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ABSTRACT

Over the past few years the healthcare setting has seen a vaseimcréesuse of
medical devices and st this may have improvedlinical outcomes for patients
their increase in use has given rise to an incr@aseedical- device associated
infections. It has been reported thatinary tract infections (UTIs) account for up to
40% of all healthcare associatedections and about 80% of tb® are associated
with catheter usgl]. Urinary catheters ardwollow, flexible, tubular devices
designed to drain urine when @rged intoa patiends bladder Theyare widely used
both on @tientsrequiring $ort - term urinary catheterisatiore.g. during and after
some types o$urgical procedureor long - term urinary cathetesatione.g. due to
urinary incontinence For patientsundergoing long- term indwellirg urinary
catheterisation (LTCit is almost inevitable thaheir catheter will become colonised
with bacteria and a biofilm (an accumulation of microorganisms and thei
extracellular products that form a functional, structured community on a sui2ice)
developwhich can result in aymptomatic or asymptomaticatheter associated
urinary tract infectionfCAUTI). Infections associated with biofilms are difficult to
treat due to the bacteria within the biofilm being insusceptible to antibiotic treatment
Often to resolvahe infection removaland replacementf the catheter is required
and antibiotic treatment ihecessary Certain patients may require their catheter to
be changedrequently,often causing considerable distreasd morbidity andgiving
rise to increasedhedical costs. Biomaterials used to produdeng - term urinary
catheters that are able tmmpldely resist bacterial colonisatiofor significant
periods, remain elusive.The developmenbf antimicrobial urinary catheters Ilsa

however shown some success in clinical trials but only in the shterm.



This project proposes to modify a silicone namy catheterused for LTC by
impregnating it with a suitable combination and concentration of antimicrobial
agents The aim of the studis to develop amntimicrobial cathetethat will provide
protectionfrom bacterial colonisatiorand subsequent bitfi developmenby the

principleorganisms involved iICAUTIs over a prolonged period (12 wegks

Silicone material was processed using an impregnation method. A variety of agents
were assessed using drug screening tests to establish their potentiiindofa
antimicrobial activity and ability to prevent bacterial colonisatidiine combination

of agentsshowingthe most potential were selected and impregnated into the catheter
material. They were: rifampicigparfloxacinand triclosan Further testig involved

the development of ann - vitro model designedto test the ability ofthe
antimicrobialcatheterto resist colonisation following repeatbacterial challenges

The emergnce of bacterial resistance walso monitored during this time.ln
addition, the total antnicrobial content drugrelease profiles and uniformity of drug
distribution were elucidated using high performance liquid chromatogr@PlyC)

and time of flight secondary ion mass spectrosddmFSIMS) respectively. The

effect mpregnating antimicrobial agents into the catheter had on its surface
properties and thémpact on mechanical perfoemce of the catheteshaft and

balloons were also examined.

Drug screening testevealed aombination of rifampicin, sparfloxacin andctosan
had the potential to delivea long duration ofprotectiveactivity against principal
uropathogens.In - vitro model resultdlemonstratedhe antimicrobial catheter was

able to prevent colonisation b¥scherichia coli and Meticillin Resistant



Staphylococcus aureutor >12 weeksKlebsiella pneumoniaand Proteus mirabilis

for 8 weeks but only8 daysagainstEnterococcus faecalis K.pneumoniaeand
P.mirabilis colonised catheters dithowever show a increasen the sparfloxacin
and triclosan minimam inhibitory concentratian (MICs), highlighting thatthe
development of bacterial resistance could be an isJue cathetemwas found to
contain (w/w)0.006% rifampicin, 0.16% sparfloxacin and @4dTriclosan of which
19.8% sparfloxacin and 2%% triclosanwere released by a diffusion procesger

the first 28 days. Rifampicin release was not detected possibly due to low
concentrations.With the drug release trend suggesting a continued steady refease
sparfloxacin and triclosaabove the MIC and wh 80.2% of sparfloxacin and 70.1%
of triclosan remaining, this would suggest theheuld besufficient drug to provide
protectionfrom bacterial colonisationver a 2 week duration.However, vy the
MICs increased as catheters became colonised Kuppheumoniaeand P.mirabilis

could bedue to anumber offactors.

ToRSIMS revealed the drugs which could be traced (sparfloxacin and triclosan)
were mostly uniformly distributed on the catheter surfacewith some drug
localizationbeingseen which may havadded to the initial burst effezhd could be
important in the prevention of bacterial colonisation during catheter insertion
Surface analysis techniquetso showedthe incorporation of antimicrobial agents
lead to @ increase in the surface hydralpdity but following exposure to an aqueous
environment no difference was seen compared to control cathéterdrugs eluted
from the cathetethe surface topography marginally deterioratatt the impact of

this in ternms of bacterial colonisatioms na thought to be of a clinical significance.

No adversaffectto the mechanical performance tie antimicrobialcatheter shaft



or balloon compared to theonventionakilicone Foley urinary cathetewas shown,
indicating that it would be as mechanicadiyableasthe catheter in clinical use and

therefore suitable if applied to clinical practice.

Further work on the drug relee concentrations and ratios areededto help
overcome the potential dfacterial resistance The catheter could have a greater
effect on reducing bacterial colonisation and potential for resistance development if
drug concentrations were adjusted to release at higher concentraticpuahdatios
andmore data could be gathered if drug release studies were taken to the ¢od poin
12 weeks rather than 28 daydn - vitro model challengesising urine as the
perfusion mediumand a larger array of microorganisms required and
investigations are also necessary to assess the antimicrobial catheters ability to

prevent encrustatiom further complication of LTC.

This preliminary study hashown wth further work there is potential that the
antimicrobial catheter could have a substantial effect on reducing/delaying
colonisaion by several of the maiorganisms involved in CAUTIever a prolonged
course Thisin turn wouldhelp reduce CAUTI rateseduce the frequency at whic

catheters need to be replaced and improve the quality of life for patients on LTC.
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1.0. INTRODUCTION AND AIMS

1.1. Overview

The use of medical devices has become an essential part of modern day medicine and
over the past few years the healthcare setting has seest mar@ase in their use.
The diversity of such devices is wide, varying from those of a complex nature like
automatic implantable cardio defibrillators to more simple devices such as urinary
catheterd3]. Whilst medical devices have improved clinical outcomes for patients
their increase in use has given rise to an increase in medi=lice associated
infections[4]. A large array of biomaterials i8sed in the production of medica
devices and one thing thégve in common is their inability to prevent bacteria from
colonising their surfaces. This is especially true of urinary cathetéhsnary
catheters are hollow tubular devices which upon insertion into a p@atisiadder
allow for urine to drain Urinary tractinfections (UTk) are the most common type

of hospital- acquired infectioraccounting for up to 40% of all casasd 80% of
thoseare associated with catheter ys¢ Patients may require catheterisation for
shortor more préonged periods of time and wth patientsundergoing long term
indwelling urinary catheterisation (LTG} is almost certainthat microbes wil
colonise the atheter surfacdéeading to he formation of a biofilm and a catheter
associated urinary tract infection (CAUTHevelop at some poinf5]. Such
infections are difficult to resolve and can cause considerablbidity. There is a
great deal of interest in devising strategies to minimise biofilm formation to prevent
CAUTIs but bomaterials usd to produce urinary catheters that are completely
resistant to bacterial colonisation for clinically significant perioderently remain

elusive Clearly on the basis of prevalence and associated morbidity, ways of
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reducing bacterial colonisaticaisso@ted withlong - term urinary cathetexis an

area that continues to warrant investigaifddAUTI rates are to decline

This chapter will provide an introduction to the issues surroundidTIs amongst
patients on LTC. The urinary system, reasons ciheterisation and problems
associated with catheterisation will be discussed along with the microarganis
involved in infection andheir routes of entry The process of bacteriattachment to
catheter surfaces and progressionbtofilm state will ke explained andssues
regarding treatment of CAUTIs as well as ways and methods of trying to reduce

CAUTIs will be discussed and the concept of antimicrobial catheters introduced.

1.2. The Urinary System

1.2.1. Components and Functions

Theurinarysysem i s one of the bodyoés matwoor reg
kidneys, two uredrs, the bladder and urethf&igure 1.1) It plays vital roles in the

excretion of wastes from the body in the form of urine and in the regulation of the
amount of watr in the body and in turn salts within the bldé¢l It also functions

in acidbase balanceot maintain correct ionic composition, pH and osmotic
concentrations and has a role in endocrine function releasing various amounts of

hormones and altering othdf].

The kidneys contain millions of nephrons that filter soluble components from blood
and water. Substances the body requgetsselectively reabsorbed back into the

blood to maintan proper balance whilst waste products that do not get filtered
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become secreted into the urif@@. Theuretes are 25 30 cm muscular tubes that
arise from the renal pelvis and transport the urine towards the blatiderbladder

a hollow, muscular elasticsacis located on the floor of the pelvic cavity and every
few seconds small amounts afine are forced into it, typically at a rate of 6.2
mL/min [7]. It usually accumulates 300 tO@mL of urine before emptgg but can
expand to hold up to 1008L, although this varies from person to per§®h As the
bladder fills with urine it becomes distended and a layer of smooth muscle fibres
within the bladder wall known as the detrusor muscle signals to the parasympathetic
nervous system to contract the detrusor muscle which resule urge to urinate

[6]. For the urine to be expelled from the bladder the internal anchaksphincters
which are usually contracted to prohibit the urine from releasing prematurely, need to
be open. The urethratabe ofsmooth muscle lined with mucqgsa the passageway
through which urine is discharged from the body during urinationa femalethe

urethra is about dm in lengthwhereas iramale it is about 2@8m in length[6].

Sphincter

Urethra

Figure 1.1: Front view of the urinary syste[8].



Chapterl - Introduction and Aims

1.2.2. Urine and its Constituents

Urine is a supersaturated solution which nermally transparent, has a slightly
aromatic but not unpleasant odour and is yellow to amber in colour. Urine of a
turbid nature may indicate bact@rinfection or be due to the crystadition of salts.
Depending upon the level of hydration of the body, diet, illness and drugs a person
may betaking the colour of the urine can also vary from near colourless to
red/brown. Odour can be affected bartain foods, bacterial contamination and if
left to stand outside of the body can lead to a stale, unpleasant srhellpH of

urine is typically near to neutral or slightly acidic but may fluctuate from 4.5 to 8 and
is affected by fluid intake, diet, excise and temperatuf@]. Specific gravity, the

ratio of the weight of a unit volume of urine the same volume of distilled water is
typically 1.001 to 1.03%g-cni § and deviations from this may be associated with
urinary disorderg6]. In adults the average amount of urine produced in a day is
approximately 1- 2 L [6]. This obviously varies and depends upon factors such as
hydration, health, size, environmental factors and emotional state. Producing too

much (>2.5./day) or too little (<10GmL/day) urine may require medical atteon

The physical properties aformalurine and its constituents (Tablel)lvaries often
quite considerably between individuals and within the same individual over time
[10]. The urinary system can encounter a variety of problems which may result in
the urine being unable to drain frothe body in the normal manner. In such
instances a hollow tubular device known as a urinary catimetgr need to be

inserted to allow for more effective drainage.
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Table 1.1:Main constituents ofiormalurine[6].

Substance Origin Amount
Water Diet, metabolism 1500mL
Organic Substances
Urea Proteindeamination 3049
Creatinine Metabolism of creatinine i 1.69
muscle
Hippuric acid Liver detoxification of 0.79
benzoic acid
Uric acid Catabolism of nucleic acid 0.7g
Ketone bodies Lipid metabolism 0.04q
Inorganic Substances
Sodium Diet 1.5¢g
Chloride Diet 79
Potassium Diet 49
Phosphates Diet, metabolism of 2.5¢9
phosphatecontaining
compounds
Sulfates Diet, metabolism of 2.5¢
sulfatecontaining
compounds
Ammonia Deamination of amino 0.7g
acids
Calcium Diet and bone 0.3g
demineralisation
Magnesium Diet 0.1g
Total Solids About50g
Total Volume About 1500mL
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1.3. Urinary Catheterisation

1.3.1. History of Urinary Catheterisation

The word catheter in Greek means to let or to send b®n Catheterisation of the
urinary tract has been performed from time immoeial and a variety of mateis

have been used to form the tubeSmongst the materials used to form the shaft of
the catheter have beemetals such as tin and bronzgyer and gold by the Greeks in

the 3° century, lead and papyrus by the Egyptiand dried reeds and palm leaves

by the Chines¢l1, 12] Advancements in catheter design came in tfiecehtury

when more malleable materials wateveloped andt was realised thalby boring

holes into the sides of the catheter shaft this helped to facilitate urinary drainage.
Latex catheters became popular in th& t&ntury but initially were weak and friable

at body temperature. The procedsvalcanization however saw the firmness,
flexibility and durability of the rubber
retaining urinary catheter consisting of a retention balloon made of rubber or woven

fabric was formed12].

1.3.2. Urinary Catheters Today

Urinary catheters nowadays come in a varietgl@digns, sizes and materials. The

most common type of self retaining catheter in use today is the Foley catheter,
developed by theAmerican urologist, Frederick E.B. Foldi2]. It has been
commercially available since the mid9 306 s and elyeunmchanged inr el at
design today.A typical Foley catheter is 220380 mm in length and consists of a

balloon at theproximal tip near to the drainage eyelahd a two- or three- way
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outlet at the other en(@Figure 1.2) The outlets are farrine drainageas a means of

inflating the balloon with saline to securestbatheter in place within the bladder

and for blader irrigation if necessaryCatheter size is measured in French units,
where 1 French unit = 0.38m diameter Adult catheters vary idiameterfrom 12

Fr to 30 Fr (4 to 1Gnm) with the standard beirig}t Fr (4.6mm) and in balloon size

that hae a capacity of GnL to 30mL. In the first few decades of usen G0 op en
catheter systemd existed whereby the Fol
drained the urine into buckef$3]. Nowadays, alrainage bag is attached to the

urine outlet forming atlosed systedand is either hung besideh e pat orent 6s
strapped to the patiet® leg. Urine can either drain freely by gravity into the
drainage bag or eatheter valveanbe fitted into the end of the cathetenich may be

switched on or off tallow for theurineto drain

The nost widely used materialeif Foley catheters are latex silicone with he first
beingmanufactured from latexLatex is inexpensive, has good elastic properties but
tends to be more prone to bacterial adherence and haveat®ogic potential than
some other materialgl4]. Silicone is sdf non - irritating and clinically stable
making it ideal for long term use in the urinary trat5]. Silicone cathetersre
more expensive than latex catheters but are imetting patients at less risk of
allergic reaction Their surface properties make for easy insertion and lower rates of
bacterial adherence and encrustatisireported by some studigsssbly relatingto

their smoother surfacesxhibiting less niches for microbial aggregatitwan latex

catheterg14, 16}
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CATHETER
TIP

INFLATION FUNNEL

DRAINAGE
EYE

DRAINAGE FUNNEL

BALLOON SEAL
CATHETER SHAFT

Figure 1.2: A polytetrafluoroethylendPTFE coatedlatex Foley cathetewith the balloon inflated

[12].

