra for polyurethane before and after the coating 

of the polyurethane with the EBP film utilising the parameters established on g l a s  

Binding Energy (eV) 

Figure 6.2. Survey spectra of polyurethane coated with EBP film in RMP reactor with 
parameters established for coating on glass. a) polyurethane control b) EBP film coated 
polyurethane utilising 60 W, 250 sccm, 20 min exposure in the high position. 

To ensure that the film thickness of the EBP film on the polyurethane was 

sufficient and maintained a chemistry similar to that observed within the EBP film on 



glass, the exposure t h e  of the polyurethane was increased. Generally, if the substrate 

temperature is maintained throughout the exposure of the substrate to the plasma region. 

then oniy the total amount of polyrner deposited at the surface will change pmportiondty 

with the exposure tirne. This is true only d e r  the deposition process is aiready under 

way. Initially, some degree of activation of the surface must occur in order for deposition 

to be initiated. if this requires substantial energy, then the length of time for plasma 

exposure wouId have ta increase in order to account for this initial activation 

requirement. 

From Figure 6.2. it is apparent that at 20 min exposure on polyurethane. some 

degree of deposition had already occurred on the substrate. This indicated that if the 

process parameters and the substrate temperature were maintained throughout the pIasma 

exposure, further deposition was strictly a fiuiction of increasing the plasma exposure 

time. . In the RMP reactor system utilised in this work. the temperature was not a 

measured or controlled parameter. However. the reactor system was continually cooled 

and as such, an equilibrium may have been established between the plasma reactor and 

substrate temperatures within the tirne spans utilised in the deposition of the EBP film in 

this work. The maintenance of other process parameters and the establishment of thermal 

equilibrium would in theory allow for an increase in film thickness with no observable 

change in film chernistry. This hypothesis was tested by increasing the exposure time of 

the polyurethane substrate to 40 min fiom the 20 min utilised on glass while maintaining 

the parameters of 250 sccm flow rate and 60 W power in the high position. Table 6.1 

illustrates the atomic composition of the film afier polyurethane was exposed to ethylene 

plasma for a period of 40 min at 250 sccm and 60 W power. Results corresponding to the 

deconvolution of the C 1s envelope are presented in Figure 6.3 and Table 6.2. 



Table 6.1. Relative elemental composition of RMP ethylene coated and un-coated 
polyurethane at two TOA's after optimisation of RMP parameters. Optimum parameters 
are 6OW, 250 sccm and 40 min exposure. 

N.D. = Not detected. n=3, Error = + Standard error of the mean 

Ethylene Coated 
Polyurethane 

TOA 30 

Polyurethane 
TOA 90 

(at?40) 

Oxygen 
Nitrogen 
Carbon 

Binding Energy (eV) 

Ethylene Coated 
Poljurethane 

TOA 90 

Figure 63. C 1s spectra at TOA 90 for a) As received EG 80 A* and b) EBP coated 
polyurethane. *Unresolvable N-containing peaks also present 

12.7 + 0.8 
4.1 I 0.2 
83.2 i 1 .O 

4.4 + 0.5 
N.D. 

95.6 + 0.5 

6.3 50 .6  
N.D. 

93.7 1: 0.6 



Table 6.2. Deconvolution and atomic percentage data for C 1 s spectra presented in 
Figure 6.3. 

From the data presented in Table 6.1. it appears that the ethylene film deposited 

on polyurethane after JO min is similar to that deposited on g l a s  after 20 min. No 

nitrogen from the widerlying poiyurethane is seen in this film indicating that it is at least 

80 A thick. Further. the oxygen content is 4.4 at%. which is similar to the 4.5 at% noted 

in the EBP film deposited on glass. The chernical similarity of these films supports the 

hypothesis that an increase in exposure tirne results only in an increase in the total 

Ethylene Coated 
Polyurethane 

fat%) 
92.8 
7.2 

Bonding Type 

C-C/C-H 
C-O 
C=O 

deposition of polymer. However. sipificant questions must be answered before this 

Polyurethane 
(at%) 

81.1 
13.6 
3.4 

hypothesis is hIIy validated. This hypothesis is based on an assumption that thermaI 

equilibrium is established. At this point, no verification of this assumption exists. 

Verification would require a redesign of the reactor systern to allow for temperature 

measurernents both within the plasma and at the substrate surface. If differences in 

temperature do occur throughout the piasma processing cycle. then a difference in the 

degree of cross-linking within the plasma tilm may also occur. Consequently. the degree 

of cross-linking should aiso be assessed dong with variation in temperature during 

plasma processing in order to validate the hypothesis. However. such a diflierence may 

not affect the integrity and performance of the coating. 

Within the resuits presented in Table 6.1. a smaller TOA was also used to assess 

changes in the chernistry of the EBP film throughout its depth. Use of a shallower take- 

off angle allows for p a t e r  surface sensitivity. In Table 6.1, it is apparent that at a 

smdler TOA, higher oxygen content is seen. On the dass subserate, the oxidation was 

attributed to oxidation during plasma processing since this had been noted previousiy 



within this reactor  stem^^. However, the increase in oxygeo content h m  4.4 at% at a 

TOA of 90" to 6.3 aP! at a TOA of 30'' indicates that some degree of oxidation may also 

be occurring post plasma polyrner deposition or that more adsorbed water may be 

present. If no such oxidation were occuning, then no change in oxygen content at the 

shailower TOA wodd be noted. in either case, the degree of oxidation is Iow. The 

carbon content at the shailower TOA remains high at 93.7 at%. 

The results presented in Figure 6.3 and Table 6.2 are in agreement with those 

presented in Table 6.1. It is clear that C-C/C-H bonding is the primary form of the 

carbon within the ethylene film. The relative atomic concentration of C-C/C-H carbon 

(ideaily located at 285 eV) is 92.8 at% while C-O is 7.2 at%. Comparison with the high 

resolution C 1 s spectra of the EG 80 A shows that the higher binding enera  compounds 

have disappeared. These components arise from contributions From -CO. O-C=O and 

CN/CON components (the latter. which cannot be resolved) present at the surface of the 

EG 80 A. It should be noted that the spectra of EG 80 A does not resemble pure ursthane 

but rather reflects a fatty-acid which is an additive in this commercial, extrusion grade 

polyrner. 

in the work until this point, it was established that an EBP film codd be deposited 

utilizing an RMP reactor on both glass and polyurethane. The deposition of the film 

required 20 min on glass and 40 min on polyurethane. No other parameters were varied 

between the deposition on glass and on polyurethane. These films appeared to be 

chemicaily similar when measured by XPS. Further. bÿ inference. the film thickness was 

assumed to be greater than 80 A since elements exclusive to the underlying substrates 

could not by seen by XPS at a TOA of 90". 

The similarity in chemicai composition between the films on the two substrates Iends 

support to the hypothesis that deposition rate and subsequent film thickness. is a strict 

function of plasma exposure tirne once a thermal equilibrium has been established within 

the reactor system and the initial energy required to activate the substrate surface is 

overcome. On the g las  substrate, oxygen could not be eliminated from the deposited 

fiim, however, on polwethane M e r  optimization of the parameters led to a greater 



reduction of the oxygen content. Further, it was found that similar films could be 

deposited in 15 min as opposed to 40 min. in Figure 6.4 b), carbon appears to be the only 

element present when a reduced flow rate and exposure time is utilized compared with 

the 4.4 and 4.5 at% noted for the polyuethane and @ass substrates utilizing the previous 

parameters. With these conditions the deposition rate was hi& and coated the reactor 

walls. Reaction times greater than 15 min led to flaking of particdate maner ont0 the 

substrate; a discussion of this flaking phenornenon wilI be presented with the SEM 

images. 
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Figure 6.1. XPS survey spectra of ethylene coated polyurethane in RMP 
a) 60 W. 250 sccrn. 40 min exposure at high position. b) 60 W, 140 sccm. 15 min at high 
position. 

The reason for the difference in the ability to produce an oxygen free tilm on the 

polyurethane and glass substrates is not immediately evident. The cause may be a greater 

degee of adsorbed water on the giass substrate. Aiternatively. che difference in oxidation 

between the two films may be due IO the number of Long lived radicals generated within 

the film. The angie resolved analysis indicated that the film deposited on polyurethane at 

the a flow rate of 250 sccm. 60 W power. and 40 min exposure in the hi& position had a 

higher oxygen content at the surface than in the bulk of the film. This difference suggests 

that oxidation of the film may be occurring subsequent to plasma exposure. However. no 



such oxidation is noted at 140 sccrn flow rate, 60 W power and 15 min exposure with the 

substrate in the high position. This suggests that no oxidaîion occurs subsequent to 

plasma exposure. Therefore, the lack of oxidation can only be explained by a difference 

in the chemical structure of the film. In both of the films. a very high degree of C-C 

bonding was seen. However, what is not illustrated by the data is the degree of cross- 

linking. At the higher flow rate and exposure tirne, it may be that only partial cross- 

linking of the film is occurring within the plasma Stream while leaving behind carbon 

atoms with available fiee radicals. At the lower flow rate, the degree of cross-linking 

may be higher resulting in a decrease in the number of carbon centers with Free radicals 

where post polymerization oxidation couid occur. A complete explmation for the 

difference in the oxygen content of the various films cannot be given without hrther 

assessrnent of the chemical nature of the two films. 

One further point should be noted regarding the deposition of an EBP film on 

polyurethane utilizing an RMP reactor system. From the data presented in Figure 6.4. it 

is clear that deposition rate is signiticantly infiuenced by flow rate within the reactor 

system. As was discussed in chapter two. flow rate affects plasma processing in nvo 

ways. First. the percentage of reagent delivered that is activated increases as the flow 

rate decreases. Clearly. this change in the percentage of activated species changes the 

kinetics in favor of those species which are activated. In this particuiar instance. a higher 

percentage of ethylene is activated at Iower flow rate; thus. shifting the balance in favor 

of ethylene attachent at the surface. It may be this shifi in balance which allows 

ethylene to deposit on the surface in such a way as to eliminate oxygen within the EBP 

film. Second, the reduced reactor pressure which results fkom the reduced flow rate. 

increases the mean fiee path which subsequentiy increases the velocity of an activated 

species. As was discussed in chapter two. the increase in the percentage of activated 

species and in the mean free path of d l  species manifests itself as an increase in the size 

of the glow discharge region which also results in an increase in deposition rate. 