1.3.3. Forms of Urinary Catheterisation

There areawo main forms of urinary catheterisation: intermittent and indwelling.

1.3.3.1. Intermittent Catheterisation

Intermittent catheterisation is a form of selfcatheterisation that is used in
individualswho are unable to empty their bladder properlyis often a method of
choice for patients requiring lonrgerm care but is not always suitable if aigatt is
mentally or physically unable to carry out catheterisatigngpinal cord injuries and
dementia patientsalthough catheterisation can also be carried out lyarer.
Intermittent catheters differ from Foley catheters described in sectiondk 3ty

do not have retention balloons to hold the catheter in the bladiigiead, ace the

flow of urine has stopped the catheter is immediately removed and disposed of or

many can be reusedas required
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1.3.3.2. Indwelling Catheterisation

The mosttommon form of catheterisation is indwelling where the catheter is held in
the bladder This category can further be divided into short and letgrm use
although this is somewhat arbitrarghort- term catheterisation (STC) is classed as

a cathetebeing in place for <14 day5] andlong- term catheterisation {[IC) asa
catheter rmaining in situ for30 daysor more[1l]. Indwelling catheters can be
inserted in two ways: either directly into the bladder through a small incision in the
wall of the abdomen known as suprapubic catheterisation, or most commonly

through the urethra into the blider, which is what this study concentrates on.

1.3.4. Reasons for Long - Term Urinary Catheterisation

It has been reported that up to 25% of patients admitted to a hospital in the UK will
require a urinary catheter at some pgir]. Prolonged catheterisation is common
not only in patients in hospital but also amongst resgdamursing home settings as
well as people within the community. LTC is utilised in the management of a wide
range of conditions both in acute and chronic care setfitigs Frequently older
adults with urinaryretention or incontinenceproblemsare catheterised Other
indications for LTC are Isted in Table 1.2. Many of these patients can be

catheterised for montlws years.

10
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Table 1.2:Some indications for longtermurinarycatheterisatiofl].

Bladder outlet obstruction not correctable medically or surgically

Intractable skin breakuvn caused or exacerbated by incontinence

Patients with neurogenic bladder and retention

Patientsvho have not responded to specific incontinence treatments

Palliative care for terminally ill or severely impaired incontinent patients for w

bed and dthing changes are uncomfortable

1.4. Problems Associated with Long - Term Urinary

Catheterisation

Below are some of theomplicationghat are associatedth LTC. Due to these,
catheterisation should only be undertaken when all other intervehtiwesbeen

assessed as being inapproprlats.

1.4.1. Physiological and Social Aspects

Urinary catheterisatin can have significant effects upon a patient both socially and
physiologically and these are important factors to acknowledge. Catheterisation for
the first time can bring about feelings of shame, stigma, and embarrassment which
may lead to depressioheloss of control wer bodily functioncan often serve as a
reminder to patients ofillness particularly amongst the elderly. Catheter
replacement and drainage bag changesatsmcause discomfort and distress to a
patient and interfere with their ihalives. Ona positivenote howeverfollowing the

initial period of adjustment, users do often acceéym as part of their life and
recognie how a cather can be convenient and a positive wayreéing them from

urine accident§l7].

11
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1.4.2. Trauma

Patients on LTC may present with lower abdominal pain which may amongst other
things be related to traumim the urethra, bladder or surrounding tissue due to
incorrect catheter insertionThis can result in urine bypassing the catheternaay
cause urethral stricturdd8]. Traction on the catheter either by the patient or
inadvertently can also cause trauma to tlaeldber neck and the prostatic bed which
can lead to &maturia[11l]. Distension or incorrect positioning of the retention
balloon on Foley catheters may lead to pressure necrosis and urethral fL@ture
Over - or under- inflation can cause the balloon to ruptunethe catheter to slip tu
Good catheterisation techniqugsatient education and complianoan help to

minimise complications such as trauma.

1.4.3. Bladder Spasms and Contraction

Bladder spasms can cause urine to leak and reflux of any infected urine into the renal
pelvis can increase the risk of pyelonephritis, renal scarring and renal fHilBe
Indwelling catheters can alslead to contraction of the bladder, decreasing its
capacity and ton¢ll]. This can make bladder retraining after catheter removal
difficult, but can be helped by intermittent clamping of the cattegeeraldays or

weeks prior to catheter remoyal].

12
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1.4.4. Encrustation

Encrustation ofirinary catheterposes aignificant complication to patients on LTC,
with incidenceratesreported to be as high as 58%. Encrustation is a result of the
ionic canponents in the urine crystallig) out onto the surface of tloatheter{20].
Proteus mirabilis is the organism most commoniyvolved in encrustation It
producesthe enzymeureasethat atalyses the hydtgsis of urea in the urim to
ammonia and carbon dioxid21]. Ammonia dissolve to form ammonium
hydroxide a strong alkali which has a high dissociation constenitst carbon
dioxide dissolves to form carbonic acid, a weadkd which has low dissociation
constant. This results in the generation okaline conditions in the urine This
elevation in pH causes calcium and magnesium wattén the urineto precipitate in
the form of struvite and hydroxyapatite.The precpitation of cdcium and
magnesium salts is pHependent. Ibegins at pH 6.7 6.8, peaksat approximately
pH 7.5 and declines at higher piL]. The analysis of encrustedethral catheter
has shownthem to usually be composed of struvite (magnesium ammonium
phosphate) and calcium apatite (a form of wmatt phosphate)20, 22] If
ercrustation is left to continue, this crystalline material (FiguBy @an block the eye
holes of the catheter and the lumen. Failure to change the catheter can lead to
incontinence due tteakageor painful distension of the bladder due to retention and
reflux of infected urine to the kidneyghich can trigger symptomatpyelonephritis,
septicaemia and endotoxic shd@d, 23, 24] Encrustation is of major concern in

clinical practice and is often associateith bacterial colonisation of catheters.
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Figure 1.3: Scanning elgcon micrograph of a section of.mirabilis formed on a urinary
catheter that was removed aftertaurs incubation in a model supplied with urj@s].

1.4.5. Infection

One of the main complications b C is infection in the form of CAUTIs (for more
detail refer to section 1.5Bacteria are highly agigable organisms and biomaterials
imitate the basic substrata for which bacteria have developed colonisation and
survival strategie$l4]. Bacteria that colonise catheter surfaces can develop into
biofilms and cause infection. Catheters produced from silietvasedmaterials are

most commonly used ipatients undergoing LT@ndas with other materialghey
providean abiotic surface upon which invading microorganisms atéachand form

dense aggregates biofilms.

In a non- catheterised patient the urethra naliy acts as a barrier in preventing

microorganisms from entering the bladd&hould binding of bacteria to the bladder
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mucosa occur however, it triggers an inflammatory response that results in an influx

of neutrophils and sloughing of epithelial ceNgh bound bacterig§26]. The high

flow rates brought about by micturitiptypically 10- 20 mL/s are often successful at
flushing out the bacterias well[27]. This bacterialshearing effect islue tothe

release of pressure buitdup from within the bladdeas thesphinctersopen The
placemento f a catheter however disrupts the
and prevents effective clearance of microorganisms. It has also been r¢pdfted
thatthe catheter and balloon orientation can lead to the formation of@sump at

the bottom of the bladder and an accumulation of bacteria that can bring about

infection.

It has been estimated that more than 60%eslthcare- associated infections are
biofilm - related[28, 29] As stated in section 1.1, UTdse the most common type
of hospital- acquired infection(Table 1.3) accountingfor 40% of all caseand of
those 80% are catheter- associated1l]. The monsequences of CAUTIs can be
substantial, both medically in terms of morbidity and mortality and economically.
Mortality ratesassociated witlCAUTIs are low compared to that aifection in
central venous lines but theage a higherabsolutenumber of infections associated
with urinary catheters comparea ¢entral venous lines and thiesults in significant
morbidity (Table 1.3). ACAUTI acquired ina hospital setting will lead to an
increased stagnd subsequently increased cosBatients whodevdop CAUTIS in
primary care settings have greater contact with theirs, GRore outpatient
appointments and district nurse visits whiepreserga significant economic burde
to the health @re sector.In the UK it is estimated thathe management &@AUTIs

and associateccomplications due tourinary incontinence codietween £120 and
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£2600 per patient for each quarter of a yj@2ij. Depending on theeriousness of
complications that can arise from LT®jg represents an estimated total cost of £1.4
billion per yeaf12]. With demographic studies suggestingrareasing population
within the UK, with the greatest growtkeen in the elderly population and

catheterisation more frequent in this groting use of LTC is likely to increa$&2].

Table 1.3 Estimated number of indwelling medical devices inserted in thiget) Stateger year
with estimated infection ratesid attributable mortality15, 30]

Device Estimated No. of| Infection rate Attributable
devices placed pel (%) mortality
year

Urinary catheters | >30,000,000 107 30 Low

Central venous 5,000,000 37 8 Moderate

catheters

Fracture fixation | 2,000,000 57 10 Low

devices

Dental implants 1,000,000 57 10 Low

Joint prosthsis 600,000 1713 Low

Vascular grafts 450,000 115 Moderate

Cardiac 300,000 177 Moderate

pacemakers

Breast implants 130,000 112 Low

Mechanical heart | 85,000 173 High

valves

Penile implants 15,000 17 3 Low

Heart assist déses| 700 2571 50 High

NB: It is almost inevitable that patients with long term indwelling urinary catheters will develop an
infection.
Scale for attributable mortality: low = <5%, moderate =25%, high = >25%.
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The duration of catheterisation playsvigal role in the development ohfection

The risk of infection increases by approximately 8% per dayso gproximately

50% of those with a urinary catheter in place for 7 to 10 daik develop an
infectionwhilst dmost all of thoseon LTC will develop a CAUTIat some poinf5].

The definition of a CAUTIlas defined by the Center f@isease Control and
Prevention[31] includes symptomatic UTI andasymptomatic bacteremidTl. A
symptomatic CAUTIrefers toa patientwho hashad a urinary catheter in place
within a 48 hour period before the ongétUTI and whopresers with bacteriuria
(bacteria in the urine) with counts of 1¢fu/mL of apredominant pathogen in a
sample collected asepticallwho is suffering from associated UTI symptoms or has

a high white blood cell (WBC) count in their urine indicative of infectidi+33].

The patient has to demonstrate clinical symptoms aswell as having laboratory
evidence of a UTI with no more than 2 uropthogens being pré3&ht Progression

to >10 cfu/mL can ensue within 2tb 72 hours[1]. Patients with symptomatic
bacteremidJTI showno sgns or symptoms of infectiobut have a urine culture of

>10° cfu/mL with no more than 2 species of uropathogens and a positive blood
culture with at least 1 matching uropathogen to the urinerejB1]. A small study

of patients who were chronically catheterised found that 98% of 605 consecutive
weekly urhe specimens contained >1Bacteia/mL and 77% of thoseontained

multiple specie$34].

17



Chapterl - Introduction and Aims

1.4.6. Other Complications

A recent article by Maughaet al (2010 [35] found that 79% of patients on LTC
within the community experienced at least one complication over two years. 62%
had a CAUTI, 55% reported moderate interference with their daily lives, 33% visited
an emergency department, 32% found catheter chamdpesuncomfortable and 32%

had urinary leakage. Most patients with an indwelling catheter experience some kind

of complication. Further potential complications are given in Table 1.4.

Table 1.4 Potential complications of urinary catheterisafjibh].

Urethral/Penile/Saotal/Prostatic Renal/Urethral

Urethritis Vesicoureteric reflux
Urethral stricture Pyelonephritis

Urethral diverticulum/false passage Renal/ureteric calculus
Paraphimosis Obstructive hydronephrcsi

Funiculitis, epididymitis, epididymoorchitis | Chronic renal failure
Prostatiis

Bladder General

Asymptomatic bacteriuria Haematuria

Cystitis Pain

Vesical, catheter calculi Urine leakage around the catheter
Bladder spasms Systemic sepsis

Decrease in bladder capacity, atony Retained, knotted, fractured cathe
Bladder cancer (transitional cell carcinon - rare

squamous cell carcinomajare Hypersengivity, anaphylaxis (latey
Extraperitoneal perforation of thieladder- | catheters)

rare
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1.5. Catheter Associated Urinary Tract Infections

1.5.1. Causative Organisms

There are a multitude adrganismsassociated with CAUBl, both of theGram
positive and Gram negative varietias well as fungi such as the Candidacsgs

Of the bacterial species the major ones involved Eseherichia coli Proteus
mirabilis, Klebsiella pneumoniaePseudomonas aerugingsd&nterococcusspp
(mostly E faecalis and E.faeciun), and Staphylococcus spfmostly S.aureusand
Coagulase Negative Staphylococci (CoNR))27]. In addition,depending on the
patient s heal tnmnyappdrtunistnpatlgersmay beainvalved
for exampleProvidencia stuartiand Morganella morganii27]. Stains producing
extendeespectrurab-lactamases (ESBL< ampC) and Meticillin Resistant
Staphylococcusuaeus(MRSA) canalsobetroublesomd36]. In the early stagesf
infection a single bacterial speciesay colonise thecatheter. The longer a catheter
remains in placethe more likelyinfection with complex mixe&l communities of
microorganismswill develop [37]. Table 1.5 summarises the bacterial species
isolated from a setfol06 urinary catheter biofilms:14 species were commonly
found of which most biofilms contained mixed bacterial communities of nhare 2

specieg23].
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Table 1.5 The number (%) of bacterial species isolated fr@® datheter biofilm§23].

Species All catheter | Mixed-species| Single-species

biofilms biofilms biofilms

(76 atheters) | (30 catheters)

Pseudomonas 38 (35.9) 31 (40.8) 7 (23.3)
aeruginosa
Enterococcus faecalis | 36 (34.0) 34 (44.7) 2 (6.7)
Escherichia coli 33 (33.1) 31 (40.8) 2 (6.7)
Proteus mirabilis 32 (30.2) 26 (34.2) 6 (20.0)
Klebsiellapneumonia | 19 (17.9) 18 (23.7) 1(3.3)
Morganella morganii | 14 (13.2) 11 (14.5) 3 (10.0)
Providencia stuartii 11 (10.4) 9 (11.8) 2 (6.7)
Staphylococcus aureus 11 (10.4) 10 (13.2) 1(3.3)
Enterobacter cloacae | 9 (8.5) 7(9.2) 2 (6.7)
Klebsiellaoxytoca 9 (8.5) 8 (10.5) 1(3.3)
Providencia rettgeri 5 (4.7) 4 (5.3) 1(3.3)
Coagulaseegative 5(4.7) 4 (5.3) 1(3.3)
staphylococci
Citrobacterspecies 4 (3.8) 4 (5.3) 0 (0.0)
Proteus vulgaris 3 (2.8) 2 (2.6) 1(3.3)

1.5.2. Microbial Entry

Microbescan gain access to a urinary cathetertheintraluminal or extraluminal
routes. Entryto the catheter lumen is primarily through failure of the closed drainage
system To drain the urine from the collection bag the drainage tube must be
routinely opened. Should the drainage tube become contaminated with halotgria
may gain entry to the drainage bag anther by capillary action or if # bag is
raised during movemeriiacteriacan ascend the catheter lumen atnavel tothe
bladder to estalsh infection[13, 38, 39] The source of organisms that access via
the intraluminal routenay originate from the skin of the patient or may be transitory,

from a healthcare worker.
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Organisms that gain entry tbe urinary tract via thexeraluminalroute are primarily
endogenous in nature andginaef r o m t h eowmgastrainestinalbtradBs].
Organisms can be introduced at the time of catheter insdrtioadequateasepsiss

used and track along the outsidf the catheter. Contaminating organigrosn the
periuretheral area may also ascend along the external surface of the catheter and
establish infectionfi33, 39] Despite meticulous attention gmod hygiene prdices,

the space between the extdraarface of theatheter and the urethra gdfeacteria

the direct chance to enter the bladder via the outside of the c4fl$;t40, 41]

Tambyahet al (1999, [42] examined the gssibleroutesof entry infecting organisms
take to access tleatheterised urinary tract. They found that 66% of infections were
acquired extraluminally and 34% intraluminally. They also reported that Gram
positive cocci énterococci andstaphylococcl and yeastsvere isolated more from

the extraluminal pathway whereas Gram negative bacilli were equally cultured from
extraluminal and intraluminal routes. Both the external and internal rofiergry

are thought to be of importance.

Sabbubaet al (2003 [24] investigatedthe epidemiology of catheterassociated
P.mirabilis infection using Pulse Field Gel Electrophoresis (PFGE) and fdiusid
strains isolated frontrystalline biofilms were identical tthose insamples taken
from the patients urine. Further to this Matletiial (2005 [43] examined urine and
faeces from eighteen patients on LTC whom Ha&dnirabilis infections and
suggested that faecal strains may contaminate the perinad urethral meatus and
ascend the externaurfaceof the catheter to cause bacteriuria, encrustation and

biofilm development.
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1.5.3. Biofilm Formation

The catheterised urinary tract provides the ideal conditions for microbial adhesion
and the deMepment of biofilm populations both on the inner and outer surfaces of
the devicg16]. The definition of a biofilms fian accumulation of microorganisms
and their extracellular producteat forma functional, structured community on a
surfac® [2]. The development of a biofilm is series of complex but discrete and
well - regulated steps whereby highly complex structures designed to reaximi
survival and spread are form¢a7, 44] The molecular mechams of biofilm
formation differbetwe@ organisms but the stages of biofilm development are similar
[44]. Figure 1.4 depicts the stages of biofilm development antioss 1.5.3.1-

1.5.3.4describes the stagénvolved in more detalil.

Surface . . icati
Matrix Production Replication, .
' - Biofilm Development
Approach and * and Irreversible * Microcalony Formation +- p— Di-ssemmgtion
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Figure 1.4:Biofilm formation and developmeifi27].
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1.5.3.1. Conditioning Film

Once a catheter or any medical device has been inserted into the body, surfaces
become exposed to hibg fluids, suchas blood, sala, mucus or in the case of
urinary cathetersjrine As a result, urinary componerdsisorbonto the surface of

the catheteto form a conditioning filmlayer [10]. Surface conditioning films are
rapidly adsorbed whenever materials are exposed to naturah andtro solutions
containing organic molecules. The movement of organics from bulk phase to the
surface is primarily the result of molecular diffusion. Theoretical and experimental
studies have indicated that molecular diffusion occurs rapidly, resulting irficagi
organic deposits aftgust 15 minuteg45]. The conditioning film dog notcover the
whole of the materiadurface but forms a meshike covering[46]. A conditioning

film formed on a urinary devicds largelycomposed of proteins.g. albuminTamm:
Horsfall Protein and [-microglobulin electrolyte components and other uniifexd
molecules[10]. The creatn of it is crucial as many organisms do not have
mechanismghat allow them to adhere directly onto bare implant surfageq.
Conditioning films can mask the original chemical surface compositiash an
properties of the biomaterials thematrix of adsorbedoroductsprovides receptor

sites for bacterial adhesion which can lead teraft microbial adhesion profiles
[48]. The consequence of conditioning films for the surface properties of a
biomaterial is therefore of congidhble significance in the infective proc§438]. As
stated in section 1.2.2hé composition of urine varies between individuals and
within thesame individual over timand it has been reportéuat such differences in

the characteristics/composition of urine can alter the receptivity of surfaces to

bacterig10].
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1.5.3.2. Bacterial Attachment

After the deposition of a conditioning filnthe next step involvethe approach a@h
attachment of planktoniorganismsto the catheter surfacePlanktonic bacteria
move to a surface by physical forces such as Brownian motion, van der Waals forces,
gravitational forces, hydrophobic interactions and electrostatic charge ¢86tts
These physicdbrces can further be divided into longange interactions and shert
range interaction§50]. Bacteria are first transported to a surface by lorgnge
interactions (>50hm). As the cells andusface become closer, the shentange
interactions (<5hm) dominate To understand the forces that determine microbial
adhesion, researchers havavestigated whether thesame physicochemical
interactions that determine the deposition of nonliving colloidal particles are the

sane as thos#or bacterial attachment to sades.

Three theoretical approaches have been used: #r@adnin, Landau, Verwey,
Overbeek(DLVO) theory, the thermodynaio approach and the extended DLVO
theory. The DL\D theorydescribeghe net interaction between a bacterial cell and a

flat surfaceas a balance betweend additive factors, resulting from van der Waals
interactions (attractive) and repulsive interactions from the overlap between the
electrical double layer of the cell and surf4db&]. The thermodynamic approach
takes into account the attractive and repulsive forces but eegrésem collectively

in terms of free energypl]. It requires the estimation of a value for thermodynamic
parameters i.e. surface free energy of bacterial and substratum surfaces and of the
suspending solutiofb2]. The extende®LVO theory builds on the DL®@ theory to

include hydrophobic and hydrophilic interactions and osmotic interadtdps
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Only a small number of attached organisms are egkéal initiate biofilm formation.

The success of this depends on many factors, of bacterial origin and environmental
or host derived27]. Bacterial attachment is regulated through specific interactions
between bacterial surfaccomponents (adhesins) and host cell or catheter surface
receptors. The bacterial adhesins initiate attachment by recognising host cell surface
and extracellular matrix components such as proteinsppipteins, glycolipids and
carlohydrates on the sace of the host cell or on the cathd&3]. Gram negative
bacteria produce a variety of adhesimssich asflagellum, fimbriae, pili and
nonfilamentous adhesi{$3]. Uropathogeit E.coli strains (UPEC) for example,

use specifi adhesins including Type 1 and P fimbr{&8]. P.mirabilis produces
various fimbriae such as MR/K anddmagglutinins which are involved in the
colonisation of the urinary tra¢$3]. Saureusadheres to the host surfageedated

by surface adhesingMS C R A M Midiisrobial surface components recaging
adhesive matrix molecule$b4]. Many of the Gram nemjive uropathogens use

flagellaand type IV pili motility to facilitate the spread of infection.

Environmental properties of materials surface such as hydrophobicity, charge and
energy as well as properties of the surrounding medium such as flow rate,
temperature and osmolarity also play important roles in the ability of bacteria to
attach to a biomaterigR7]. In response to bacterial invasion is thestsinnate
immune systenand natural constituentsvithin urine e.g. urea, salts, antimicrobial
peptides, whiclact toeliminate bacteria.The initial attachment is reversible anal t
progress to irreversible adhesiopermanent bonds need to form between
complementary molecules on a cell/catheter surface. Attaelsdupregulate genes

that direct the production of an accumulation of proteins and exopolysacsharide
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(EPS. EPS are high molecular weight polymers composed of monosaadenrd
some non carbohydrates u b s t ithatuaee rsécr@ted by microorganisms into the
surrounding area. It acts to entrap and protect the bacteria by irreversiblyciimg

to one anotheand to the catheter surfagkt, 55]

1.5.3.3. Proliferation/Maturation

The arrival and irreversible attachment of the first bacterial cells facilitates the arrival
of other cdbs as more diverse adhesion sites are provided. As the matrix builds and
cells undergo exponential binary divisjataughter cells spread to form cell clusters.
Progression olbacterial coloniationresults in further proliferation and production of
EPSwhich embed aggregated cells and microcolonies are formad the biofilm
maturesa 3D structure is formed along the catheter appearing as patchy networks or
as acontinuous layef44]. A coherent structure consisting of pillars separated by
fluid filled spaces where organisms receive nutrients and wastes diffuse away is
formed [27]. Bacteria such a®.aeruginosaand K.pneumoniagproduce copios

amounts of EPS and form muddiofilms that can occludeatheter lumes|[16].

Biofilms evolve according to the biochemical and hydrodynamic conditions and
availability of nutrients in the surrounding aj@a]. The success of microorganism
survival ismostlydueto their ability to sense small environnial changes and make
rapid adjustments.Cells within a biofilm constantly assess their own population
dynamics and adjust their phenotypes accordifg}. Once a certain density of
bacteria has been reached, a network afagyare produced by the biofilm cells
allowing for communication between each otherThis type of cell - cell
communication is known as quorum sens{@$) [27]. A variety of molecules can
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be used as signalse.g. oligopeptids in Gram positive organisms, -Acyl
Homoserine Lactone (AHL) in Gram negative organisms and a host of autamduce
Quorum sensings capablef dtering a number of biological responsesluding the
development of biofilms.For example, furanones fodinn the marine alg®elisea
pulchra have antimicrobial and QS inhibitory effects in several Gram negative
bacteria. The development of synthetic analogs has been shown to effectively block
P.aeruginosabiofilm formation and trther development of furanen based drugs
may block QS systems in mawyher Gram negative bacteri®6]. Cirioni et al
(2007 [57] found thaturethral stents coated in the QS inhibitor RNAMibiting
peptide (RIP) that were implanted int reladderssuppresed Saureus biofilm
formation on the stg and intheurine and was particularly effective when combined
with teicoplanin. However Otto (2004 [58] reported that the effects of RIP is due

to its physico- chemical properties (detergent like action) rather than by a regulatory
process that involves QS, so is actually a coating psoagposed to a QS
mechanism. Vuongt al (2009 [59] repored that inhibition of the QS system in
staphylococcihas been shown to enhance biofilm development in rabbit models and
by disabling the QS system iskdly to enhance the success ®fepidermidis
infection of indwelling medical devices. The use of molecules that interfere with QS
showssomepromise in counteracting microbial adaptation to host environni@dits

but furtherinvestigations into specific pathogens and types of infections are required.

1.5.3.4. Detachment and Dispersal

The formation of a biofilm is a universal strategy for microbial survesad to
prevent density mediated starvation within a mature lhof, cels must detach and
disseminate. The detachment and dispersal process acts to spread and prolong
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infections making them persistent and greatly increased in sey2rity Biofilm

cells may be dispersed by the sheddindanighter cells from actively growing cells,

by detachment due to lack of nutrients and migration to more supportive growth
areas or by QS whereby an increase in cell density induces aall signalling to

direct the chemical degradation of EPS sendlngps of biofilm into the circulation

[61]. Shearing (erosion/shearing, sloughing or abrasion) dubetdlow effects

urinary catheters are under is also a mechanism whereby cells become disftersed.
has been suggested that detachment is probably species specific and the mode of
dispersal may affect the phenotypic characteristic of the orgdéisin Detacled

biofilm cells can reattach to other parts of the catheter surface and seed the urine and
bladder with pathogens which may geto the systemic circulation and cause
bloodstream infection1]. This shedding effect is of most clinical importaras it

can result in organisms remaining in the urinary teain following device removal

andreplacemat.

1.6. Microbial Resistance

The microbiological aspects of biofilmsssociated wittsymptomaticCAUTIs in

terms of the species identified aneithsusceptibility can be misleading as they may
reflect the organisms that were free floating when the urine specimen was collected
asopposed to being isolated frombefilm on asection of cathetd26]. Antibiotic
treatment of planktonic bacterianay suppress symptoms of infection but
concentrationgail to act on bacteriambedded in the biofilrf62]. That being said,

their ability to at least slow biofilm formation and clear plamit bacteria is of
critical importance and their use continues until better therapeutic ojtemmne
available [14]. In addition, the use of antibiosiqorior to device placement or
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between device changes gsucial in helping control infection It is normal for
symptomatic patierst to have their catheter replaced doyl doing this removes the
biofilm but detached bacteria may reseed the urine so it is usual to prescrbe
course of antibiotics that are based on the microbiology resuttee urine culture
[14]. However, whe antibiotic treatment is stopped crarentinfection is common.

Of major concern in the formation of biofilms ikat the cells embedded in the
depths of the biofilmare insusceptite to antibiotics andare inherently protected
from host defences. Stied have shown that some organisms withofilms require
>1000 fold higher concentration of antibiotics compared to their planktonic forms in

order to kill them62].

As the understanding of biofilm resistance developed, three main mechanisms were

hypothesised:

1 Hypothesis 1: the slow penetration of antimicrobial agents into the depths of
a biofilm is probablya major factor in conferring resistan&?]. The EPS
may retard the antibiotic from reaching buried cells witihie biofilm and the
matrix may also inhibit the transfer tfe antibiotic by destruction, chelation
or direct blockagd27]. This may result in sub lethal concentrations of
antibiotic and allow for the buildup of resistace mechanismg7].