Figure 6.5 c) & d). SEM photoiiiicrograplis of polyurethaiie and RMP ethylene coated polyurethaiie. c) RMP etliyiene coated 
polyuretliane (x500), iiole the purticiilatc niatier observcd and d) IZMP eihylenc couted polyurethane (x5000), note the particulaie 
inuttcr covcrcd over with riii IiUP filiii. 



Figure 6.5 presents SEM images of the EBP film deposited under optimal 

conditions at significantly different magnifications. This large range of magnification 

was chosen because it most cleariy illustrates the surface topography variations under 

consideration in the development of an EBP film. As Figure 6.5 (a) indicates. after 

casting on the Teflon dish the polyurethane substrate is slightly rough. This roughness 

can be attributed to the machining marks on the Teflon dish surface. The surface f i e r  

the deposition of the EBP film is illustrated in 6.5 (b) to 6.5 (d). The formation of 

channels is observed at high magnification in 6.5 (b). Formation of these channels 

indicates that the film was not uniform across the surface. Further. the deposition of 

particulate matter of varying size is iliustrated in 6.5 (c) and (dl. As was mentioned 

above, deposition within the RMP system occurred on the reactor wall as well as on the 

substrate surface. This deposition would subsequently "break-oI'f' From and re-deposit 

on the substrate resulting in the particdate matter observed. In some cases. the 

particulate matter would become covered ~ 4 t h  EBP film during continued plasma 

exposure (6.5 (d)). 

This initial SEM examination indicates that the RMP based EBP film may not be 

suitable as a coating on polyurethane in biomedical applications. However. this lack of 

suitable deposition may simply be a result of reactor configuration. The variation in 

surface roughness and the introduction of particulate matter during the plasma processing 

results in a surface that is significantly different than the initiai substrate. Although XPS 

anaiysis suggested that the film was at least 80 A thick, the particulate matter present 

might compromise the film's integrity and allow solvent permeation. For this reason. 

changes in the films and the substrates were assessed in the presence of DMSO. 

When testing the substrates in terms of their permeability against DMSO. the 

optimised RMP based EBP film coated polyurethane was mounted on aluminium discs in 

a rnanner similar to that described in chapter 4. DMSO was used to test the permeability 

of the EBP film for two reasons. First. DMSO readily dissolves polyurethane: and as 

such, any DMSO that dissolved through the EBP film couid be readily ascertained by 



changes in the consistency of the underiying polyurethane. Second, in this work, DMSO 

can be a key solvent towards the development of a drug delivery system. 

After exposing the coated polyurethane to DMSO for a period of 24 ho the 

sampies were visually iaspected. Sarnples treated with an RMP based EBP film became 

sol? and sticky but did not completely dissolve. This indicated that while some solvent 

protection was offered by the EBP fiLi. some of the solvent was still able to penetrate 

through the film coating and paniaIly solubilize the underiying polyurethane. Multiple 

rnechanisms exist by which solvent dif'fusion rnay occur through the film. First, at the 

boundary where the substrate meets the aluminium disc. the EBP rnay be discontinuaus. 

This discontinuity rnay result because of the limited accessibility of the ethylene gas at 

the boundarq. of the polyrethane substrate and the aluminium disc. Alternately. a 

discontinuity rnay resul t from flcxing of the EBP coated polyurehane substrate during 

sample handling. Such flexing couId result in cracking of the film between che 

polyurethane and inflexible duminium disc. No experimental evidence exists in this 

work to support the theory that a ddiscontinuity exists in the EBP film at the boundary of 

subsînte and aiurninium disc. A second possible explanation for partial solubilizing of 

the EBP coated polyurethane. may be the thickness or the non-uniformity of the coating 

on the polyurethane surface. It rnay be that within local areas of the film. the thickness is 

insuficient to limit the diffusion of DMSO through the coating. This explanation could 

be tested by exposing local regions on the substrate to DMSO and assessing the 

differential effect that the solvent has on the limit area. In such a manner. effects from 

the boundary of the substrate and the aluminium disc rnay be eliminated. It should be 

noted that while the EBP coated polyurethane substrate did become tacky. it did not 

compietety dissoive into solution. This indicates that. while limited. some degree of 

solvent protection is generated by the RMP based EBP coating on polyurethane. 

Finally. the role of Ar as a diluent gas was expiored. As was rnentioned in chapter 

two, Ar and 0th inert gases have been used in the production of amorphous and 

crystalline films. Within the RMP system. 340 sccm of Ar was added to 230 sccm of 

ethylene at 60 W at the high position. 
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Figure 6.6. XPS s w e y  spectra of ethylene coated polyurethane in RiMP in the absence 
and presence of Ar diluent 
a) 350 sccm ethylene. 60 W power and 40 minutes exposure in the high position 5) 340 
sccm of Ar, 250 sccm ethylene. 60 W power and 5 minutes exposure in the high position 

Figure 6.6 shows XPS survey spectra of EBP with and without Ar. It appears that 

the use of Ar has a drarnatic effect on plasma processing parameters. With the 

introduction of Ar. the length of time required to deposit a film of greater han  80 A was 

reduced from 40 min to 5 min. Loss of the nitrogen signal within the XPS analysis 

indicated that the film had developed to a thickness of at least 80 A within the 4 mm x 7 

nun area sampled. initial assessment with 340 sccm Ar and a plasma exposure time of 

10 min resulted in such a significant amount of polymer deposition so as to render the 

reactor vesse1 un-usable afler a single reaction. Consequently. the exposure tirne was 

reduced to 5 min and was found to be adequate in the generation of an EBP film of 

greater than 80 A. 

A second significant observation is that the degree of oxygen incorporation within 

the plasma film is reduced from approximately 4.5 at% to less than 1 at%. Chemically. 

the film with Ar appears to be similar to that produced with ethylene alone at a flow rate 

of 140 =cm. 60 W power and 15 min of exposure in the high position. This observation 

is interesthg in that the reactor pressures in both situations are substmtially different. 

The reactor pressure with 340 sccm Ar and 350 sccm ethyiene is approximately 6 torr 



while that at 140 sccm ethylene is 0.8 torr. The only conclusion that can be made from 

this observation is that the presence of 340 sccm Ar has an effect sirnilar to that of an 

increased percentage of reactive ethylene species and an increased mean fiee path. An 

explanation for this conclusion may be derived fiom an analysis of the role that Ar plays 

in deposition. Most likely the Ar dilutes the ethylene, increasing the rnean free path of a 

reactive ethylene molecule and lowering the probability that the ethylene with collide 

with another ethylene molecuie. This collision wouid serve to quench the reactive 

ethylene molecuie rendering it unavailable for reaction. A second, but less likely 

possibility, is based on the fact that the Ar in plasma ionizes to form ions and the radical 

Ar*. While this species cannot directly participate in the formation of stable molecules. it 

can generate radicals both within the plasma Stream and at the substrate surface. The net 

effect of this radical generation is an increase in reactive centers fiom which plasma 

polymerization can occur. A third possibility is that, because Ar raises the ovenll reactor 

pressure. it enhances the ability of ethylene to condense at the surface. In general. the 

lack of oxygen indicates that the overall reactivity of ethylene based radicals is increased 

relative to oxygen radicals. Further, the nature of cross-linking within the film is such 

that long lived radicals centers are eliminated and no post modification oxidation is 

observed. 

While the chemical nature of the film was oxygen free. greater than 80 A and was 

relatively quick to produce (5 min versus 15 min of ethylene plasma with and without 

Ar). it was unclear whether the film was amorphous or crystalline. Previous studies have 

indicated that diluent gases can be used to produce crystalline "diamond-like" films. The 

crystallinity of the film could not be readily assessed within the scope ofthis work. 

Consequently. this line of development was no longer pursued and the optimum film until 

this point was considered to be that deposited at 110 sccm ethylene, 15 minutes exposure 

time and 60 W power with the substrate in the high position. 

6.2.2 RFP ethylene plasma fdm deposition and optimisation on poiyurethane 

Within the previous subsection. the role of RMP in the generation of an EBP film 

was assessed. A key failing in this film was the deposition of particdate concurrently 



with the EBP film. Consequently, film deposition utiIizing the RFP reactor system was 

examuied to ascertain if EBP film deposition couid occur without the deposition of 

particdates. 

Aside ûom the range of fiequency generation. the RFP reactor diffen 

substantiaily fiom the RMP reactor because samples are modified directly within the 

glow discharge region and not downstream as they are within the RMP reactor. Within 

this phase of the work, exposure times were varied between 15 and 90 min. power levels 

were varied between 40 W and 100 W and flow rates were varied between 140 and 400 

sccm. Position could not be varied within this reactor system. 

tn general. deposition rates were slower and a greater degree of oxygen was 

deposited within the film using an RFP reactor as compared to the RMP system. The 

optimum EBP film with respect to minimized oxygen content generated within the RFP 

system was estabtished at 250 sccm, 45 min exposure and 60 W power. In this film. an 

oxygen content of approximateIy 7.8 at% was noted compared with the less than 1 at% 

noted for the optimized film within the RMP system. This increased oxygen content in 

the EBP film generated with the RFP system suggests one of two mechanisms. First. a 

greater percentage of oxygen radicais may be generated within the RFP system resulting 

in greater oxygen incorporation within the film. Alternately. it may be that the half-life 

of the oxygen radicd is substantially below that of an ethylene based radical. This lower 

half life would resdt in less oxygen incorporation when a sample is located outside of the 

glow discharge as is the case in RMP system. Hotvever. when the sample is located 

within the glow discharge. a continuous source of energy exists to sustain the oxygen 

radical. The net result would be an increase in the oxygen incorporation within a 

deposited film such as that observed in the RFP systern. A conclusion as to which of 

these explanations are valid can only be made after assessing samples placed outside of 

the glow discharge within the RFP reactor or placed within the glow discharge within the 

RMP reactor. Such variations cannot be made within the reactor systems utilized in this 

work. 