1 Hypothesis 2: the development of altered microenvironments within a
biofilm may lead to resistance. The decrease in oxygen within the deeper
layers of the biofilm can lead to anaerohiches and some aniilics lose
activity under these conditiorfi62]. An accumulation of waste products can

lead to an alteration ipH which can antagonise the action of antibiotics and
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waste product levels or depletion of substrates can also cause the bacteria to
enter a nont growing statd62]. Several groups of antibiotics are effective
only on rapidly growing bacteria. A change in the osmotic environment
within a biofilm may also lead to resistance by changing the proportion of
porins in away that reduces cell envelope permeability to antibi¢é2s

1 Hypothesis 3: the production of a subpopulaton of microorganisms forms
a highly protected dormant state of cells that are similar to bacterial spores.
This is supported by studies that found resistance in newly formed biofilms
where the bacteria possess no particular resistance mechanisms te.surviv
These bacteria remain resistant upon repeat antimicrobial treatment and
resume growth once the concentration of antibiotic drops to aistibitory
concentration. This may be a further mechanism that may explain why these

persister type cells haveduced susceptibility to antibioti¢27].

Proctoret al (1995)[63] report on smakcolony variantSCVs)of Staphylococcus
aureusbeing culturedrom patients with persistennd relapsing infectionsSCVs

have been associated with some foreign bodgsociated infections, in particular

with chronic catheter related ifiections. SCVsare a slow growing subpopulation

of bacteria which are better able to persist in mafran cells and are less
susceptible to antibiotics than their wild type counterpfd®. They reflect
impaired respiratory metabolism due to disruptions in thehegig of constituents
associated with the electron transport system and have unusual biochemical profiles
[63, 64] Clinically SCVs can be difficult to detectid to their atypical morphology

and slow growing natey; but if detected, this may also be a reasorrdsistance to

antibiotic treatment ikclinical practice.

30



Chapterl - Introduction and Aims

1.6.1. Host Immune System Evasion

In addition tocells within a biofilm being resistant to antimicrob&jentsthey are
alsoinherertly protectedfrom host defence systems. To maintain infection in the
urinary tract organisms must evade the host immune respb8ke The urinary
tract, however, contains receptors that gguae intruding pathogens by their
invariant pathogen assoaat molecular patterns (PAMPs) and of the immune
surveillance molecules, telike receptors are able to detect PAMBS]. These act

to mobilize appropriate immune defence systems which help to eliminate bacteria
from the urinary system.Uropathogenic bacteridyjowever, excrete a variety of
virulence factors that enable them to inhibit certain host functamts promote
colonisation In Gram negative bacteria, the production of capsules plays a role in
immune evasion as they resist phagocytosis. During the course ofl,a U
immunoglobulin (Ig) antibodies secreted by the hwostresponse to infection
recognie antigenic components of uropathogertdowever some bacteria break
down host Ig using Igroteases and other host defersystems like comgmnent

(Clg and C3)[53]. Other virulence factorassociated witltGram ngative bacteria
include toxins such aBaemolysin andipopolysaccharide (LPS).LPS acts as an
endotoxin and elits a strong immune response d@adn part responsible for the
clinical manifesations during infection brought about through cytokine release.
Figure 1.5[53] depicts the virulence factors of the Gram negative uropathogens
E.coli and P.mirabilis. This evasion of the host immune system in response to
infection by the mfilm cells along with their insusceptibility to antimicrolsal

makestreatment difficult and costly.
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Figure 1.5: Virulence factors of the Gram negative uropathog&nsoli and P.mirabilis [53].
(IM = inner membrane®M = outer membrane)

1.6.2. Symptoms

Although long - term urinary catheterisation is synonymous with bacteriuria,
bacteriuria is not synonymous with symptomatic J28]. Over 90% of cases are
asymptomati¢32]. Current evidence suggestatasymptomatic patients should not
be treated unless thmatient is immunosypessed, at risk of bacterial endocarditis,
pregnant odueto undergo urinary tract instrumentation, as these infections clear up

once the cathetés removed53, 66]
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The ymptomsa patiem with symptomaticCAUTI may experience&an vary from
mild to severe. They may feptessure in thelower pelvis,have urine that has an
odour to itor is cloudy which sometimes may contalsiood (raematuria), and a
patient may also experiendeakage © urine [67]. Additional symptoms may
include: fatigue, fever, vomiting, mental changes or confug®r. Often in the
elderly, mental changes or confusion are the agiyptoms of a possible CAUTI
[26]. Symptomshowever maybe subtle andnayalso be due to the presence of the
catheter itself as opposed to irnfea [26]. If suspected, analysis of the uriney
showthe presence afhite blood cells (WBCs). A high WBC count of >10 per pl is
indicative of infection A urine culturewith counts of >18cfu/mL of a predominant
pathogenwill determine the type of bacterigresentand susceptibility testsvill
determine the appropriatentébiotic for treatment. If left untreated pylenephritis,

calculus formation, bactagmia, urosepsis and even death can r¢sait

1.6.3. Treatment

For all patients on LTC, it is recommended that their catheters be changed according
to their clinical needs or as recommended by the manufacturer of the catheter which
is usually at 10- 12 week ntervals[21]. If symptomatic CAUTI is confirmed
evidence indicates that it is better to change the catheter lefibetic treatment is
initiated [16]. Infection with one type of organism care lireated with either
trimethoprim, which acts upon most uropathogens exceptPfsudomonasnd
Enterococcusspecies fluoroquinolones which are effective against many Gram
negative organisms including mo&tseudomonasand Proteus species or with
nitrofurantoin, a UTI- specific antibiotic that is effective against most uropathogens
except Pseudomonasnd Proteus species[53]. Patients with infections that are
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polymicrobial may be treated with trimethoprim or a cephalosporin such as
cefuroxime [53]. Seriously ill patients may require a twdrug treatment regimen to
control infection especially if they have repeat polymicrobial infections. For
certain symptomatic patientdue to the high relapse ratgtheter replacementay

have to be performed as often as everB 2veeks.

Infections associated with biofilms are rarely resolved using antibiotics alone even
when the patied immune system is fully functionir{@7]. Even if a symptomatic
paientts catheter is replaceand antibiotis given there is a high incidence of
recurrent infection causing severe distress and {alegm morbidity to the patient

[38]. It has been known fd?.mirabilis infections of a single genotype to persist in
the urinary tact despite many catheter changes, antibiotic treatment and periods of
non - catheterisatiorf24]. Universally the only recommended guidelines to reduce
the risk of bacterial infectiorare to maintain a closed drainage system and to
minimise the duration of catheter usage as much as po4&BJe Despite the
treatment measures, for some patients there is no satisfactory resolution to the
problem and there remains need to develop a strategy/measureeuce the

occurrence of CAUTIs.

1.7. Reducing CAUTIs

Little has changed in the way Foley catheters are desigtient than thechange

from an open drainage system to a atbseewhich dramatcally reduced CAUTS.

The correct size of catheter, proper aseptic technique upon catheter insertion and post
- catheteisation care are important measures to limit the chance of acquiring an
infection. The isolation of catheterised patients in some htapsettings is also
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recommendedo help prevent cross infectioalong with continued good hand
washing practice. The overuse of catheters in particular needs to be carefully
monitored and alternatives such as suprapubic and intermittent catheteshatidoh

be considered as a means to reducing CAUTIs.

In the past irrigating the bladder with antimicrobial agents, instilling antimicrobial
solutions into thedrainagebag and soaking the catheter in an antiseptic prior to
insertion have been studied asywaf reducing CAUTI$68], [69]. These methods
haveproved unsuccesdfand in cases with continuous exposure to airifective
irrigating fluid an increase in resistant microorganisms has been sfg@jn A

newer approacthas involvedexaminingthe effect instilling aganocides into the
bladder has on reducingrinary cathete blockage, encrustation and infection
Aganocides mimic the bodyds own natur al
NVC-422i s a der i v adnatura biaritle Mthlbretautine whictd mimics

the activity of pathogen killing neutrophils[70]. Studiesinvolving the instillation

of NVC-422 into the bladder for 1 hour before being drained away shawed
possessbroad spectrum antimicrobial activity against uropathogens, bacteria
resistant to antibiotics, and ltada encased ia biofilm [70]. As NVC-422 mimics

the b o d ywnsnatural defencedacterialresistance tat is thought to be low.
NovaBay Pharmaceuticals are currently in the process of undergoing Phase 2 clinical
trials onthe use of NVG422 solutions tacontrol bacteria that develop aminary
catheters and in the bladdand f a positive reduction inCAUTIs and blockages

shown it is possible that installatiori aganocide into the bladder coutécome a

routine part otatheter care.
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Joneset al (2006) [21] investigatedloading the antimicrobial agent triclosan into
catheter retention balloons to determine whether the membrane of the ballddn c
act as a barrier to control thielease of the agent intoetturine over a prolonged
period. Caheterised bladder models infected withmirabilis revealed that triclosan
diffused through the ballooandinto the urinewhich allowed the catheters to drain
freely for the experimental ped of 7 days with little sign of encrustation. It was
estimated that the retention balloon couidegprotective activity at a rate that was
estimated to cover at least 12 week3he group digd however highlight the
importance of monitoring urinary fta for signsof the emergencef resistanceo
triclosan andhis should alwayséconsidered when introduciagtimicrobial agents

to deal with infections.

The potential of bacteriophage (viruses that selectively infect bacteria) therapy in
reducing/treding CAUTIs is dso astrategy thathas been studied. Carsen al
(2010 [71] found that Foley catheters coated in a hydrogel treatedangtitktail of
bacteiophage cultures were capable of not only preventing biofilm formation by
bacteria commonly founchi CAUTIs but was also able tkill off >99.9% of an
establishede.coli biofilm. Similarly Curtin et al (2009 [72], report on a hydrogel
catheter coated iBtaphylococcus epidermidjighage which significantly reduced
biofilm counts of S.epidermidisby >4 logs over 24 hours.There arg however
important factors which should considered when evaluating the potehphhge to
control biofilms. The high specificity of phagebacterial mutants which exhibit
phage resistance, howpaa t i isnmunedsystem will respond to phagjee purity of
phage and potential for transfer of genes encoding bacterial toxins pwiotience

factors areareas of concern ovdneir use[73]. A mixture of phage or engineered
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phage may however help overcome these potential drawbkickgever, br urinary
catheter biofilms, areful selection of phagwould be required as wariety of
bacterial strains may poteally colonig the catheter The capacity of the catheter
coating to adsorb phage, ensure their stability and infectivityttagnpact ofthe
presence ofa conditioning film on the ability of phage to kill bacteriaequire
investigations but with further validation tla@proachmay showsomepotentialin

reduéng biofilms on medical devices

Perniet al (2009 [74] reported on silicone edtdomers containing a lightactivating
antimicrobial agent (LAAA)- methylene blue (MB)with and without gold
nanoparticles (AU). Light of certain wavelengths transforms MB to an active state
and in the process produces reactive oxygen species (RSROS cause damage

to a range of microbial componerdsid thereby reduces the opportunity for the
organism to deslop resistanc§r5]. Polymers containing MB with AU showed a
significant reduction irkE.coliand MRSA within five mintes of irradiation74]. It

is envisaged that short pulses of laser irradiation at the catheter entry siterand al
the catheter length would be sufficient to prevent the accumulation of bacteria and
would hence reduce the incidence of cathetefated infections. The scalaip of

this to a commercial catheter system is criticat could prove to be beneficiah
reducing CAUTIs. Similarly the incorporation of the photosensitiser toluidine blue
(TBO) into polymers such as polyurethane and silicone have exhibited exceptional

kill against MRSA ande.coli [75].
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A morecommon approacto preventbacterial colonisation on urinary catheters and
subsequenbiofilm formation has involved dadng catheters withbroad spectrum

antimiaobial agerd.

1.7.1. Means of Making Catheters Antimicrobial

There are a variety of ways in which catheter matedah be made antimicrobial

andare detailed below.

1.7.1.1. Immersion/Dipping

Simply immersing or dipping the material into an aqueacantibiotic/antiseptic
solution forms a protective antinfective layer over the material. A recent example

of this by Hernandezet al (2009 [76] involved dipping a polymer into a
combination of Nacetylcysteine, gentamicin and amphotericin B for the prevention
of microbial colonisation of ventricular assist devices. The aotohials adsorb to

the surface but are not dispersed throughout the polymer matrix, making the drugs
washoff easily This may be sufficient to reduce early onset bacterial colonisation
but is not suitable for preventing colonisation upon devices thatsack long term

[77]. It has been reported that immersion of hydrophobicenas into an
antimicrobial solution results in more weak and limited surface attachment compared
to hydrophilic materialg77]. Applying hydrogels to catheters makes them more
hydrophilic and also helps in the insertion process by reducing trauma caused the
urethral mucosa. As a consequence of their high water content, antialiagdnts

are easily taken up and releaderd their effectivenesswith regards to CAUTIdhas

primarily been studied over a short duration (<7 dgg8).
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1.7.1.2. Coating

Coating polymers with antimicrobial agents is and continues to be a much researched
area both for use in urinary catheters aftiter catheter related devices.Coatinggs

are usuallyformed on the exteat surfacesf catheters. The nitrofurazoreoated
urinary catheterhowever is an example where both thexternal and internal
surfaceof the catheter are coated [58Jitrofurazoneis applied in a silicone coating
onto the catheter surfaces which releases into the surround@aatings can be
added to polymers postmanufacture which has its benefiist like materials that

are immersed/dipped into antimicrobial solutionsatings of antimicrobial agents

are easily washed off once inserted into the body making their duration of protective
activity suitableonly for short- term use. The formation of a conditioning film on

the surface can also result in the coating bemagsked affecting the release of

antimicrobial agents.

1.7.1.3. Matrix Loading

Matrix loading is a further technology used whereby antimicrobials become directly
incorporated into the polymer matrix either by an admixture or impregnation process.
This can be performed at the polymer synthesis stage or-postnufacture. The
admixture process involves mixing the antimicrobial powders into the raw material
during the pre- manufacture stage. polymerin which the drugs arealistributed
throughout the whe of the devicén the form of smalbrug particles is created. An
example of this technology is the External Ventricular D(&WD) (VentriClear 1)

[79] used in neurosurgemnd theCentral VenousCatheter(CVC) [80] which both
containan admixtureof minocycline and rifampicin.Similarly antimicrobial agents

can be distributed through the whole polymer protecting theniateand external
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parts of the catheter, by using an impregnation prof&ds Impregnation is a
solvent- based procedure that introduces the antimicrobial agents into the polymer
matrix as moleules[81]. A successful application of this is the Bactiseal Shunt used

in neurosurgery that contains rifampicin and clindamy@g-84]. Neither the
admixture nor the impregnation process result in the rapid wash off of the
antimicrobials, instead the agents are continually and gradually released over time.
The impregnation process also has the added benefit of the drugs being in a
molecular form givinga more even distribution and release from the polymer
compared to the crystalline admixture polymers. Although the Ventriclear EVD and
Bactiseal Shunts amesigned to release antibiotisisort- term there may be scope

for matrix loaded devices to be ettive over a longer duration.