An SEM examination of the film deposited utilizing a flow rate of 23'0 sccm, a 

power of 60 W and an exposure time of 45 min within the RFP reactor was undertaken 

and is presented in Figure 6.7. 







While deposition of the EBP occurred less readily in the RFP system, no 

deposition of film occurred on the reactor wall. Overall, this resulted in a cleaner film 

with less particdate matter as is illustrated in 6.7 (b) and (c). Figure 6.7 (b) indicates that 

a smooth and continuous film is deposited rendenng the surface much smoother than the 

control polyurethane. However, when viewed at a higher magnification, thermal effects 

on the uriderlying polyurethane are seen (Figure 6.7 [cl). The piaed nature of this surface 

can be explained by the fact that the substrate within RFP system is treated directly 

within the glow discharge region. The temperature in this treatment is higher than that 

seen in the remote treatment of the substrate, which occurs within the RMP system. 

Further, the lack of a cooling apparatus on the RFP system allows for a continuous build 

up of heat to occur. These thermal effects dso explain the slower speed at which film 

deposition occurs within the RFP system. The slower deposition rate within the RFP 

systern c m  be explained by the significant amount of heat at the substrate surface. As 

Yasuda has indicated" the deposition rate at the substrate surface is inversely 

proportionai to the temperature at the surfàce. Consequently. the heating eflects seen by 

SEM indicate that the deposition rate within the RFP reactor would be slower than that 

seen in the RMP reactor where no heating effects were observed. While these heating 

effects are important from the point of view of minimising substrate darnage. it should be 

noted that the pits formed by the thermal effects are covered by a film in the RFP system. 

If the surface effects are limited to the outer layers of the polyurethane. then RFP plasma 

coating may still be an appropriate way to treat polyurethane in the development of an 

infection resistant device. 

Finally, the RFP based EBP film was exposed to DMSO in a manner sirnilar to 

that of the RMP based EBP film previousiy described. [n the case of the RFP based EBP 

film, the samples became cornpletely dissolved. whereas in the RMP based EBP film the 

surface became soft and the polyurethane did not become completely dissolved. The 

exphnations as to why the film EBP coated polyurethane completely dissolved are the 

same as those presented for the RMP based EBP film coated polyurethane. First, the 

RFP based EBP film may not have been thick enough to function as an effective soIvent 



barrier. Second, the EBP coating may have had imperfections that were not visible at the 

SEM level, which allowed solvent d i f i i o n  ro occur. If the RFP based film is cornpared 

with the RMP based film, it appears that the coating generated in the RMP system 

allowed for some degree of solvent protection while none was found in the RFP based 

film. 

The primary goal of the work presented in this chapter was the creation of an EBP 

film, which could act as a solvent barrier to DMSO. Subsequently, this surface could be 

functionalized using similar techniques as described in chapter five. This work is 

presented in chapter seven and eight. While the RMP based EBP coatings appear to be 

better at lirniting solvent diffusion, the large amount of particulate matter deposited on 

the surface indicated that the system used here was inappropriate for plasma processing. 

A redesign of the RMP reactor could alleviate this problem in the Future. However. for 

this work. only the RFP based EBP coating generated using a flow rate of 250 sccm. a 

power of 60 W and a plasma exposure tirne of 45 min was explored further. 



63 Conclusions 

From the initial assessrnent on glas, it was found that an optimum film could be 

deposited in RMP using parameters of 60 W, 250 sccm and 20 min exposure time at the 

highest position within the reactor. In this film, the oxygen content was 4.5 + 0.5 atYo 

with a corresponding carbon content of 95.5 + 0.5 at% as measured by U S .  A similar 

film could be deposited on polyurethane using the parameters of 40 min, 350 sccm and 

60 W power in the high position. In this film, it was noted that the oxygen content was 

sligtitiy higher at the surface than in the bulk indicating that oxidation is occurring during 

the later stages of plasma poIymerisation or subsequent to plasma polymerisation once 

the substrate is exposed ro air. On polyurethane. the presence of oxygen could be 

minimised using the parameten of 60 W, 15 min exposure time and 140 sccm in high 

position. At these parameters, a significant arnount of deposition was occurring on the 

reactor wails which would subsequently deposit on the substrate surface in the forrn of 

particulate matter. Argon was dso assessed as a diluent in plasma processing. Within the 

R i i P  system. 340 sccm of Ar was added to 23'0 sccm of ethyIene at 60 W at the high 

position. This EBP film was chernically sirnilar to the film deposited at 60 W. 15 min 

exposure and 140 sccm flow rate in the hi& position. However. only 5 min are required 

to deposit this film compared with 15 min. Within the RFP system. an optimum t?Im was 

be deposited using a flow rate of 250 sccm. 45 min exposure t h e  and 60 W power. SEM 

examination indicated that a signifieant degree of particdate matter was being deposited 

on the polyurethane in the RMP system while thermai effects were visible in the RFP 

system. 

in the solvent permeability test. the RMP based film became tacky while the 

poIyurethane covered with the RFP based film completely dissolved. However. given the 

jack of particulate matter in the WP based film. it was selected for further anaiysis. as 

described in c hapter seven. 



83 
7.0 Optimisation and baeteriological assessment of ammonia plasma derivitized EBP 

film coated poiyuretbane 

In this chapter, a number of thin film deposition and functionalisation processes 

developed in the previous chapters are applied. While this work involves polyurethane. 

deposition of a polymeric film will allow application of this technology to a variety of 

different polyrner substrates. Further, the functionalization of the surface may provide a 

linking site for the addition of other compounds via a derivitization mechanism. Chapter six 

indicated that an ethylene based polymer (EBP) interlayer could be deposited using RMP or 

RFP with the RMP ethy1ene based coating providing a thicker Iayer. However. the film 

deposited using the RMP led to surface deposition of particulate matter from the reactor 

walls. Consequently, in this work, only the RFP ethylene based film was utilised. As has 

been mentioned previously. the ethylene coating serves to stabilise the functional groups at 

the surface, limiting their migration into the bulk polyurethane and acting as a solvent barrier 

in the attachment of a drug delivery system currently under development. This dmg delivel 

system requires the presence of suitable fùnctional groups for attachment. In this case. 

primary amines were seiected. Consequently. primary amine functionalization using 

ammonia plasma on ethylene coated polyurethane was optimised in this work. 

In chapter five, ammonia was used to directly treat polyurethane. The degree of 

ptimary amine deposition was not assessed and no optimum was found for this parameter. In 

this chapter, the optimum functionalization was assessed in two steps. First. an initial 

assessment was performed directly on polyurethane to establish the range of times. flow rates 

and power senings to be M e r  studied. Previous Iiterature had indicated that lower power 

settings, higher fiow rates and a tirne not exceeding t min were optimal for primary amine 

deposition'97 ". At higher power and a lower flow rate, a greater degree of amrnonia 

Fragmentation would occur resulting in loss of the primary amine lûnctional group. Further. 

at longer exposure times, a greater degree of ablation would occur at the surface resulting in a 

loss of those primary groups already deposited. in this initial assessment. only the nitrogen to 

carbon ratio was assessed in the RMP system. Subsequentiy. the primary amine to carbon 

ratio was assessed in both the RFP and RMP systems with variation in the process parameters 
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of reaction tirne, flow rate, power and in the case of the RMP, position within the reactor. 

Finaily, an EBP coated polyurethane surface optirnised in temis of the prirnary amine 

content was compared against rnethanol deposited on ethylene coated polyurethane in the 

RMP system. As was discussed in chapter five, ciprofloxacin in the presence of hydroxyl 

groups introduced using water vapour plasma aided in the removal of biofilm bacteria. 

Methanol, which also contains a hydroxyl functional group. was utilised in this work instead 

of water vapour because a higher concentration of methanol could be introduced into the 

RMP reactor. This higher concentration is more comparable to the ammonia pIasma 

modification in terms of reaction conditions. 

Bacterial adhesion in a static and larninar flow environment was studied on both the 

methanol and ammonia treated EBP coated polyurethane. Further. the effect of ethylene 

oxide (ETO) sterilisation on the plasma treated surface was studied using XPS and ADSA-d. 

ET0 is commonly used as a sterilisation technique and hence any changes in surface 

chemistry could affect the functionalizing of the device. It is has k e n  shown by previous 

work that ET0 can attack amine and hydroxyl functionai groups''. 
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7.1 Materials and methods 

Polyurethane (EG-80 A) preparation and cIeaning were performed according to the 

procedures presented in chapter four. The samples were then treated by the conditions 

outlined for the RFP EBP film coating presented in chapter six. Namely. a fiow rate of 250 

sccm, power of 60 W and a expcsure tirne of 45 min. Optimisation of the primary amine 

content of the surface was then performed in both the RMP and RFP reactor systems. Again. 

this differs fiom the methodology used in chapter five because the metric in question in 

chapter seven is the primary amine content of the surfaçe. Initial assessment of reactor 

parameters was performed utiiising direct ammonia modification of neat polywethane within 

the RMP system. As part of assessment, angle resolved XPS analysis was performed 

according to the procedure presented in chapter 4. Subsequently the parameters of flow rate. 

power, exposure time and. in the case of the RMP reactor. position within the reactor were 

varied in order to optimise the prirnary amine content. The primary amine to carbon ratio 

was considered to be the key optimising criteria 

Derivitization of the primaq amines at the surface was performed with 

pentaflurobenzaldehye69. Within a fume hood, the 10 cm ID glass vessel previously utilized 

in the RFP treatment was utilized for derivitization purposes. The vessel was cleaned with 

lvory soap and a wire bmsh. rinsed with DDW and then wiped with methanol. Once the 

vesse1 was cleaned, it was fastened to a hot plate using electrical tape. Tape was also used to 

seai the narrow end of the glass vessel. which nomaily functions as the gas inlet. Five of the 

aluminum disks holding treated samples were placed on a cardboard sheet using tape. The 

cardboard sheet holding the disks was then placed in the glass vessel. On the cardboard 

sheet, the disks were placed in such a manner as to maintain a 5 cm edge between the end of 

the glass chamber and the cardboard sheet. In this 5 cm region, approximately 0.5 ml of 

pentafiurobenzaldehyde was placed on a polystyrene dish and placed in the 5 cm gap. The 

glass vessel was then seaied at the large end. The hot plate was maintained at a low setting 

(corresponding to a temperature of45 OC) for a period of 5 h. At the end of this period. the 

vessel was opened and kept in the fume hood for 3 h to ailow any residual 
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pentaflurobenzaldehyde to leave the vessel. Prior to XPS analysis, al1 derivitized samples 

were degassed overnight within the XPS transfer charnber. 

The arnmonia plasma modified surfaces were compared against RMP rnethanol 

modified surfaces produced using 80 watts power and 1800 sccm flow for a period of 4 min 

in the high position. The methanol was delivered fiom a vessel fiom which rnethanol vapour 

was drawn into the reactor. Various surface properties were assessed using XPS. SEM and 

ADSA-d contact angle anaiysis as described in chapter 4. P. aeruginosa adherence to these 

surfaces was assessed using larninar flow and static culture experiments as described in 

chapter 1. SEM anaiysis was used to assess the rnorphology of bacteria and distribution of 

bacteria on the surface. 

The effect of ethylene oxide (ETO) sterilisation on neat polyurethane EG-80 A. 

ethylene plasma coated EG-80 A. ethylenelmethanol treated EG-80 A and ethylenelammonia 

treated EG-80 was assessed. ET0 sterilization was perforrned in a commercial unit using a 

standard procedure. In this procedure. 12 wt% ET0 and 88 wt% was utilized during 130 min 

of exposure at 54 OC. The sterilized sarnples were subsequently aerated for a period of 12 h. 

at arnbient temperature. The effect of the sterilisation on surface properties was assessed 

using XPS, SEM and ADSA-d. 
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7.2 Results and discussion 

The initial optimisation of arnmonia etching directly on polyurethane is presented in 

section 7.2.1. It was from this initiai optimisation that parameter ranges were selected for 

study in both the RMP and RFP system. Results pertaining to the development of the 

derivitization technique are presented in 7.2.2. Sections 7.2.3 and 7.2.4 contain the 

optimisation results from the optimisation of the amrnonia modification on the EBP coared 

potyuethane. The effect of ET0 sterilisation is studied in section 7.2.5. Findly, bacteriai 

adhesion to the methanol and arnrnonia modified surfaces are described in section 7.7.6. 

7.2.1 Initial assessment of optimisation usiog RMP 

An initial assessment of the effect of amrnonia modification in the RMP system was 

performed directly on polyurethane by varying the parameters of exposure tirne. power and 

flow rate. Exposure times were varied behveen 10 s and 4 min. with powers of ZO W to 80 h' 

and flow rates of 36 sccm to 1208 sccm. Figure 7.1 illustrates the effect ofexposw time on 

the nitrogen to carbon ratio at take-off angles (TOA) of 90' and 30 '. 
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Figure 7.1. Angle resolved anaiysis of RMP ammonia modification of polyurethane at 60 
W. 76 sccm in the high position. Error bars are +Standard error of the mean. n=3. 

The angle resolved data presented in Figure 7.1 is of particular interest in the RMP 

arnrnonia modification of polyurethane. The N/C ratio is reduced at the lower TOA (more 

surface sensitive). This data suggests that nitrogen functional groups migrate into the bulk. 

This is in agreement with previous work of ~en~enbach" which suggests that hydrophilic 

goups migrated into the bulk polyurethane through a mechanism known as "reptation". This 

mechanism is driven by the thermodynamic affrnity that the hydrophilic groups have for the 

buk polymer over the ambient air. In Gengenbach's work, reptation was noted after as little 

as 6 h. In this work. samples were generaiIy kept in air for a period of 24 to 48 h prior to 

anaiysis, thus allowing adequate time for rni_aration of the hydrophilic groups to occur 

through reptation. Further examination of the ethylene coated polyurethane surface. as will 

be discussed, indicates that the degree of amine functional group migration into the bulk 

polymer is reduced by the presence on the ethylene film. 
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The NJC ratio rneasured at a TOA of 30' indicates rhat concentration of nitrogen at 

the surface reaches a saturation IeveI of approximately 0.2 in 2 min. It was through such 

initiai experiments on neat poIyurethane that experirnental ranges for studies on EBP coated 

polyurethane were established. However, quantification of the prirnary amine to carbon ratio 

is key to the assessment of the effectiveness of plasma in functionalizing the surface. To this 

end, validation of the primary amine denvitization technique was performed. 

7.2.2 Validation of derivitization technique 

A survey s p e c t m  for the EBP coated polyurethane exposed to 

pentaflurobenzaldehyde, as well as survey and hi& resolution C Is spectra for the arnmonisi 

plasma modified surface exposed to pentaîlurobenzaldehyde. are presented in Figure 7.2 a) to 
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Figure 7.2 a). Spectra of surfaces exposed to pentafiurobenzaidehyde. 
a) Survey spectra of EBP only coated polyurethane surface exposed to 
pentaflurobenzaidehyde 
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Figure 7.2 b) & c). Spectra of surfaces exposed to pentdurobenzaldehyde. 
b) Survey spectra of post derivitized arnmonia plasma rnodified polyurethane. c) Cl s spectra 
post derivitized ammonia plasma modified polyurethane. (these peaks will also contain 
unresolved C-N peaks. 

Figure 7.2 shows effectiveness of pentaflurobenzaldehyde in derivitizing surfaces containhg 
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amine functional grooups. The appearance of the F 1s peak. unarnbipously associated with 

the derivitizing agent, and also the appearance of a peak associated with C-F bonding 

indicates derivitization has occuned. The minimal presence of any F 1 s type peak in the 

survey spectra of the EBP coated surface similarly exposed to pentafluorobenzaldehyde 

illusmtes the specificity of the derivitizing agent for the amine functional group (see 7.2 a). 

7.2.3 Optimisation of ammonia modification of EBP coated polyurethane in RMP 

The range of operating parametes to study was determined based on the work of neat 

polywethane in section 7.2.1. Figures 7.3-7.4.7.5 and 7.6 sumrnarise the results for the 

effect of flow rate. power. time and position within the RMP reactor on EBP coated 

polyurethane substrate. As well as NIC. the primary amine/C ratio obtained via the 

derivitization technique is also show. 
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Figure 73. Effect of flow rate on RMP ammonia modification of EBP coated polyurethane 
at 1 min exposure and 20 W power in high position. Error bars are Standard enor of the 
mean, n=3. 



01 I 
20 40 60 80 1 O0 

Power (W) 

Figure 7.4. Effect of power on RMP amrnonia modification of EBP coated polyurethane at 1 
min exposure. 200 sccm in the high position. Error bars are +Standard error of the mean. n=3. 
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Figure 7.5. Effect of exposure tirne on RMP ammonia modification of EBP coated 
polyurethane at 538 sccm, 20 W in the high position. Error bars are f Standard error of the 
me- n=3. 
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Figure 7.6. Effect of position on RMP ammonia modification of EBP coated polyurethane at 
538 sccm. 20 W and 1 min exposure. Error bacs are *Standard emr of the mean. n=3. 

While adjusting flow rate. a low power setting of20 W was selected. 00th ~asuda ' '  

and ~ h a o ' j  showed that a tùnctionalization of the surface would be most sensitive to flow 

rate at a low power setting An exposure time of 1 min was selected since saturation of the 

surface had previously been illustrated utilizing this exposure time on neat polyurethane. 

Initially, a drop in the NIC ratio is noted with an increased flow rate (Figure 7.2). However. 

no concurrent drop in the primary amine to carbon ratio is seen indicating that the percentage 

of total nitmgen present in the f o m  of primary amine groups increases initially. M e r  the 

initial drop in N/C. the ratio increases again at a flow rate of 538 sccm. At and beyond this 

flow rate. the primary amine to carbon tauos rnaximize and then level off. Consequently. 

538 sccm was selected as the optimum flow rate in the RMP ammonia meamient of EBP 

coated polyurethane. This flow rate resulted in a primary amine to carbon ratio of 

approximately O. 1. 



94 

Optimisation for the plasma power input was performed independently of flow rate 

optimisation. A flow rate of 200 sccm was utilized while studying the effect of power input 

on amnonia modification of the substrate. As with the flow rate expenments, 1 min exposure 

was selected. The N/C ratio fluctuated between O. I 1 and 0.1 3 over the range of powers 

studied with Little variation between the different power settings (Figure 7.4). This indicated 

that the totai amount of nitrogen dcposited at the surface is relatively insensitive to variation 

in power within the RMP syçtem. However. while no variation in the N/C ratio was 

observed, a decrease in the prirnary amine to carbon ratio was observed ivih increasing 

power. Consequently. a low power of 20 W was seIected as the optimum power of the 

arnmonia modification of EBP coated poiyurethane. 

The optimum flow rate and power input were then applied to study the etTect of 

variations in exposure time. On the neat polyurethane surface. the NIC ratio was at a 

maximum after 1 min of exposure. The N/C ratio increased capidly between O and 1 min 

d e r  which a less pronounced increase in the NIC ratio *as noted. With respect to the 

primary amine to carbon ratio. an increase was also noted between the O and 1 min points: 

however. a steady decline was noted afier the I min mark. This indicated thac the bulk of the 

nitrogen deposited afier 1 min of plasma exposure was depositing in a non-primary amine 

form and in fact. was resuiting in a loss of the pcimary amine fwictional groups already 

deposited. Consequently. an optimum exposure time of 1 min was selected. 