1.7.2. ReleaseNF® Urinary Catheter

Currently there are twaonain antimicrobial urinary catheters on the market. The
ReleaseN® catheter (Rochester Medical Corporation, Minnesota, U@Aqure

1.6) and theBardex® I.C. caheter(Bard Medical, Georgia, USAJFigure 1.7. The

ReleaseN® cathetercontains the urinary antibiotic nitrofurazone which is matrixed

into the silicone of the catheterds i nne
elute both intraluminally andxtraluminally [85]. Nitrofurazone is a broad spectrum

agent that is claimed to be effective agamany organisms associated with CAUTIs

and thecatheter works by elutinthe nitrofurazone into the urethral tract and killing

any planktonic bacteria before they get chance to colonise the catheter and develop

into a biofilm[85].
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ReceaseNF INHIBITION ZONE

ReleaseNF elutes controlled release nitrofurazone that

protects the lower urinary tract

@53 Inhibition Zone

J— Urethra

/

ReleaseNF features an all-
silicone construction with
nitrofurazone matrixed on /

the inside and outside :
surfaces of the catheter
‘.’v

Figure 1.6: ReleaseN® urinary cathetef85].

1.7.2.1. Review of the ReleaseNF® Urinary Catheter Clinical Trials

There have been several clinical trials evaluating the eféstss of the
ReleaseN® catheter on reducing CAUTIs. Malet al (1997 [86] conducted a
prospective double blind triaihvolving 344 patients and found a threefold
reducton in the rate of CAUTI using thaitrofurazone catheters compdréo
conventional silicone cathetef®.4% vs 6.9%)which was significant for the first 5
days of use. Leclaiet al (2000 [87] reported on the effect of the nitrofurazone
cathetes in a non- randomizd surveillance study involving 30 patients on burns
intensive care units. A bas®t incidence of CAUTI in the burns unit was reported
as being 24.4 infections per 1000 catheter days. The introduction of the
nitrofurazone catheter to the unit showed a significant reduction to 7.3 infections per
1000 catheter dayd.eeet al (2004 [88], reviewed 177 patients fromvié university

hospital settings and aldound a signficantly lower number of infections using the
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nitrofurazone catheter tveeen days 5 7. Stensballet al (2008 [89], reported on a
double blind randomized controlled trial involving 212 trauma patients. They found
the incidence of catheterassociated bacteriuria/funguria to be significantly less in
the nitrofurazone groul3.8/1000 catheter days compared to 38.6/1CHi@eter
days in the control grogp From the examples of the clinical trials given and the
many more, overhlthe clinical data implythat the nitrofurazone coated urinary
cathetes areeffective in reducing the rate of CAUTIs in patients on shddm

catheterisation.

1.7.3. Bardex |.C.® Urinary Catheter

The second of thenain antimicrobial urinary catheters on the markistthe Bardex

I.C.® catheter which igoated on its inner and outerfaicewith aproprietarysilver

alloy. It has a layer of ydrogel on the outside, a gold and palladium layer that
claims to mediate the slow sustained release of the silver ions and keeps the silver
surface stableand the silver itself which is chemically anchored to the catheter

suface and is released to minsa microbial adherence and biofilm formati@Q].
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Bard® Hydrogel Coating
= Protects delicate
urethral tissue
= Facilitates optimal
sustained release of
silver ions

Gold and Palladium
= Keeps silver surface stable
= Mediates the slow sustained

release of silver ions

Silver
= Anti-infective properties
= Chemically anchored to

catheter surface for
longevity

Bard Coated Latex
Foley Catheter Substirate

to minimize microbial adherence.

Figure 1.7:Bardex |.C® urinary cathetef90].

1.7.3.1. Silver as an Antimicrobial Agent

As silver conveys strong antimicrobial activity to a broad spectrum of organisms
even at low concentrations, silverbased compounds are used in many medical
applications. Various forms of silverge.metallic silver, ionic silve and silver
nanoparticles have been employed to decrease infections associated with burns as
well as in the prevention of bacterial colonisation upon numerous medical devices
including catheter$91]. It has even been used within textiles and deodorants to
eliminate bacteria. The vast majority of sihattimicrobial activity is attributable to

the action of the silver ion (AY[92]. Due to the increase in multidrugesistant
bacteria against conventional antibiotic treatment, theseseen a resurgence in the

use of silvef93].
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Until recently little has been known about the mechanisms silver uses to Kill
microbes andhese arestill only partially understoogP4]. It is known that silver has

an ability to attack multiple sites within a cell which has benefits in the protection
against resistand®2]. Silver ions bind strongly to electron donor groups containing
sulphur, oxygen and nitrogen and interath thiol groups of bacterial proteins and
enzymes[93, 95, 96] It inhibits bacterial growth, cell wall division and causes
structural changes to cell membranes and contents within tH®4e85, 97] Once
inside the cell the silver ions interfere with DNA functions and causgresgion of
processes such as respiration and electron transport components ultimately leading to
cell death[93, 95] There is still some spticismas towhethe& bacteria can become
resistant to silver The lack of standardised methods to determine bacterial
susceptibility to silver and absce of recognised breakpoints complicates the
interpretation of silver susceptibilities and resistance. A few papershuavever
reported on silver resistant bacteria found in environments where silisaige is
greatest{98, 99] Plasmid mediated silver resistance hagrbidentified in some
bacteria and imne casehe silver resistant plasmisolated from a Salmonella strain
resulted in the deaths of several patients on a burn§éni®9] The probability ©
transfer of silver resistance genes is considered to be low and the contribution to the
emergence of antibiotic resistant bacteria is und@glr Whethersilver will cause
resistancgroblensin the clinical sding or remain a rare occurrence is ertainbut

it is important to monitor because modern day technology has developed a wide

range of products that depend on silver as a key bimdal componenfo8].
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1.7.3.2. Review of the Bardex I.C.® Urinary Catheter Clinical Trials

Numerous clinical trials have taken placed&iermine howeffective the silvealloy

- coated urinary catheteiarein reducing CAUTIs. To highlight a few Verleyenet

al (1999 [100], performed a prospective randomized trial involving 180 patients on
general and medical surgical wards and repottet by day 5 there was a
significantly lower (p= <0.003) percentage qfatients(6.3%) with the silver doy
catheterwhom developed a CAUTI compared {&1.9% the control latex catheter
group Newtonet al (2002 [101] reported on a retrospective trial where they took a
baseline rate of CAUTI in burns patienthio where catheterised between the years
of 1998 and 1999. Upon the introduction of the silver alloy catheter from the year
2000 over the same length of time they found there to sigraficantly lower p =
0.029) incidence of CAUTI A metaanalysis coducted by Schumm and Lam
(2010) [5] also suggests that the use of silver alloy indwelling catheters for
catheterising hospitalised adults shoterm reduces the risk of catheter associated
bacteriuria. Overall the clinical datampliesthatthe silveralloy - coated catheter is

effective in reducing the rate of CAUTIs in patients on sht@tm catheterisation

1.7.4. Limitations

There arehoweverlimitations to the studiegvolving the nitrofurazone and silver
alloy - coatedurinary cathetersPoa quality of available evidence, small study sizes
and heterogeneity, unclear randomization and blinding, wide variation in antibiotic
usage, absence of data on clinically meaningful endpoints and extensive post
randomization exclusiorareamongst theiinitations. Patients having asymptomatic

bacteriuria were commonly used as an outcome but the definition between studies
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varied and no reference was made to distinguishing between symptomatic and
asymptomatic bacteriuria (botlere called UTI) [5]. Traunteret al (2004 [26]
argued that the presence obacteria in the urine in otherwise asymptomatic
catheterised patients e®not necessarily indicate that invasiwnfection of the
urinary tract has taken place. Further weldesigned trials with clear aims,
definitions and outcomes are needed to clarify the comparative utility and economic

value of these types of antimicrobial urinary catheted2].

1.7.5. Other Antimicrobial Urinary Catheters

Besides the two marketed anicrobialurinary cathetersseveral other antimicrobial
agents have been incorporated into catheters and investigatédeir ability to
reduce CAUTIs. A large randomized clinical ittl by Riley et al (1995 [103]
involving 1309 mtients on indwelling catheteaon found that 11.4% of patients
who had a silver oxide cathetiarplacedeveloped bacteriurieompared to 12.9% of
patients in the control groupthis was not statistically significant (p = 0.45).
Similarly a meta analysis conducted by Saiett al (1998 [104] reported orclinical
studies, four of whih involved the silvealloy - coatedurinary catheter{105-108]
which had a sigficant effect on reducing CAUSlas previously stated and four
involving the silver oxidairinary cathetef103, 109111]which did notsignificantly

reduce CAUTIs and has since been taken off the market.

Further to this Gaonkaet al (2003 [112], impregnatedurinary catheters on the
outside with chlorhexidine/triclosan dodchlorhexidine/silver sulfadiazine/triclosan
(latex and silicone) and monitored the ability of bacteria to adbehe extraluminal
surface of the catheter in am - vitro model. The chlorhexidine/silver
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sulfadiazine/triclosasilicone catheters were found to resist colati by S.aureus
and S.epidermididor 23 and 24 days respectivelfho et al (2003 [113] showed
that urethral céieters prepared by dipping with polethyleneco-vinyl acetate
(EVA) and EVA/polyethylene oxidg¢PEO) blends containingentamicin exhibited
antibacterial activity for 7 days againBtvulgaris S.aureusand S.epidermidis
Similarly norfloxacin - releasing urethral cathetsrprepared by dipping with EVA
and PEO and poly(dimethyl siloxanefPDMS) as above were found to release
norfloxacin for 30 day with the growth of E.coli, K.pneumoniaend P.vulgaris
being inhibited for 10 dayfl14]. In addition to antimicrobial catheters, urinary
catheters which are designed to lom astick such as those with coatings consisting
of polyethylene glycol(PEG) sidechaindave also been investigatehd have

displayed a good abiltto resist microbial attachmefit15].

Despite the countless studies that have looked into developing biofigsistant
materials, with some gooth - vitro, in - vivo and clinical evidence of biofilm
inhibition, nothing has led to a urinarytbater or treatment thatas beerconsidered

a true success in reducing CAUTI in patient on LTC.
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1.8. Release Mechanisms of Antimicrobials from Polymers

The mode in which antimicrobial agents are incorporated ietdags can affect the
mechanism inwhich the agents releaseFor exampledrug releasemay involve
diffusion, dissolution, erosion oswelling. Matrix type devices,in which the
antimicrobialagentis dispersed in a carrie.g. a polymenisually have some degree
of mobility andmay relese bya diffusion process Once the polymer containing the
agent comginto contat with an aqueous environmedtug moleculesliffuseto the
interfacial regionof the polymer and migrate from it to tlexternal environment.
This is usually a result dm differences in the concentration gradient. Agents may
also be triggered to release due to the ingress of an environmgetaleag. water
into amatrix, which caneffectively actto swell the systerand increase the polymer
mesh size The aqueous céent within the formulation enables the drug to diffuse
through the swollen network to the external environment. Alternativiedyetvent
could lead to achemical reactiorwhich unbinds the agent g. hydrolysis or
plasticise the matrix whichllows physically bound molecules to diffuse out of the
system[116]. A further drug release mechanismore common in tablet matrix
systemsis the process ofiskolution where the drug is embedded in a slowly
dissolving substance i.e. the drug particles are coated or encapsulated with slowly
dissolving materials like cellulog&16, 117] In the early stages of dissolution when
the polymer comes into contact with aidlenvironment, the polymer and drug may
swell before dissolution starts and drugs start to exert their eff&¢tth erodible
devices the agents are incorporated a carrier which becomes eroded away by the
environmentthrough physical processes suah dissolution or chemicg@rocesses

such as hydrolysis of the polymer backbone or crosflihg, 117].
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Thus far, themainstay of antt infective urinary catheters has focussed the delivery
of drugs over a short duraticand clinical trials onlong - term use are limited
Extrapolation of short term studies to those catheterised lerigrm is unvise. A
study by Kohneret al (2003 [118] produced aventricular cathetely impregnaing

it with rifampicin and sparfloxacinising the solvent basedimpregnationprocess
They reportthe catheterin in - vitro experimentsshowed a 99.8% reduction in the
colonisation ofSepidermidiscompared to control materiathich was effectivdor at
least one year.The successful clinical trial results achieved through the use of the
Bactiseal Shuni82-84] and the potential of thisnpregnationtechnology as reported
by Kohnenet al (2003 [118] for extending theduration of activity has lead to the
possibility of using thisprocessingechnolay to see if it could be implemented

prevent bacterial colonisation ominary catheters patients on LTC.
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1.9. AIMS

Biomaterials used to produce urinary cathetersong - term usehat are completely
resistant to bacterial colonisation for ctally significant periods remain elusive.
This project proposes to modify a silicone urinary catheter by impregnating it with a
suitable combination and concentration of antimicrobial agents intended to provide
protection against bacterial colonisationdasubsequent biofilm development in
patients that are on LTCPatients on LTC will require aatheterto deliver a long
duration of protective activity covering a broad array of utlepgenswithout the

development of bacterial resistantthe ratesof CAUTIs areto be reduced.

The thesis takes a multidisciplinary approaahd repors on the manufacture,
development andgorousin - vitro testing of the antimicrobial urinary cathetdn
addition tothe ability of the antimicrobial agents to inhilbacterial colonisation
(Chapters 2 and 3), antimicrobiantent and release profiles (Chapter 4), the effec
of processingn the cathetesurface (Chapter 5), and mechanical properties (Chapter

6) will be elucidated in order to achieve the desireg@res of the product.
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CHAPTER 2

SCREENING TESTS
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2.0. SCREENING TESTS

2.1. INTRODUCTION

2.1.1. Requirements of an Antimicrobial Urinary Catheter

The main requirementsvhich must be considered in the developmentan
antimicrobialbiomaterid for use as a longterm indwellingurinary catheter arthat

it shouldbe effective against principal pathogens involved in CAUTIs over a long
duration typically the whole period of catheter implantation {12 weeks). To
inhibit bacterial colonisabin, protection must cover both the inner and outer surfaces
of the catheter and the antimicrobial agents used to achieve this must have a clean
clinical history with no known significant risk of toxicity. The drugs shawlehain

stable upon sterilisath and storage and the incorporatiohthem into the silicone

must not advers$g affect he mechanicaperformance of theatheteror balloon

The selection of antimicrobial agents and their concentrations are most important to
preventthe emergence of bartal resistance. The catheter is not intended to be
capable of preventing bacterial attachment but rathgréeentcolonisation and

subsequent biofilm formation which makeatment more difficult.

2.1.2. Method of Antimicrobial Delivery

A controlled release of a continuous delivery of sufficient doses of antimicrobial
agents over prolonged period is requiredttie antimicrobial cathetés to showany
potential in reducing CAUTIs. Ideally the drugs must be evenlyisgersed
throughout th@olymermatrix but producan initial burst effect to reduce the risk of

infection upon catheter insertion followed by a long period of slow sustained release
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to inhibit later infection The matrix loaded impregnation process is a suitable
method for incorporatig agents in this way. A long duratiof activity without the
drugs being immediatelyreleasedand incorporation throughout the whole of the
material providing inner and outer surface protection can be provided using this
process. The impregnation presd81] requires the antimicrobial agents to be
dissolved in a solverg.g. chloroform. Upon immersion of the silicone material, the
chloroform acts to swell the matrix and the antimicrobial egbatome incorporated
through the whole of the material at a molecular level. Once the chloroform is
removed the silicone returns to its origisdlape andgize leaving the antimicrobial
agents within the matrix. The main limitations of the impregngtimtess are that

not all antimicrobial agents readily dissolve in chlorof@manot all agents combine

well.

2.1.3. Antimicrobial Agent Selection

Several criteria need to be taken into account when selecting antibiotics for
incorporation into siliconenaterials. The agents need to be capable of molecular
migration through the cross linked silicone polyrf&k] and die to the possibility of
bacteria becoming resistant if the catheter contaihg ane drug, a combination of
antimicrobial agentss required to reduce this riske objective being that at least
two if not three drugsith different mechanismsould act on Gram positive and

Gram negative invading organisms at any one time.

Theantimicrobial agents investigatad this project are listed inable 2.1 andhose

selected for further testing are highlighted.
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Table 2.1 Antimicrobial agentsand their propertie$119-121]. (agents highlightedn red were
selected for further testing)

Class/drug Molecular | Solubility Solubility in Antibacterial Reason for
weight in water organic spectrum rejection or
(g/mol) solvents acceptance of
agents
Aminoglycosides
Gentamicin 477.6 Highly Low: alcohol, Broad spectrum, Not dissolvable
sulphate soluble acetone, CHG|] | many Gram positivel in CHCl;
ether, benzene | and Gram negative
bacteria
Lincosamides
Clindamycin 4249 Highly High: DMF, Mostly active on Good Gram
hydrochloride soluble EtOH, MeOH, | Gram positive positive activity
CHCI;, ether, bacteria but not
benzene compatible with
Low: acetone some other
agents and
expensie
Quinolones
Norfloxacin 319.3 Slightly High: acetic More effective GoodGram
soluble acid,CHCl, against Gram negative activity
Slight: alcohol, | negative than Gram| but sparfloxacin
acetone, ethyl | positive bacteria buf gave longer
acetate covers several duration of
important pathogeng activity
in both groups
Sparfloxacin 392.4 Practically | High: acetic More effective Long duration
insoluble | acid, CHCl;, against Gram of activity
NaOH negative than Gram| particularly
Slight: EtOH positive bacteria bui towards Gram
Low: ether covers several negatives
important pathogen
in both groups
Rifamycins
Rifampicin 823.0 Slightly High: DMSO, Mostly Gram Long lasting
soluble THF, CHCE, positive bacteria Gram positive
MeOH, ethyl and some fastidioug (staphylococcal)
acetate Gram negatives. activity
Low: acetone Mycobacteria
Tetracyclines
Minocycline 457.5 Soluble High: alkali Broad spectrum, Not dissolvable
hydroxides and | many Gram positivel in CHCl;
carbonates and Gram negative
Low: EtOH, bacteria
CHCI;, ether
Trimethoprim
Trimethoprim 290.3 Slightly High: benzyl Mostly Gram Good Gram
soluble alcohol negative bacteria negative activity
Slight: alcohol, | but with some Gram butcommonly
acetoneCHCl; | positive activity used to treat
Low: ether UTlsand
showed signs of
resistance
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Antiseptics
Triclosan 289.5 Practically | High: EtOH, Broad spectrum, | Long duration
insoluble | MeOH, aetone many Gram of activity
CHCl; positive and Gram against éroad
Low: water negative bacteria | spectrum of
(except bacteria
Pseudomonads),
some antifungal
activity
Hexetidine 339.6 Slightly High: acetone, Broad spectrum, | Short duration
soluble alcohol,CHCl,, many Gram of activity even
dichloromethane | positive and Gram at higher
negative bacteria | concentrations
Octenidine 623.8 Slightly High: EtOH, Broad spectrum, | Short duration
dihydrochloride soluble MeOH, CHC§ many Gram of activity even
positive andGram | at higher
negative bacteria | concentrations

2.1.4. Resistance Theory and Approach

The increasing problem of bacterial resistance in healthcare settings is a worldwide
issue, hence the potential for the developmenesistance to antimicrobialgents

introduced into polymers for clinical use is of conc§ri@]. Antibiotics can be
classified according to their minimum inhibitory contation (MIC). This refers to
their ability to inhibit the growth ofusceptible bacteriaAntibiotics released at sub
cidal concentrations may evoke selection of resistant strains andgifgtérfectious

complicationg119]. Thiscandepend on the concentration of antibiotic, duration of

action, size of the inoculum angfuency of resistant variants

An antibiotic concentration windowas shownn Figure 2.lexists in which resistant
mutants are selectively amplifiefil22]. The lower boundary is the drug
concentration at which growth inhibition of the majority of the susceptible cells
begins,and isapproximated by the MIJ122]. At a concentration just above the
MIC, only one mutation is required for a bacterial cell to grow inpilesencef the
antibiotic and an infection cacontain sufficient cells for firsstepresistant mutants

to be present. It has been proposed tihatupper boundary of the windaaetsan
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antibiotic concentration that blocks the growth of first step resistant mudadts

requires cells to attain twiesistance mutations in order to gr¢i22]. Events of

this type arerare and it is expected that mutants will not be recovered above this

concentration. This is termed the mutant prevention concentration ([JAR2)

Resistant mutants artherefore selectively enriched in the concentration range

between the MIC and the MPC. This is designated the mutant selection window

(MSW) [122].

Serum or tissue drug concentration

C

max

Mutant
selection
window

Time post-administration

Figure 2.1 A pharmacodynamic depiction of the mutant selectvordow [123].

MPC = Mutant prevention concentiai. MIC = Minimum inhibitory concentration
Cmax = Maximum concentration
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Each type of bacterial antimicrobial combination has its own characteristic MSW.
Resistant mutants catsobe enriched by repeated passage of cells at concentrations
just belowthe MIC [123]. Low drug concentrati@do rot enrich resistant mutants

per sebut allow for bacterial populations tocreasewhich consequently indirectly
fosters the generation of new mutants that will be enriched by subsequent
antimicrobial challenge. If antibiotic treatment were continuedstant mutants

would be selectively enriched and treatment may fail. Passage of a pathogen through
many treated patients is expectedgraduallyincrease the mutant fraction of the
bacterial populatiofl23]. Antimicrobials may cure the vast majority of infections

but when millions of cells are consigel the development of resistance is an
inevitable consequence of dosing strategies that place drug concentrations inside the

MSW, especially if treatment is prolonggd®3].

If the MSW can be made narrower or clds@o mutant will be selectedne of the

ways to achieve this is to avoid prolonged #psr within the MSW concentration
range as mutant fractions will be enricH&é@2], but this is difficult to achieve for
patients undergoing urinary catheterisation as cegaiupsrequire long- term
therapy Dual drug therapy involving a combination wittvo or more different
classes of drugseleasedat concentrationgbove their MICs should require two
resistance mutations for growth. This can close the mutant selection window if their
normalised pharmacokinetic profiles superimpose at concentrations that inhibit
growth[123]. When antibiotic concentrations drop belthe MIC both mutants and

wild type cellsincreag in numbes and more spontaneous mutants are generated. If
treatment is stopped before mutants reach a high number they may not be detected.

For mutants to be selected, the concentration of one compound must occasionally fall
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below its MIC while that othe other remains above its MIC but below its MPC.
The MSW is open for the drug that remains above its MIC for resistance to that
compound to be enriched. After a population resistant to one compound has grown
out, selection of resistance to the secarmmpound soon follows when its

concentratiorapproximateshe MIC[122].

It has been demonstrated that rifampicircencentrationsigher than its MIC can
select for resistantaphylococi if applied to a large inoculuttout at sub- inhibitory
concentratioeandif appliedto a smaller inoculugprifampicin resistance mayot be
enhanced124]. The risk for selection of resistant microorgams isthereforethe
period at which the concentration of antibiotics approximitelse MIC or when it

is lower than its valugl24]. The longer the concentration of antibiotic is below the
MIC the greater the risk that resistant organisms will be selected. An example of
where the use of a combination of antimicrobials Iesn successful in acting to
decrease the selection for resistant organisms is in the drugs prescribed for the
treatment of tuberculosis. It is therefore important tadrgreate a combination of
antimicrobial agentghat releaseequallyfrom thebiomaerial at concentrations over
prolonged periods that are above their MIC towdhdsuropathogens if resistance is

to be avoided. It is anticipatedthat theantimicrobial agentselected for further
investigation combined would have the potential to prevent the emergence of
bacterial resistance As rifampicin is active on Gram positive organisms,
sparfloxacin predominantly on Gram negative organisms and triclosan onifboth,
bacteria are sensitive to two or more of the ageésthis couldprovide a dal drug

type therapy thatauld helpin the protecton from resistance.
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2.1.5. Selected Antimicrobial Agents

Below is a descriptiorof the antimicrobial agents selected from Table 2.1 to
impregnate into the urinary catheter. Furtheasoningfor the selection of these

agentds given in Section 2.4.

2.1.5.1. Rifampicin

Rifampicin is a bactericidal antibiotic belonging to the rifamycin group (Figure 2.2).
It acts by inhibiting RNA polymeras by b i n dsubomt thereby prevestindgd
the transcription to mMRNA and subsequent translation to polypeptides and proteins
[125]. It is used to treat a variety of bacterial infections especthlbge due to
organismsthat are Gram positive. Rifampicin is well tolerated and a typical oral
dose consists of 150300 mg. Excretion viadecesi.e. bileaccounts for 60 65%

with the remaimig being excreted via the urin®ifampicin isa solid red coloured
antibiotic and can impart a harmless fechnge colour to urine and to a lesser extent
tears and sweat. Bactdriasistance to rifampicin is common since it ordguires a
single mutatio step to render them resistant hence it is normal taifagepicin in
combiration with other drugs that act synergistically to improve outcowfes

infection[15].

59



Chapter2 - Screening Tests

Figure 2.2 Structual representation of rifampicii26].

2.1.5.2. Sparfloxacin

Sparfloxacin is a member of the quinolone familyuir@lones are chemotherapeutic
bactericidal drugs which can be further divided into the subserfijuinolonesto

which sparfloxacin belongs. It has a fluorine atom attached to its central ring system
at the CeC8 position (Figure 2.3) and possessesr@adh range ofanti - Gram
positive andanti - Gram negative activity127]. It acts by interfering with DNA
gyrase or top@omerase enzyme types Il andthéreby inhibiting DNA replication

and transcriptiofl27]. DNA gyrase is the targat many Gram negative organisms
and topesomerase IV enzyme the targetrimany Gram positive organisni$27].
Sparfloxacin has been used in the past to treat respiratory disorders. A typical oral
dose is 400ng once daily on the first day, reducing to 20 per daythereafter
[127]. Elimination of sparfloxacin is through the renal, biliary and transintestinal
secretion route$128]. Fluoroquinolones are quite well tolerated with most side
effects involving the gasterointestinal and central nervous sydtemg mild to
moderate. Photosensitivity has been shown tpregalent amongst all quinolone

antibiotics andthis is especially true of sparfloxacifi129] with reactions such as
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erythema and rashes being reporfd@7]. Adverse gents are unusual,but
quinolones have been associated with problems of the cardiovascular system such as
prolongation of the QT interval amaf the muscoskeletal system such as tendinitis
and tendon rupture imarticular beingmore commonamongst theelderly and
athletes in training who are receiving corticosterojd80]. Quinolones may
adversely interact with anticoagulants e.g. warfarin and medications for seizures e.g.
epilepsy medications and should be used judiciously to minimise complications as
Clostridium difficileassociatedliarrnoeg130]. Resistance tguinolones can aur

via three mechanismefflux pumps, plasmid mediated or mutations at sites within
DNA gyrase and topisomerase IV enzyme which can decrease the binding affinity to

quinolones and their effectivendd81].

OH

Figure 2.3: Structural representati@f sparfloxacif132].
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2.1.5.3. Triclosan

Tr i cl os atnchloro-2-dydroxydiphenylether) belongs to a ast of
compounds known as the bisphenols (Figure 2.4). It has a broad spectrum of activity
acting mostly as an antibacterial but possesses some antifungal and antiviral activity.
Triclosan acts on the fatty acid biosynthetic pathway. It binds to thg-ang

carrier protein reductase enzyme (ENR) which is coded byr#id gene[133].
Binding to this increases the enzyamaffinity for nicotinamide adenine dinucleotide
(NAD™) and by interacting with amino acid residues of the engyraetive site, a
stableternary complex of ENRIAD" is formed which cannot participate in fatty
acid synthesig[133, 134] Fatty acids are components of phospholipids and

sphingolipids that make up cell membranes which asemial for microbial systems

[135].
NH,

OCH,

N7

|

i

H2N/I\N OCH3;
OCHj,

Figure 2.4: Structural representation of triclosgr86].
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Triclosan has been in use for more tdényears and can be found in many products
including surgical scrud) deodorants, hand soaps, toothpmaste well as in the
fabric/plastics industriegor example having been incorporated into chopping boards
[137]. Itis not useds a systemic antimicrobiabentbut is found in clinical usdor
examplein antibacterial sutuse(coated polyglactin 910 suture containing triclosan)
[138]. Triclosan has a favourable safety profile. Toxicology studies show that it is
not a carcinogn, mutagen or teratogen and has eand to be safe in reprodix
studies[135, 139, 14Q] Recently howevethe U.S. Food and Drug Adminiation

(FDA) has raised concerns on the overuse of triclosan, its efficacy in household
products and conflicting studies regarding lifdetween triclosan and adverse health
effects in animals and its uncertainty over potential harmful effects in huéhs

142]. Qusstions have beenraisedast o whet her triclosan di
endocrine sysim which regulates growth and development and if the overuse of
triclosan causes bacteria to become more resistant to antibiotics. Bacteria develop
resistance to triclosan using a variety of mechanisms. These include target
mutations, increased targetpegssion, active efflux and enzymatic inactivation or
degradatiorj134, 143] Certain bacteria lik€.aeruginosahave innate resistance to
triclosan agheypossesefflux pumps that pump triclosan out of the cell. Do¢he
similar mechanisms of resistaniethoseseen with antibiotics, there is concern that
biocides may share target sites with antibiotics used in clinical practice and bring
about cross resistance. This has in fact been shown in laboratory studiiese a

Fabl mutation in triclosan caused crossesistance with other antibiotics Eicoli

[144]. Whetheiits widespreadiseand potential overuse will cause a major increase

in antibiotic resistanci a clinical seing isa subjecbf much debate. A regulatory

63



Chapter2 - Screening Tests

report reviewing data indicating triclosan to be safe and the more recent conflicting

data from the U.S FDA is due to be published in 2045].