Lastly, an optimisation for the position within the RMP reactor was perforrned. As 

was discussed previously. saniples within the Ri iP  reactor were always modified outsidr of 

the giow discharge region. However. the distance away from the giow discharge couid be 

varied. Samples modified closest to the slow discharge were said to be modified in the high 

position while sarnples modified faaher away were said to be modified in the medium and 

Iow positions. These positions have k e n  described previously in chapter 4. The efTect of 

variation in position on the amrnonia modification of EBP coated polyurethane is presented 

in Figure 7.6. A rapid decrease in both the N/C and primary amine to carbon ratio was noted 

away h m  the giow discharge. 



Overall, results fiom this phase of the work are in agreement with those previously 

reported in the literature. However, the initiai decrease in the N/C ratio while increasing the 

flow rate cannot be explained. It is most likely that the initial amount of nitrogen at the 

surface is adsorbed to the surface and is quickly e1iminated in the processing of the sample. 

Another less likely possibility involves the analysis of the various phenomenon occurrjng in 

the plasma systern. As presented in chapter 2, an initial increase in the N/C ratio with 

increasing flow rate would be expected. The increase would continue until the concentration 

of ions and radicals generated within the plasma becarne saturated for the given power input. 

Subsequently. no additional ions or radicals could be generated within the plasma and any 

further increase would result in a decrease in the retention time (due to a higher gas velocity) 

within the plasma reactor. Funher. an increased flow rate should result in an increase in the 

primary amine to carbon ratio for two reasons. First. as the total nitrogen delivered to the 

surface increases the concentration of al1 nitrogen containing species should increase. 

Second. the increased flow rate would result in a more even dismbution of energy within the 

plasma which would result in less f'gmentation of the amrnonia and a greater probability of 

functionalizing the surface with primaq amine groups instead of other nitrogen containing 

functionaiities. 

When power is increased. a decrease in the primary amine to carbon ratio is seen. 

This decrease has been previously noted within radio Frequency systerns2'. Mechanistically. 

this can be explained by the fact that Iow power input would result in less Fragmentation of 

the ammonia and thus. increase the probability of functionalizing the surface with primary 

amines. At 20 W power. the nitrogen to carbn ratio is the Iowest at 0.1 1. while the p r i m l  

amine to carbon ratio is the highest at approximately 0.05. This indicates that the percentage 

of nitrogen preseiit in the form of primary amines is approxirnately 50%. 

In terms of m e n r a t i o n .  flow rate and power cannot be considered independent 

parameters. The degree of hgmentation that can be achieved through a lower flow rate can 

also be achieved through a higher power. This phenomenon is best illustrated in terms ofthe 



WEM composite parameter17 (Figure 7.7). 
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Figure 7.7. Effect of power and flow rate on RiiP arnmonia modification of EBP coatcd 
polyurethane at 1 min exposure in the high position. n=3 

As the average power density increases. the degree of fragmentation exhibited will increase 

as well. This increased fragmentation is illustrated by the decrease in the primary amine to 

carbon ratio presented in Figure 7.5. It should be noted that this composite parameter was 

developed for plasma polymerisation directly within the glow discharge. However. its use 

serves to illustrate the interrelationship between flow rate and power input. 

7.2.4 Optimisation of ammonia modification of EBP coated polyurethane in RFP 

Based on the results presented on the RMP ammonia modification of EBP coated 

polyurethane, a range of parameters was selected for RFP ammonia modification. Figures 
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7.8.7.9 and 7.1 0 summarise the resuIts for the effect of flow rate. power and exposure timc 

within the RFP reactor. Samples within RFP modification were modified directly vcithin the 

glow discharge. 

a 0.t ; o., 
% 0.06 
3 

0.04 

Figure 7.8. EAect of flow rate on RFP ammonia modification of RFP EBP coated 
polyurethane at 1 min exposure and 60 W power. n=3 



40 60 80 100 120 

Power (W) 

+ NIC 
+ Primary AminelC 

Figure 7.9. Effect of power on RFP ammonia modification of RFP EBP coated polyuretbane 
at 1 min exposure and 200 sccrn flow rate. Error bars 4- Standard emr of the mean. n=3 
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Figure 7.10. Effect of exposure time on RFP ammonia modification of RFP EBP coated 
polyurethane at 538 sccm and 100 W power. Error bars +/- Standard error of the mean. n=3 



When flow rate within the EWP reactor system is increased. an initial increase in the 

NIC ratio is observed as gohg fiorn O to 200 sccm (Figure 7.8). Subsequently, a decrease in 

NIC is observed. No such increase or decrease is observed in the primary amine to carbon 

ratio which varies between the 0.03 and 0.04 level. The primaxy amine to carbon ratio 

ûppears slightly higher at the 538 sccm point which concurs with the point of lowest N/C. 

Two points should be noted about the expehents perfonned in the RFP reactor. First. a 

power input of 60 W was selected since this setting was in the mid range of al1 powers 

settings available. In the RFP system. power couid only be set at discrete levels of 40.60 or 

100 W. Second. a plasma hithin the RFP system could not be generated above the 538 sccm 

level. At high flow rates. and consequently pressures higher than this level. the glott. 

discharge was extinguished. Based on these results. an optimum arnmonia tlow rate of 538 

sccm was selected within the RFP system. 

When testing power. an exposure time of 1 min was selected because this tirne had 

appeared to satuate the surface on both the neat and coated polyurethane. A flow rate of 200 

sccm was selected for these experiments as this flow rate fell in the middls of the range of a11 

flow rates that could be analysed within the RFP reactor. An increase in the power input 

within the RFP system resulted in a substantid increase in the N/C ratio (Figure 7.9). 

Increasing the power from 40 to 60 W. resuited in a N/C ratio increase from 0,065 to 0.1 75. 

However. this approximately three-fold increase was not simultaneously observed in the 

primary amine to carbon ratio. A srnail linear increase was. however, seen in the primary 

amine to carbon ratio between 40 and 100 W. Due to its slightly higher primary amine to 

carbon ratio, a power input of 100 W was considered optimal in RFP. 

Utilising the optimal flow rate and power (538 sccm an 100 W respectively). the 

effect of exposure time was determined (Figure 7.10). It can be seen that d e r  an initial rise 

in N/C ratio! a levelling off occurs f i e r  approximately 1 min. The maximum primary amine 

to carbon ratio occurs afier ody  30 S. This 30 s exposure time was selected as optimal. 
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The effect of flow rate on the N/C ratio c m  be understood in terms of a balance 

between the number of active species produced in the reactor (which is a function of the time 

gas is present in the fieId [retention time]), and the number of active species delivered to the 

surface, which in tum will be related to the lifetime of active species and system pressure. A 

decreased retention results in less production of active species, thus resulting in a reduction in 

the NIC ratio. In the RMP reactor. this trend was not cleariy illustrated (Figure 7.3). Also. no 

increase in the prirnary amine to carbon ratio was obsewed with increasing flow rate as was 

seen within the RMP system. These differences between the RMP and RFP reactor systems 

with respect to Ilow rate rnay be the result of two factors. First. in the RMP system samples 

are outside of the glow discharge. whereas samples are located directly with in the glow 

discharge in the RFP processing. Second. species generated by a microwave energy source 

are of higher energy than a radio frequency energy source". This higher energy changes both 

the kinetics and distribution of active species within the plasma. To some extent. the higher 

energy of the microwave plasma source is countered by processing the samples outside of the 

glow discharge. As a result. it cannot be unarnbiguously stated that the obsewed initial 

increase and subsequent decrease in NIC ratio is the result of either reactor frequency or 

processing position. 

In the RMP reactor system. an increase in reactor power resulted in a slight decrease 

in the prirnary amine to carbon ratio (Figure 7.4). This decrease may be explained by an 

increase in the presence of functionai groups such as secondary amine. imine and nitrile 

groups resulting fiom the fragmentation. A somewhat similu trend is obsemed when power 

is increased in the RFP reactor, Within this system. a three-fold increase in the NIC ratio is 

observed while o d y  a slight increase is observed in the primary amine to carbon ratio. Thus. 

while the increase in power results in a larger increase in NfCI a greater number of 

functionaiities is created. resulting in only a small increase in prirnary amine/carbon. 

Finaiiy. with the increase in RFP exposure time (Figure 7.10). it is clear that a loss of 

some of the prirnary amine deposited on the substrate is occurring to other nitrogen 

functiondities with exposure tirnes greater than 1 min. This trend was similarly observed 
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afler 1 min of RMP exposure and has k e n  reported by other inve~ t i~a to r s~~ .  Considering aIf 

of these assessments, processing conditions within the RFP system of 538 sccm flow rate. 

100 W, power and 30 s exposure time was selected. 

in general, the arnrnonia modification in the RMP system appeared to be better suited 

to the generation of primary amine groups. in the RFP system, there was a higher prevalence 

of other hctional groups which decreased the total fiaction of nitmgen present in the fonn 

of primary amine groups. This greater concentration of non-primary amine chemistry 

probably resulted from fact that. in the RFP reactor used in this work. samples were within 

the glow discharge region of the plasma Within the RMP. sampIes were Iocated just 

downstream fiom the glow discharge. As was discussed in chapter six. the RFP system 

generates a significant amount of heat compared to the RMP system. Greater heat results in 

greater fragmentation of the amrnonia reagent both within the gas phase and at the substrate 

suface. This greater fragmentation would result in a higher concentration of non-primary 

amine chemistry. While an optimum primary amine to carbon ratio of 0.04 is seen at a flow 

rate of 538 sccm. this optimum is below the 0.1 seen in the RMP modification. A 

cornparison of the chemistry within the RFP and RMP system is presented in Figure 7.1 1. 
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Figure 7.1 1. Cornparison of C 1s Spectra for a) RMP and b) RFP systems. 