2.1.6. Laboratory Testing Methods

Before clinical trials commence, laboratory tests need to be undertaken to gain
insight into the likely outcome of reducing infections in clinical situations. A
number & techniques and models have been used to study the effectiveness of
antimicrobial materials in reducing bacterialnmbers, although there is standard

method

A conventional screening system used is the agar diffusion assay which is based on
the inhibtion of microbial growth on an agar plate by the diffusible activity of the
antimicrobial agenftl46]. The size of the zone of inhibiti¢dl) surrounding the test
material is indicative of its antimicrobial activity. The methodhiswever only
applicable to those antimicrobial systems that give rise to diffusible activity and
cannot be used v silver is the antimicrobial agent. The agar diffusion method can
be adapted and by transferring the material onto freshly inoculated agar plates, the
duration of antimicrobial activity can be examirf@d]. This test is termed the serial
plate transfer test (SPTT). It is a useful screening f@stinvestigating the
diffusibility of agents from polymers and to study their spectrum of antimicrobial
activity as well as an indirect way of gaugitige a g e rahiliéy o provide a long
duration of activity. A short SPTT duration can indicate activity is refirtedthe
surfaceof the materialvhereas a more persistenirdtionindicates the antimicrobial
agents diffuse from the matrix. Antimicrobid agents can be assessed on an

individual basis or in combination The SPTT can also help to detect for the
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possibility of bacteria becoming resistant to the agents. Adrtlgs leach out from
the material its repeated passage through lawns of baatariaresult in visible
bacterial growth attached to the material or colonies withirZthedicating possible

resistance which can be examirfatther.

Historically, to assess the bactericidal activities of antimicrobial agents,-tiaitle
studies havéeen usefll47]. There are several ways of performing theadist but

all basically involve exposing the material to a suspension of cells for a determined
period of time to allow for the cells to attach. Noadherent cells are removed by
rinsing and the remaining adhered cells quantifed]. It is important to assess the
antimicrobial agents activity against attactedteria as they can show a decrease in
antimicrobial susceptibility compared to planktonic foli48]. There are a number

of ways of quantifying adhered bacteria, each with their own advantage folicspeci
purposes. Examples includanicroscopy techniques (light, iga analysed
epifluorescence, scanning electron microscopy) for counting and morphological
observations of adherent bacteaad viable bacterial counting techniques which can
involve removal of the bacteria from the surfacedmpication andjuantifyingthem

by colony counting on agar plates, radiolabellingbaryana2,3ditolyl tretazolium
chloride CTC) staining methodg52, 149] Roll plate methods where bacteria
attached to the materiatearolled back and forth over an agar plate and bacterial
growth observed havalso been used150]. A major disadvantage of this is that
only the external surface can be cultufddl]. Ideally it is hoped that the
antimicrobial agent release will be sufficient to kill 100% of attached bacteria. The
test is termed the tK10tst and refers to the time taken to kill 100% of attached

bacterig152].
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2.1.7. Objectives

It is a requiremenbf the antimicrobial urinary cathet¢éo give a long duration of

activity against pathogens commonly isolated from patients on LTGaoapisbvide
protection from bacterial colonisah and the development of resistance. This
chapter describes the screening tests used to select the effectiveness of the chosen
antimicrobial agerds ability to provide a long duration @fotectiveactivity. It is
expected that agifampicin acts on G positive organisms, sparfloxacin
predominantly on Gram negative organisam&l triclosan on both, éhcombination

of agents ould alsohelp reduce the opportunitf bacteria becoming resistanthe

SPTT and tK100 tests were used to establish this.
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2.2. METHODS

2.2.1. Biomaterial

Medical gradeall silicone sheet¢Goodfellow, Huntingdon, UKof 1 mm thickness

were cut to forr6 mm discs and used in the SPTT (see section 2.2.5) and tK100 (see
section 2.2.6) tests. For Chapters 3 to iGypfa al - silicone(14 Fr, Male) Foley

cathetersupplied by Coloplast, Peterborough, Ulre& used for testing purposes.

2.2.2. Antimicrobial Agents
Rifampicin R3501(SigmaAldrich, Poole, UK, Sparfloxacin56968(SigmaAldrich
Poole, UK andTriclosan USHCiba Speciality Chemicals, Macclesfield, Ukyere

the antimicrobial agenissedpredominantlythrough the course of the project.

2.2.3. Bacterial Characterisation

Clinical strains of bacteria isolated from the urine of patients with CAUTIs were
obtained fron the Microbiology Department at the QuéenMedical Centre,
Nottingham, UK. Organisms were received plated on Chromogenic UTI Medium
(Oxoid, Basingstoke, UK). Chromogenic UTI Medium is a differential agar which
provides presumptive identification of tineain pathogens associated W€AUTIs

as indicated by the colony colo(iable 2.2). Individual colonies were sub
cultured onto Blood AgaBase No.2 with sheep blood (SB®xoid) or Gsstine
LactoseElectrolyteDeficient Agar (CLED,Oxoid) as appropriat to obtain pure
cultures. Organisms were fully characterised by the following standard
microbiological techniquesGram Stain (Prd.ab Diagnostics, Cheshire, UK),

catalase testhgdrogen peroxide- Thornton and Ross Ltd, Huddersfield, YK
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DNAse test (Orid) and oxidase test (Oxoid) as appropriate. API Staph or APl 20E
were carried out according to the manufactisrenstructions (bioMrieux® SA,
Marcy | 6Etoil e, France) and an tMetbilinogr ams
susceptibility was deterimed by growth on Is@ensitest Agar (ISA, Oxoid) by
incorporating 4% Polyvinyl Pyrrolidone (Sigr#ddrich, Dorset, UK) with or
without meticillin at 12 ug/mL [153]. Precise MICs were obtained of rifampicin
using ETest strips (AB Biodisk, Solna, Sweden) and of sparfloxacin and triclosan
using an agar incorporation method with a concentraimyging from 0.008 3
pg/mL as shown in Appendix 1. All organisms were stored in Cryobank vials (Mast
Diagnostics, Merseyside, UK) and kept ir880°C freezer for future useBacteria
selected for this study were those most commonly isolatedtirenrine of patients

with CAUTIs and which had an antimicri@b susceptibility profile thatwas

representative of the individual organisms on the whole.

Table 22: Chromogenic UTI Medium Colony ldentification

Organism Colony Colour
Enterococci Light Blue

E.coli Pink

Coliforms Purple
Proteus/Morganella/Providencispp | Brown
Pseudomonads Fluoresce
Staphylococci Normal pigmentation
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Table 2.3 Antibiogram Interpretation
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Discs containing different antibiotiegereplaced on ISA plates seeded with bacteria. The antibiotics diffuse to ciélatéfahe ZI wasgreater thathe specified
diameter (mm) fothat antibiotic, the bacteriaereclassed abeingsensitive (S}o that agent If the ZI was lessthanthe specifiedliameterfor that antibiotic the
bacteria were clased as being resistant (R) to thagent and were given a score. All scoresvere added up to give an antibiogram number.
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2.2.4. The Impregnation Process: Production of Antimicrobial
Catheter Material

Rifampicin, sparfloxacin and triclosan were accurately weighed out and added to
chloroform togive conentrations (w/v) of 0.2%, 1% antPo respectively Once

fully solubilised, he silicone material, eitheéhe 6 mm silicone discs or the silicone
Foley catheters were immersed in thppropriate volume othe antimicrobial
solution (50 mL or 250 mL)and left for 1 hour at room temperature. The
antimicrobial solution was then removed and the silicone rinséd ethanol to
remove residual chloroform. Samples were left overnight to air dry at room
temperature for solvents to evaporate and for the silicone to return to its original size
entrapping the antimicrobial agents throughdu®4]. Control material was
processed in the same manner buheut the addition of the antimicrobial agents.

All samples were sterilised by autoclaving at 2 1or 15 minutes.

2.2.5. Serial Plate Transfer Test

Uropathogens were sulrultured onto SBAor CLED to obtain pure cultures. -13
colonies were added t5 mL of sterile distilled water to make a 0.5 McFarland
suspension20 mL ISA plates were prepared ambculatedusing a cotton bud stick
with bacterial suspensionAntimicrobial impregnated silicone discs were &pg to
the centre of the platesnd incubated overnight at 37°CSilicone discs without
antimicrobial agents served as contrafd.(minus the disc diameter) weneeasured
using digital callipersand recorded Those discs shomy ZI were removed and
transferred to furthefreshly seededagar plates, ensuring that the saside of the
disc surface was in contact with the agall. tests were carried out in triplicat& he
process was continued until no more &ere seen, or until the test was terminated
100 days If there was still aZl around the antimicrobial disbut evidence b
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bacteria attaching to it, it may be an indication of resistance developniént.
suspectedthe attached bacteriaaveisolated their identity compared to the original
inoculum to exclude contamination aRtC to the agents in the disc determineds

shownin Section 2.23.

For the SPTT, discs were impregnated with 0.2% rifampicin only, 1% sparfloxacin
only, and 1% triclosan only, and in combination (0.2% rifampicin, 1% sparfloxacin,
1% triclosan). The gectrum and duration of activity were established for the single
agents and all three agents combined. The other agents listed in Table 2.1 were also
screened using the SPTT against several of the uropathogens for their potential
duration of activity andesistance developmentlf the bacteria showed signs of

becoming resistanthe MIC of the agent was determined.

2.2.6. Determination of Time Taken to Kill Attached Bacteria
Uropathogens were subcultured onto SBAor CLED to obtain pure cultures. A
loopful of each was placed into 20mL universal containers containing Tryptone Soya
Broth (TSB,Oxoid) and grown tcearly log phase in a 37°C shaker incubatetat
200rpm for 4 tours. Universalswere centrifuged for 20 minutes 3000rpm and re

- susp@ded in a predeterminedpercentage(%) TSB (refer to section 2.2.6.1).
Bacteral suspensions weidjusted to Ao 0.6 - 0.7 using a Jenway 6705 UV/Vis
Spectrophotometer (Fisher Scientific, Leicestershire, Utjich equates to
approximatelyl(® cfu/mL. Suspensions were used at eithetcf0/mL or diluted in

the correct % TSB to approximately>tfu/mL.
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As highlighted in 8ction 1.5.3.1 once a urinary catheter has been inserted into the
body it rapidly becomes coated in urinary componantsa condioning film forms

A conditioning film was formed onontroldiscs(containing no antimicrobial agents)
and antimicrobiakilicone discs by exposing them to human urine. Utwee (pH
6.8) was sterilised by filtration through @2 pum cellulose nitratemembrane
(Whatman, Dassel, Germanghd discs soaked in the urine for 1 houB&C with
rocking. Following this discs were removed and placed intari.®eppadorfs. 1
mL of bacterial suspension wadded and incubatddr 1 hour at 37°Qvith rocking
to allow for bacterial attachment. The discs were tiesedin 1 mL of the correct
% TSB corresponding to each strain to remove nadherent bacteriand placed
into freshTSB. Bacteria were detachedofn the discs by placing the epp®rfs
into a soicator for20 minutes set at 5Biz (Ultra Wave Ltd, Cardiff, UK) 200 pL

of the detachedacteriawere spreadonto SBA or CLED plates. Plates were

incubatedor up to 72 hours and surviving bacteria counted as cfu/mL.

All tests were performed in trigiteand sampled/counted @t 24, 48 and 72 hours
time points. Eachday thediscs were rinsed in TSB to prevent antimicrobial build
up andif not tested at thatime pointwerere - incubated The time taken for the
antimicrobial material to kill attched bacteria was determined and compared to

control material where attached bacterial counts should remain high.

tK100 tests were also performed control and antimicrobiadilicone discs that had
been soaked in phosphate buffered saline (PBS, Ofmi8)days aB7°C. This was
to examine the effedhatdrugelution had on the antimicrobial mateéahbility to

kill attached bacteria. The PBS was changed daily to prevent the -bugdof
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antimicrobial agents and tbroadly simulate drug elimin&n within the urinary

tract.

2.2.6.1. Percentage TSB Determination

It is important to keep the silicone discs in the correct % TSB, in order to try
supply the attached bacteria with sufficient nutrients to allow them to survive but not
for them to wastly increase in numbef83]. To determine th&o TSB to achieve

this, control silicone discs were exposed to®H¥ 1F cfu/mL of bacteria in varying

% TSB concentrati®y A tK100test was performed as in 2.2.6 ahe torrect %

TSB selecte@ccording to the concentrati@t which the attached bacterial counits

the control materiaremained high and were constant over the 72 hour time period
i.e. counts should remain high and equal to or close to thalcfat O hours as at the

72 hourpoint[93].
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2.3. RESULTS

2.3.1. Bacterial Characterisation

Bacteria used throughout the report and their sensitivities to timeiewobial agents
are shown in @ble 2.4 They includeS.aureus(MRSA), E.coli, P.mirabilis,

K.pneumoniag E.faecalis and CoNS $.saprophyticys which represent the
organisms most commonlgalated from theurine of patients with CAUTIs and

which have a typical @timicrobial sensitivity pofile and individual MIC values.
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| MIC (ug/mL)
F.No | Organism API Antibiogram | Rifampicin | Triclosan | Sparfloxacin
Profile Profile
1232 | S.aureus 6736153 | 47604 0.008 0.032 >3
MRSA 97.8% ID
1693 | E. Coli 5145552 | 46370 R 0.19 0.023
99.9% ID
1691 | P. mirabilis 0437000 | 66370 R 0.094 0.19
95.7% ID
2630 | K.pneumoniae | 5215773 | 46370 R 0.19 0.032
97.6% ID
2633 | E.faecalis 5143711 | 62700 1 2 0.38
99.7% ID
2636 | CoNS 6634152 | 46000 0.012 0.125 0.19
S.saprophyticus| 88.7% ID

F. No = Freezebankidentity number R = Resisitant
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2.3.2. Serial Plate Transfer Test

Figures2.5 to 2.8 show the SPTT results of silicone impregnated with rifampicin,
sparfloxacinandtriclosan as single agents and in combination (rifampicin, triclosan,
sparfloxacin) exposed to MRSA, CoN%.faecalis E.coli, K.pneumoniaeand

P.mirabilis. Control discs showed no intrinsic activity towards the organisms.