The presence of higher binding energy cornponents indicates a greater prevalence of 

non-primary amine chernistry. As was the case in the deconvoIution of the C Is envelope of 

ammonia treated polyurethane in chapter five, the spectra contain contributions from both the 

nitrogen and oxygen functionalities which cannot be readily resolved. However. Figure 7.1 1 

does illustrate the relative amount of specific and non-specific chemistry occumng in either 

the RMP or RFP system. In summary, the RMP ammonia modification of RFP EBP coated 

polyurethane at 538 sccm. 20 W power and 1 min exposure time in the high position was 

selected over RFP ammonia modification of RFP EBP coated polyurethane at 538 sccm. 100 

W and 30 s exposure for m e r  study. 

7.2.5 Effwt of ET0 sterilisation on EBP coated plasma modified polyurethane 

Previous studies have indicated that surface modification does occur as a result of 

either multiple exposure or sinde exposure IO ETO". Nudeophiles. such as hydroxyl and 

amine groups. have k e n  show to be particulariy sensitive to anack by ETO". 

In chapter five. ciprofloxacin in association i i th  hydroxyi groups was shown to 

decrease bacterial adherence. Within the piasma system. methanoi coutd more readily 

deposit hydroxyl groups than water vapour. As a result methanol was selected for the 

deposition of hydroxyl p u p s  in this work. 
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Figure 7.12. Contact angles of neat and modified polyurethane before and after ET0 
sterilisation. * p<O.OS compared to control. Error bars +/- Standard error of the mean. n=6 

The polyurethane surface had a contact angle of 87'after ET0 sterilisation while the 

contact angle before sterilisation was 10jO (Figure7.13). This difference indicates that ET0 

is interacting with the polyurethane surface either by chemically reacting with it or by 

changing the surface roughness. While XPS can detect a change in surface chemistry. it 

cannot measure a change in surface roughness. No statistical difference is seen in the contact 

angle of the RFP EBP coated polyurethane before and d e r  ET0 sterilisation. Similar to the 

results presented in chapter five. the contact angles for amrnonia and rnethanoi plasma 

modification are lower than both the neat and the RFP EBP coated polyurethane. These 

contact angles increase after ET0 sterilisation indicating some change in surface roughness 

or surface chemistry. 

From these data. it appears that when nucleophilic fùnctional groups are exposed. 



104 
either fiom the polyurethane or introduced by amrnonia or methanol plasma modification. 

ET0 sterilisation changes the contact angle. Since a minimal number of such fiinctional 

groups are present on the ethylene coated polyurethane surface, no site for reaction with ET0 

may exist. In general, shifts in contact angle may be the result of chemical modification 

andor surface roughness changes. However, from contact angle data it is difficult to isolate a 

change in surface chemistry fiom surface roughness. Consequently, SEM and XPS were used 

to study the changes in roughness and chemistry respectively. 

Elernental and high resolution analysis of the C 1 s peak was performed betore and 

after plasma modification and ET0 sterilization. Elemental analysis involved assessment of 

the total arnount of nitrogen. oxygen and carbon. These data are presented in Table 7.1. 

Table 7.1. XPS elemental analysis of piasma coated and modified polyurethane EG-80 
before and afier ET0 sterilisation (*p<0.05 compared with before) 

Carbon (%) 
Before 1 Afier 

I l 
(EG-80A) I 

The elemental analysis and deconvoIution of the C 1s peak indicates that chemical 

modification is occming as a resuit oEETO stenlisation. Elementally, the rnost significant 

change is obse~ed  on the as-received polywethane. In this case. a 5% increase in carbon 

content is seen with a concurrent 5% decrease in oxygen content. On the RFP ethylene 

coated polyurethane, little change is observed in surface chemistry. In the case of the 

arnmonia or methanol treated surface. slight increases are observed in the carbon content. 

Further, a slight increase in the oxygen content is noted for the amrnonia treated surface and a 

slight decrease noted for the methanol treated surface. Generally, a correlation exists 

Nitrogen (%) Oxygen (%) 1 

(EG-80A) 
Ethylene /Amrnonia 1 66.3 

Control 
Before 

1 
Ethylene Treated / 95.4 95.6 1 0.21 

f 

1 I 
68.7 1 17.6 1 l3.9* 

83.2 j 88.3* 1 4.1 
After 

1 1 
16.1 ] 17.3 1 

Before 1 Afier j 

0.25 1 4.42 

4.22 

4.13* 1 

12.7 1 7.45* 1 
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between an increase in nitrogen and oxygen containing species and a decrease in contact 

angle. From the results presented in Table 7.1, no apparent trend exists between a change in 

contact angle and a change in the nitrogen and oxygen content. in the case of as reccived 

polyurethane, a decrease in contact angle is noted f i e r  ET0 sterilisation. However, a 

decrease is noted for oxygen content as well. The addition of ET0 to the substrate surface. 

results in the incorporation of both carbon and oxygen. It is therefore dificuit to establish 

correlations between contact angle and X P S  data. The changes in surface chemisuy do not 

appear to be large and it is unclear whether the observed chernical changes can solely account 

for the contact angle change. High resolution deconvolution of the C 1 s envelope was also 

performed in this work. However. no further information other than that obtained from the 

elemental anaiysis was gained in the Cls  deconvolution. Subsequently. SEM analysis of the 

surfaces was performed. The result of the studies is presented in Figures 7.13 and 7.14. 
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Figure 7.13 illustrates the effect of plasma modification before ET0 sterilisation. As was 

discussed in chapter six. the polyurethane surface after casting is slightly rough due to the 

rough nature of the casting dish. Once polyurethane is ethylene coated. the surfaces become 

covered by a smooth film. However. what is particularly relevant to this work is the effect of 

amrnonia and methanol piasma on the ethylene coated surface. No real surface roughness 

difference was seen in the direct plasma modification of polyurethane presented in chapter 

five. However. when the RFP deposited ethylene film is exposed to ammonia or methanol in 

RMP. the ethylene films cracks in a regular pattern. This cracking is clearly seen in Figure 

7.13. From the point of view of bacterial adhesion. this cracking may negate any benefit 

associated with the increased hydrophilicity of the surface. 

Figure 7.13 illustrates the effect on surface roughness of ET0 sterilisation on the 

plasma treated surfaces. No significant difference in surface roughness is seen in the neat 

polyurethane and the ethylene plasma treated polyurethane. However. the cracking effect 

seen after ammonia and methanol plasma modification of the ethylene treated film is 

minimised. This difference in film cracking may simply result From the fact that this is a 

different batch. However. if it is assumed that the results are significant. mechanistically. an 

explanation for this reduction in cracking after ET0 exposure is unclear. It may be that a 

plasma polymeric film based on ET0 as a monomer is deposited on the treated surface after 

ET0 sterilisation removing the cracking previously observed. It is clear that further study is 

required to illustrate the effect that ET0 stetilisation has on EBP coated and plasma modified 

surfaces. However. from these images it is apparent that changes in contact angle cannot be 

solely attributed to surface chemistry changes. A clear change in surface roughness is noted 

within the ethylene fiIm post ammonia or methano[ plasma exposure. Further. in the case of 

ammonia and methanol modified RFP EBP coated polpthane. a difference is observed 

between the ET0 exposed and non-exposed surfaces. 
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7.2.6 Bacterial adhesion study 

Bacteriai adhesion assessed under laminar and static conditions should be Lowest on 

the amrnonia and methanol mated surfaces. while highest on ethylene treated aud neat 

polyurethane. There are two questions to answer in the bacterial adhesion snidies. First. does 

the surface modification Iimit the ability of bacteria to adhere to the surface. Second. does 

the surface modification aid in the removal of bacteria once they are adhered to the surface. 

Bacteriai adhesion studies were perfonned in Iaminar- flow and static culture 

environments to simulate different in-vivo flow environments, The results of the larninar 

flow-cell studies are presented in Figure 7.15 and those of the static culture environment are 

presented in Figure 7.16. Lastly. SEM examination of the bacteria on the substrates is 

presented in Figure 7.1 7. 
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Figure 7.15. Rate of P. .4enrginosu adhesion and removai under Iarninar flow conditions. 
Emr bars +/- Standard e m r  of the mean. n=3 
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Figure 7.16. P. Aeruginosa amchment and rernovaI under static culture condition. Error 
bars= i l -  Standard error of the mean. n=3 







in Figure 7.15, a significant amount of variability is obsewed in the dataset. In 

chapter five, a high degree of variability was aiso noted with the video imaging approach 

used to obtain this data. At the 48 h point. ciprofloxacin was introduced to the culture 

medium and the rate of bacterial inactivation on the surfaces assessed. These results indicate 

that no statistically significant difference in initial bacterial adhesion or removal subsequent 

to attachent is seen. The contact angle data would suggest that bacterial adhesion would be 

lowest for the ethylene coated and ammonia or methanol modified surfaces and highest for 

ethylene coated surface. While an increase in bacterial adhesion is seen in the RFP ethyiene 

çoated surface. this difference was not statistically significant. As was the case in the laminar 

flow adhesion study. no statistical difference is seen as a hnction of surface modification 

within the static culture environment (Figure. 7.16). Further. while the introduction of 

ciprofloxacin resulted in the removal of sigificant numbers of bacteria fiom the surface. the 

material modification did not appear to enhance this removal. 

Figure 7.1 7 illustrates the m o r p h o l o ~  of bacteria on the surface when gown in the 

static culture environment on different surfaces. From these images. no difference in 

bacterial morphology appears to exist on the different surfaces. This observation adds to the 

previous observation that gas plasma modification has little effect on either bacterial 

adhesion or removal. However. the mechanism by which ciprofloxacin lirnits bacterial 

growth is clearly illustrated in these Figures. As was mentioned in chapter tive. ciprofloxacin 

limits bacteriai growth by inhibiting the activity of DNA As a resuh. the bacteria 

grow and elongate but do not divide. Elongated bacteria are clearly illustrated in Figure 7.17. 

in surnmary. the plasma modifications presented in this chapter do not appear to be 

effective in limithg bacterial adhesion. Consequently. these rnethodologies cannot be 

ernployed to Iimit bacterial adhesion or grow-th directly. However. this work does illustrate 

that plasma may be utilised to fùnctionaiise the surface with prirnary amine groups. Furrher. 

the RMP system appears to produce less non-specific chemistry than does the traditionaily 
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employed RFP system with fewer visible the& effects. This indicates that RMP 

modification of surfaces may be readily employed to Functionalise a surface when a linking 

group such as a primary amine is required. Such linking groups may be utilised in the 

attachent of a dnig delivery system. However, these deposited linking groups are not 

limited h g  delivery applications. Within the biomateriais d m ,  linking groups such as 

those deposited in this work rnay be utilised in the attachment of peptides. oligonucleotides 

or other bioactive species. 

Proof of concept for the type of chernical attachent being cieveloped in this work is 

presented in chapter eight. 
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7 3  Conclusion 

This work indicates that plasma modification of polyurethane surfaces using ethylene. 

ammonia or methanol plasma may be achieved. The role of the ethylene film has been 

discussed previously in chapter six. Surface modification using ammonia in a RMP system 

was found to be a superior system than the RFP system. An optimum in the RMP ammonia 

treatrnent of EBP coated polyurethane was found at 538 sccm, 20 W power and 1 min 

exposure time in the high position. This resulted in a primary amine to carbon ratio of 0.1. 

which was higher than the 0.04 obtained in the RFP system at 538 sccm. 100 W and 30 s to 1 

min exposure. 

No difference was seen in the ability of bacteria to adhere to surfaces once the 

ethylene plasma coated surfaces were treated with amrnonia or methanol plasma in either the 

static or laminar flow bacterial culture environment. This lack of difference rnay be the result 

of the surface roughening and cracking effrcts caused by the RMP arnmonia or methanol 

modification. While some of this roughening and cracking is lost in the ET0 sterilisation. 

the surfaces are still rougher than the neat or ethyiene-treated polyurethane surfaces. This 

increased roughness may negate the benetit associated with the presence of hydrophilic 

functional groups. 

Further. the effect of ET0 stenlisation on the arnmonia and methanol treated surtàce 

may negate the benefit associated with these hydrophilic groups. ET0 reacted with surfaces 

where nucleophilic groups. such as amine and hydroxyl groups. are present. The end result 

of this interaction may be the ring opening of ET0 and its polyrnerisation at the surface. This 

ring opening and subsequent polyrnerisation explains why fewer cracks are observed on the 

arnrnonia and methanol pIasma treated ethylene-coated surfaces after ET0 sterilisation than 

before. 



118 
8.0 Proof of attachment of chernical groups to a plasma modified and derivitized 

surface. 

In this last phase of this work. glass and polydimethylsiloxane substrates were 

exposed to RFP plasma conditions that had been previowly found to be optimal for the 

deposited EBP film, Polyurethane was not used because even with the EBP coating it proved 

to be soluble in the reaction solvent dissolving before it appropriately denvitized. This was 

not considered a serious limitation of rhe polyurethane substrate as M e r  optimisation may 

eventdly render the substrate impermeable. 

The substrates were exposed to arnrnonia plasma under the optimum conditions 

illustrated in chapter seven. Briefly, the RFP conditions for ethylene plasma treatment was 

250 sccm. power of 60 W and an exposure time of 45 min while the RMP conditions for 

ammonia modification was 538 sccm. 20 W power and 1 min time in the high position. The 

treated substrates were then exposed to dodecyl isocynate (DDI). To this. the fluoroalcohol. 

ZonylTM was subsequently attached. The DDI with attached ZonylTM mimicked the 

attachment chemistry that could be used in the attachent of the drug delivery systern. In this 

way, proof of concept of attaching a dnig delivery system by coating and functionalising the 

polymer surface was illustrated. XPS analysis was used to analyse the attachment of the 

ZonylW to the substrates. Fluorine within ZonylTM was used to ascertain the attachment of 

Zonylm. 



I l 9  
8.1 Materials and methods 

Glass and SiIasticm (polydimethylsiloxane) was prepared and cleaned according to 

the procedures presented in chapter four. The g las  cover slips of 1 cm' were cleaned and 

mounted on aluminium disks in a manner similar to that used for the mounting of 

polyurethane peviously. Silastic was similarly mounted. ï h e  substrates were then placed in 

the RFP reactor and exposed to the ethylene plasma using a flow rate of 250 sccm. 35 min 

exposure time and 60 W power. These parameters were found in chapter six to be optimum 

for the deposition of an EBP film in a RFP system. 

Afier coating. the surfaces were exposed to RMP plasma in arnmonia at a flow rate of 

538 sccm. 20 W power and 1 min exposure time in the high position. The results in chapter 

seven indicated that these processing parameters codd be utitised to functionalise the surface 

with an optimum concentration of primary amine groups. 

ï h e  substrates were then placed in 100 ml vessels, and the vessels were then placed in 

a glove box which was purged and filled with nitrogen to minimise moisture in flux. Fifs  ml 

of distilled diiethyl acetamide (DMAC) was added to the 100 ml vessels. Subsequently. 

0.52 g (2.073 mmol) of DDI was introduced into the reaction vessel along with 16 mg of the 

catalyst dibutyl tin dilaurate. The vessel was then heated to 40 "C and maintained at this 

temperature for 4 h. A 0.9 g mass of ZonylTM was introduced to the reaction vessel and 

maintained at 40" Cor 30 h. Finally. substrates were removed from the @ove box and rinsed 

with acetone. Subsnates were subsequently stored in a Petri dish for XPS analysis. 

For this work. ZonylTM was degassed at a pressure of 0.5 torr at room temperature 

pnor to its attachent to DDI. This was done to remove any residual moisture from the 

ZonylTM. 



8.2 Results and Discussion 

8.2.1 Surface beatment of silicone 

As was illustrated in chapter six, EBP films could be readily deposited on glass and 

plyucethane. Figure 8.1 illustrates the chemistry of the silicone substrate surface before and 

after exposure to both the RFP ethylene and RMP amrnonia plasma. 
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Figure 8.1. Effect of RFP ethylene plasma and RMP ammonia plasma exposure on silicone. 
a) before plasma exposure and b) afier plasma exposure 

Table 8.1. Elemental composition of polydimethylsiloxane (PDMS), theoreticd. rneasured. 

The change in carbon composition from 56% to 58% between the treated and untreated 

and after treatrnent. 
Elemental composition (atomic %) 

surface is not large. This, coupled with the retention of the silicon peak. indicates that the 
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covering of the ethylene layer is minimal and is clearly not contiguous. Since Silasticm is 

not soluble in DMAC, this lack of coverage is not limiting. 

8.2.2 Zonylm attachment to substrates 

As described in section 8.1, DDI was attached to the substrates, which contained an 

amine group on the substrate within a DMAC solvent. Zonylm was subsequently attached to 

this substrate. As was the case with DMSO in chapter 6, the EBP film on the polyurethane 

substrate proved to be ineffective in limiting the ability of DMAC to dissolve polyurethane. 

Consequently. spectra From treated polyurethane are not presented in here. The EBP film 

may offer better protection to polyurethane From DMAC once fully optimised, especially if a 

RMP film used as opposed to a RFP. Spectra From the attachment of DDI and Zonylm to 

g las  and polydimethylsiloxane are presented in Figure 8.2. 

As Figure 8.2 indicates. the presence of the fluorine signal after ammonia treatrnent 

and exposure to DDI and ZonylTM on both the glas and polydimethylsiloxane substrates 

indicates that the amrnonia treatment of the surface is allowing for the attachrnent of DDI and 

subsequently ZonylTM. Based on our knowledge of the chemisuy of the interaction of amines 

with isocynate groups, we can infer that the DDI is covalently attaching to the amine groups 

on the sucface that have been generated by the RMP plasma3.". Consequently. proof-06 

concept for the attachment isocynate terminated polymers to surfaces modified with amrnonia 

plasma has been illustrated by this expenment. Further work is required to indicate whether 

this attachment can occur in the absence of ethylene plasma exposure. 
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Figure 8.2. Attachment of DDI and ZonylTM to EBP coated and ammonia treated glas  and 
polydirnethylsiloxane. 
a) Glass coated with EBP and exposed to DDI and ZonyIm, b) Glass coated with EBP. treated with ammonia 
plasma and exposed to DDi and Zonylm c) Polydirnethylsiloxane coated with EBP and exposed to DDI and 
ZonyiTY. d) Polydimethylsiloxane coated with EBP, treated with ammonia p l m a  and exposed to DDI and 
Zonylw 
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8 3  Conclusions 

Ammonia plasma modification utilising a microwave plasma source may be used to 

activate the surface of ethylene plasma treated glas and s i h i c  substrates for subsequent 

attachment of polymer c h a h  via isocynate chemistry. which, as previously stated. has been 

one of the primary motivations for this work. 



9. Overali conclusions 

in the first stage of this work, three surface modification methodologies were 

developed to modi@ polyurethane directIy using RMP. Surface modification was validated 

using XPS and contact angle analysis. XPS indicated that the ammonia plasma modification 

resuited in an increase in the niaogen content of the surface and water vapour resulted in an 

increase in the oxygen content of the surface. Separation of the oxygen and carbon 

contribution fiom carbon dioxide plasma and fiom the contribution of the underlying 

polyurethane proved dificult. Contact angle anaiysis indicated that in al1 cases - ammania. 

water vapour and carbon dioxide - surface modification did occur. Further. the water vapour 

RMP surface had the iowest contact angle. SEM examination demonstrated that no change in 

the surface roughness of the polyurethane occurred as a result of RMP exposure. When 

ciprofloxacin adsorption was measured using XPS. the highest degree of ciprofloxacin 

adsorption was seen on the water vapour modified surface. In bacterial adhesion studies. no 

significant difference in P. aeruginosa adhesion was seen in bacterial culturing under laminar 

flow conditions. However, under static conditions, the water vapour treated surface was most 

effective in removing the P. aeruginosa biofilm in the presence of ciprofloxacin. This 

finding was in agreement with the contact angle and ciprofloxacin adsorption study indicating 

a correlation existed between the presence of a hydroxyl group at the surface and the 

increased eficacy of ciprofloxacin in the removal P. aeruginosa biofilm. No sipnificant 

improvement, if any was observed with the other treatments. Overall. the conclusion of this 

section of the work is that despite differences in surface energies and some improvement in 

the efficacy of adsorption with the presence of hydroxyl groups. functionalisation by itseif. in 

general did not prove to be an effective means of improving the device. 

The second stage of this work invoived the development of an ethylene based 

polymer filrn using plasma This film was to function as both a stabilization layer for 

hydrophilic functional groups and as a solvent permeation barrier. in the RMP system. an 

optimum EBP film couid be deposited on g las  using 60 W. 250 sccm and 20 min exposure 

time at the highest position within the reactor. This filrn contains 3.5 k 0.5 atomic% and 95.5 

f 0.5 atornic% carbon. A simihr film could be deposited on polyurethane us iq  the 



parameters of 40 minutes, 250 sccm and 60 W power in the high position. The oxygen 

content in these films was slightiy higher at the surface indicating that oxidation was 

occurring during the later stages of plasma poIymerisation or subsequent to plasma 

polymensation once the substrate was exposed to air. Oxygen content could be minimised 

with the processing parameters of 60 W, 15 min exposure time and 140 sccm in the high 

position. However, under these conditions, particulate matter was deposited on the 

po 1 yurethane surface. 

Argon was also assessed as a diluent in plasma processing. Within the RMP system. 

340 sccm of Ar was added to 250 sccm of ethylene at 60 W at the high position. This EBP 

film was chemically similar to the film deposited at 60 W. 15 min exposure and 140 sccm 

tlow rate in the high position. However, only 5 min was required to deposit this film 

compared with 15 min. Within the RFP systern. an optimum film would be deposited using a 

flow rate of 250 sccm. 45 min exposure time and 60 W power. SEM examination indicated 

that a significant degree of particulate rnatter was k i n g  deposited on the polyurethane in the 

RMP system while thermal effects were visible in the RFP system. In the solvent 

permeability test. the RMP based film became tacky while the polyurethane covered with the 

RFP based film completely dissolved. From the second section. we can conclude that. 

stabilisation of the surface could be achieved by deposition on ethylene based polymeric 

films, a film which could subsequently be functionalised with both hydroxyl and amine 

functionalities. RMP produced a superior film that was thicker and should be more effective 

as a banier than RFP film. in spite of a production of particular matter on the surface that was 

the result of reactor design. Possibie thermal effects were apparent with the sample in the 

plasma as in the case of the RF deposition. 

in the last stage of this work. the methodologies employed in stages one and two were 

combined. Ammonia plasma was optimised to increase the primary content of the surface. 

Optimums were found in both the Rh4P and RFP systems. An optimum in the RMP ammonia 

treatment of EBP coated polyuretfiane was found at 538 sccm. 20 W power and 1 min 

exposure time in the high position. This resuited in a prirnary amine to carbon ratio of 0.1 

which was higher than the 0.04 obtain in the RFP system at 538 sccm. 100 W and 30 s to 1 



min exposure, 

The effect of ET0 sterilisation on the optimised RMP amrnonia and RMP methanol 

treated surface was assessed. Contact angle measurements indicated a signiftcant difference 

in contact angle d e r  ET0 stenlisation. However, this difference could not be readily 

atûibuted to compositional changes as assessed by XPS. SEM photornicrographs did 

indicate a difference. For instance, prior to stenlisation, amrnonia or methanol the RMP- 

treated surface appeared cracked. while less cracking was observed in the ET0 stedised 

surface. The mechanism for this apparent crack reversion is unclear. 

Bacterial adhesion was studied. No difference was seen in the ability of bacteria to 

adhere to surfaces once the ethylene plasma coated surfaces were treated with amrnonia or 

methanot plasma in either the static or laminar flow bacterial culture environment. This 

result contrasts with that found under static bacterial culture conditions in chapter five. This 

difference ma): be the result of surface roughening and cracking effects caused by the RMP 

arnmonia or methanol modification upon the EBP coating of the polyurethane. a coating 

which was not present when an increase in biofilm removal was noted on the water vapour 

treated polyurethane surface. While some of this roughening and cracking was lost as a result 

of ET0 stenlisation. the surfaces were still rougher than the neat or ethylene treated 

polyurethane surfaces. This increased roughness may be negating the benefit associated with 

the presence of hydrophilic fwictional groups. Comparing the conclusions of this final 

section with those of the previous one. it is clear that again. RMP was more effective in 

functionalising the surfice than RFP. 

Finally, proof of concept of the attachment of a polymer chah utilising the amrnonia 

treated surface was s h o w  in chapter eight. The fluoropolymer Zonylm was attached to DD[ 

which was attached to RFP EBP coated RMP ammonia modified polyurethane. silastic and 

glas. As had been indicated previously in chapter six. the EBP film did not resuit in the 

protection of the polqurethane substrate. Consequently. the polyurethane was dissokved into 

solution in this case. Zonyl attachment was performed on silastic and dass substrates which 



had k e n  exposed to ammonia plasma thus illustrating the concept of attaching a polymer 

chah via an ammonia modified surface. 

To summarize more generally, while the direct fictionalisation of the surface with 

amines seemed to have little effect in inhibiting the biofilm, these groups were shown to 

successfully undergo attachent via isocynate chemistry of a reagent similar in chemistry to 

the proposed dmg copolymer. This may allow a more effective means of combating DFUs. 



10. Recommendations 

The primary recommendation is a redesign of the RMP reactor. As was mentioned in 

chapter six and eight, a key failing of the RMP reactor system is its vertical feed system 

where the reagent flows fiom the top of the reactor system downwards. in the case of a 

reagent such as ethylene. deposition of the ethylene may occur on the reactor wall. This 

deposition may subsequently fragment off and redeposit on the substrate surface in the form 

of particdate matter. By changing the reactor system to ailow for a horizontal gas feed. 

fragmenting onto the substrate wouid be eliminated. 

The RMP reactor design could be M e r  irnproved by expanding the width of the 

glow discharge tube. A wider tube would allow for substrates to be introduced directly 

within the glow discharge which wodd subsequently ailow for a comparison of optimization 

parameters within and outside of the glow discharge. Currently. ail plasma modifications 

with the RMP system are performed outside of the glow discharge region. An increased glow 

discharge diameter would dso reduce the amount of flaking occurring at the reactor wall as 

the wider tube would increase the curvature of the reactor wall. Finally. in terms of the 

reactor. the ability to control substrate temperature should be introduced. ~ o ~ e z ~ - ' '  showed 

that substrate temperature may be used to control both the chemisuy and physicai nature of 

deposited films. in the case of ethylene. a cooler substrate temperature would result in it film 

that is more like high-density polyethylene. By increasing the substrate temperature. a peeater 

degree of cross-linking at the substrate surface may be introduced due to the higher degree of 

reagent Fragmentation that is observed at higher temperatures. 

The ethylene film codd be Further characterized by use of AFM as a profiling tip to 

assess the thickness of the EBP film. AIso. M M .  with atomic scale resolution. may be able 

to mess  the degree of cross-iinking witbin the EBP film. The degree of cross-linking is a 

key parameter in the deveiopment of solvent permeation barrier. Currently. there is no clear 

understanding of the degree of cross-linking in the EBP film deposited in RFP or RMP. [n 

the case of the EBP film, Ar was explored as a diluent. Use of Ar as a diluent had the benefit 

of a shorter required exposure time and minimai oxygen content within the EBP film. 



However, research withii this area was discontinued because it was unclear if the deposited 

film was amorphous or c r y d i n e .  Further study on the use of Ar as a diluent is appropriare 

as Ar does lead to shorter processing times and may be beneficial in that the deposited film 

may be highly cross-linked. Glancing angle XRD could be used to assess the amorphous or 

crystalline nature of the film deposited. Once the EBP film is deposited on the surface. 

mechanical testing should be performed on the film to determine its adherence and its long- 

term stability at the surface. 

In terms of the primary amine functionaiisation of the surface. the use of NaBk  

should be assessed in terms of reducing the nitrogen-containing FunctionaI groups deposited 

on the surface into primw amine groups. Similar approaches have k e n  followed by 

other~'~. If an appropriate methodology can be found to reduce al1 of the nitrogen into 

primary amine groups without damage to the po14vmer surface. the yield of prima..  amine 

groups could be substantially increased. Longer chain amine containing reagents should also 

be assessed in terms of their ability to deposit on the polyurethane surface and retain the 

amine functional groups. Allylarnine and heptylamine are two such reagents. ~riesser" has 

indicated that retention of a functional group deposition on a surface may be a function of the 

chain length associated with that functional group. In essence. longer chahs are more likely 

to retain a given functional group since there are more sites where bond scission ma? occur 

without loss of the desired hnctional group. zhao2' has indicated that 90% of the primary 

amine functional group may be retained by use of allylamine. Furcher. if allylamine forms a 

solvent-impermeable film. the nurnber of processing steps in the development of a dmp 

delivexy system will be reduced fiom two to one. 

In general, the methodologies developed in this work have broad applications in the 

biomaterial realm and beyond. Methodologies such as those deveIoped here could be 

employed in problems such as blood compatibility. CIearly, a broader range of substrates 

must be assessed before general conclusions are drawn fiom this work. For example. more 

work is required on water vapour modification of substrates and its mle in mitigating 

bacterial infection in the presence of an antirnicrobial agent such as ciprofloxacin. For 



instance, is the initially observed result presented in chapter five that hydroxyl groups on the 

surface enhance the efficacy of the antimicrobid agent aione vdid only for polyurethane 

surfaces? As the results in chapter seven indicated, such a conclusion is not vaiid for EBP 

coated poiyurethane. The difference between the two results may be a function of the 

surface roughness difference or some other chernical difference between the two surfaces. 

Other surfaces such as silicone eiastomer and Teflon shouid be assessed in terms of plasma 

modification and bacterial adhesion. 
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