2.3.2.1. 0.2% Rifampicin

—+—MRSA —@—CoNS -—+—E.faecalis =—==—E.coli —+—K.pneumoniae —e—P.mirabilis

25

o

10 }

Zone Diameter {mm)

0 10 20 30 40 50 60 70

Duration of Activity (Days)

Figure 2.5 The antibacterial activity of silicone impregnated with 0.2% rifampicin against MRSA,
CoNS, E.faecalis, E.coli, K.pneumoniaeand P.mirabilis assayed by the SPTT. The assay was
performed in triplicate and each point represents the mean with standar(S&YyorSE may not be
visible at every point as they were very smaK.pneumoniaeand E.coli are superimposed with
P.mirabilis (displaying no activity towards rifampicin).
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MRSA and CoNSweresensitive to rifampicin ané.faecalismoderatelysensitive
and they displayed 2l that lasted for 66 days, 24 days and 2 days respectively. On
day 24,all threediscs exposed to dNS slowed signsof bacteria adhering to the
material, indicating resistanceUpon further testing, it was revealed that this was
actually cross contamination withE codli, probably due to a failure inaseptic
technique whilstransfering the discsof the SPTTs The test was stopped, but it is
likely that unless true resistance developéke activity would have otherwise
continuedudging by theZl diameter compared with MRSA. Figu2es shows large
zone diameters, particularly against CoONS and MR8ADay 1followed by a rapid
decline until a steadier state of release is reachethecalisonly showed activity
lasting for 2 dayspossiblyrelatingto the higher MIC of rifampicin As expected, o
zones were displayed against the Gram negative organismesmamding to their

innate resistance to rifampicin.
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2.3.2.2. 1% Sparfloxacin
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Figure 2.6 The antibacterial activity of silicone impregnated Wit sparfloxacinagainstMRSA,
CoNS, E.faecalis, E.coli, K.pneumoniaeand P.mirabilis assayed by thé&SPTT. The assay was
performed in triplicate and each point repres¢inésmean with standard err(8E). SE may not be
visible at every point as they were very small.

All bacteria apart from MRSAhowed varying degrees of sensitividysparfloxacin
E.coli wasmost sensitive anB.faecalisthe least. By dag/6 and 7, sparfloxacin no
longer displayed any activity towardB.faecalis and P.mirabilis respectively.
Activity towardsCoNS also stopped at day 38, whereas >100 day duratectioity
towards E.coli and K.pneumoniaevas shown For the latter organismsnanitial
high release of sparfloxacin is shown folkavby a decline until it reachedsteady

state. Impregnation with sparfloxacin alone showed no signs of resistance.
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2.3.2.3. 1% Triclosan
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Figure 2.7: The antibacterial activity of silicone impregnated with 1% triclosan agdifiRBA,
CoNS, E.faecalis, E.coli, K.pneumoniaeand P.mirabilis assayed by the SPTT. The assay was
performed in triplicate and each point represents the méanstandard erro(SE). SE may not be
visible at every point as they were very small.

The concentration of triclosarequiredto inhibit the growth oft.faecaliswas the
highest at 21g/mL compared to the other five bacteria and the shortenedatuat
activity, <22 days, reflects thisTriclosan showed continued activity towards the
remaining bacteriadisplaying large zone sizes that continued for 100 days and
beyond. Unlike rifampicin and sparfloxacin there appears to be less in terms of an
initial burst of the drug but more of a steady persistent release. No sign of resistance

was seen over the duration.
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2.3.2.4. Combination of Antimicrobial Agents
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Figure 2.8: The antibacterial activity of silicone impregnated with a combinatio®2% rifampicin,
1% triclosan and 1% sparfloxacin agaifddRSA, CoNS, E.faecalis, E.coli, K.pneumoniaeand
P.mirabilisassayed by the SPTT. The assay was performed in triplicate and each point tegnresen
mean with standard err¢8E). SE may ndte visible at every point as they were very small.

All three antimicrobialagents combined showed.00 day activity towards all of the
uropathogens with the exception Bfaecalis Images of the E.coli SPTT at day 1
and 100 are shown in Figure 28 é&nd B). The results irFigure 2.8are similar to
those withmaterial impregnated with triclosan alon®esults generated frothe
SPTT performed with silicone diseéspregrated with singleantimicrobial agents
provided information on the drationof adivity to which bacteria are sensititeone
or more of the drugs.E.coli and K.pneumoniaewere affected by triclosan and

sparfloxacin over the 100 day duration and Copt8bably by rifampicin and
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triclosan over a prolonged periowith sparfloxacin givig short- term activity.
P.mirabilis was affectedmostly by triclosan alone with garfloxacinactivity in the
short- term and MRSA by rifampicin and triclosai.faecalisshowedonly ashort-
term duration of<22 days using this combination with actiicoming from

triclosan No signs of resistance were seen.

2.3.2.5. Serial Plate Transfer Test and Depiction of Resistance

In selecting suitable antimicrobial agents from Table 2.1, all were screened against
several othe microorganisms using th8PTT (not all data shown) Impregnatiorof

the silicone discs withtrimethoprim alone repeatedly exposed Kgneumoniae
showed signs of resistance on day 38 of trarefeshown in Figure 2.8&C). Upon
identification and MIC testing, the bactefram day 38 werdound to be resistant to
trimethoprim (>32 pg/mL compared to the origindllC of 0.38 pg/mL). No
bacterial resistance developed whirtteria wereexposed to thether agents listed

in Table 2.1 either as single agents or whambined
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(A) (B)

Signs of Resistance

©

Figure 2.9 SPTT of rifampicin, sparfloxacin, triclosaficombination)impregnated silicone discs
exposed toE.coli on (A) Day 1 and(B) Day 100 and(C) K.pneumoniaeexposed to material
containing 1% trimethoprim, showing signs of resistané&ough there is Zl, the bacteria that are
attached to the disc are surviving and growing on it.
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2.3.3. Time Taken to Kill 100% of Attached Bacteria

Figures 2.10 and 2.1dhowthe results of the time taken for the rifampicin, triclosan
and sparfloxacin containing silicone to kill ideally 100% of attached bact@&itie.
correct % TSB tgerform the assay witwvasestablished ans shown in Table 2.5.

A urinary conditioning film was formed ocontrol and antimicrobial silicone discs
pre and possoakingfirug elution,and priorto being exposed to {@fu/mL or 16

cfu/mL of E.faecalis CoNS, MRSAE.coli, K.pneumonia@r P.mirabilis.

Table 25: Determination of percentadesB required to maintain bacterial viability

Organism TSB (%) upon exposure| TSB (%) upon exposure
to 10° cfu/mL bacteria | to 10° cfu/mL bacteria

MRSA 1 1

CoNS 1 1

E.faecalis 0.1 1

E.coli 0.1 0.1

K.pneumoniae | 0.1 0.1

P.mirabilis 0.5 1
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Figure 2.10: tK100 results for material impregnated with 0.2% rifampicin, 1% triclosan, 1%

sparfloxacin and controls.

Material was exposed to urine for 1 hour to form a conditioning film prior

to exposee to(A) 10°cfu/mL E.faecalis CONS, MRSA, angdB) E.coli, K.pneumoniaat 16 cfu/mL

and P.mirabilis at 10 cfu/mL respectively. After, material was sonicated at time intervals and the
viable bacteria in the sonicateunted. Each point represent® tmean of three tests with standard
errors Figure A shows lines for CoNS and MRSA which are superimposed.
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The tK100 results fodiscsimpregnated withrifampicin, triclosan and garfloxacin
with a conditioning fim show that no viabl€oNS, MRSA or K.pneumoniaeells
remained attached by the end2dfhours,or E.coli by 48 hours ance.faecalisby 72
hours. Material exposed to £@fu/mL P.mirabilis (data not shown) was not able to
kill all of the attached bacteria. Upon exposure tocti¥mL, <25cfu/mL remaired
attachedat 72 hours. Bacterial numbers attached to control desosined steady

throughout at approximately® cfu/mL.

85



Chapter2 - Screening Tests

—+—E.faecalis —m—E.faecalis Control === CoNS = CoNS Control === MRSA —e— MRSA Control

1000000
100000 :
T
g- _,,'fﬂf""—’qr_
- —3
g 10000 L
-ﬁ . 4
€ 1000
I
(%)
e
g " \N
Q
(5] =
-3
? J‘ \
1 =
0 24 48 72
Time {(Hours)
(A)
——E.coli —&— E.coli Control =4 K.pneumoniae
== K.pneumoniae Control =+ P.mirabilis =& P.mirabilis Contral
10000000
/ ]
1000000
100000
—il

o WE‘ = T
1000
100 iis::::——““‘h\h“~\\‘1 ——
\\ T —
10

Bacetrial Count {Log cfu/mL)

Time {Hours)
(B)

Figure 2.11: tK100 results for material impregnated with 0.2% rifampicifp Iriclosan, 1%
sparfbxacin and controls. The material was soaked in PBS for 5 days to simulateetiase
followed by exposure to urine for 1 hour to form a conditioning film prior to exposu(a)td0®
cfu/mL E.faecalis, CoNS, and MRSA, arfB) 10° cfu/mL E.coli, K.pneunoniae and P.mirabilis
respectively. After, material was sonicated at time interaath the viable bacteria in t®nicate
counted. Each point represents the mean of three tests with standard errors

86



Chapter2 - Screening Tests

Following saking to simulate drug release, thiampicin, triclosan, sparfloxacin
combination reduced theumber ofbacteriaattached to the materials surfdng did
not eradicate all othemwhen exposed ta 10° cfu/mL inoculum (data not shown)

A lower inoculum of 18 cfu/mL was therefore usedAlthough small numbers of
bacteria adhered to the antimicrohiidcswhen exposed to 2@fu/mL bacteriathe
trend for bacteria adhering to contrdiscs was to increas@ver time where the
opposite effect was shown for tlaatimicrobialdiscs E.coli and K.pneumoniae
were eliminated within 24ours,E.faecaliswithin 48 hours and CoNS and MRSA
within 72 hours. >50 cfu/mL P.mirabilis remained attached to the antimicrobial

discs.
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2.4. DISCUSSION

The SPTT is based on the ability the antimicrobialagents to diffuse out othe
polymerto create &l aganst susceptible organisms. ist a static test that can be
used to screethe antimicrobial agentgotential duration of activity against target
organismgue to its serial natureA variety of antimcrobial agents shown in Table

2.1 were investigated for impregnating into silicone discs and the spectrum and
duration of activity against a range of CAUTI organisms assessed using the SPTT as

an initial screening test.

Having successfully been incomated into bone cements as a means of applying
localised antibiotic delivery{155], gentamicin sulphate was investigated but is
insoluble in chloroform so was ruled out. Similarly minocycline having been used as
coatings on various catheters to prevent microbial colonisation was not suited to the
solvent- based inpregnation process as it is also poorly soluble in chloroform. On
screening clindamycin and rifampicin it appeared that long lasting activity in
particular against staphylococci was possible from using a 0.2% concentration in the

chloroform([81].

Yassienet al (1995)[156] studied the effects of four types of quinolones on reducing
biofilms formed on vascular catheters in ian- vitro model. They found that a
concentration of agents 425 times the MIC of planktoni®.aeguginosashowed

<5% growth of adherent cells compared to the controls. The effect of quinolones on
actual catheter biofiims and reports of incorporation into material to prevent

progression to the biofilm staf@18] led to viewing quinolones for potential activity

88



Chapter2 - Screening Tests

and duration against uropathogens. Sparfloxacin and norfloxacin were readily
soluble in chloroform based on a 1% concentratidi], and gave a broad spectrum

of activity and the potential of a long duration upon screening. They were also
investigated as some microorganisms that are resistant to fluoroquinolones may be
sensitive to the lesserused agents. Sparfloxacivas found to give longer lasting

activity against Gram negative bacteria compared to norfloxacin (data not shown).

Incorporating trimethoprim into polymers along with rifampicin in ian- vitro

model showed thel.aureuscolonisation was reduced by $97%[158]. Similarly
trimethoprim, rifampicin and triclosan incorporated into peritoneal dialysis catheters
has shown to inhibit bacterial colonisation Bycoli and MRSA in anin - vitro

model following repeated bacterial challenges for 90 da$%]. Upon screening,
trimethoprim (1%) showed a prolonged duration of activity particularly against Gram
negative organisms (data not shown) but resistance was gener#tghéomoniae
(Figure2.9). This agrees with resear§hb9] which has highlighted that as a drug
commonly used to treat UTls, resistance to trimethoprim is increasing and this could
be an issue if many of the @mgisms isolated from patients with CAUTIs have been

treated with trimethoprim in the past.

The potential of atiseptics were alsanvestigated. Hexetidine andoctenidine
dihydrochloride are said to have a broad spectrum of activity but when incegborat
into silicone even at concentrations of 5%, they displayed only a small ZI against
common uropathogens which was short lived (data not shown). There is much
scientific research as highlighted in section 1.6.5 which indicates that triclosan is

highly effective in reducing bacterial colonisation. The SPTT of triclosan
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impregnated silicone discs using a 1% concentration in the s¢hEr]tdisplayed a
broad spectrum of actityi with zone diameters that looked likely to continue for a

long duration. Silver was not assessed in this project.

Of the antimicrobial agents screened, clindamycin or rifampicin could act to affect
predominantly Gram positive organisms especially taphg/lococci Sparfloxacin

or trimethoprim could act to affect mostly Gram negative bacteria but give some
Gram positive protection whilst triclosan could cover both. Clindamycin and
sparfloxacin however upon combination did not combine well and arsdlgiade
clindamycin powder is an expensive drug to use for testing purposes. Due to the
increasing reports of resistance to trimethoprim, a combination of 0.2% rifampicin,
1% triclosan and 1%parfloxacinwas therefore selected to become impregnated into

the urinary catheter.

Several studie§l60, 161]have compared the efficacies of antimicrobial catheters
using the ZI test but zone diameters were only measured after overnight incubation
and no further tests performed. By transferring the material to freshlydsagde
plates we can see that often there is a sudden drop in antimicrobial activity after the
first day. For exampleFigure 2.5 shows thdt.faecaliswhen exposed to silicone
containing rifampicin, the initial zone diameter was ~18 mm but by the thydd

zone of inhibition remained. This indicates that in some instances activity may be
limited to a few days and is an effect of surface activity and it is important to see if
the activity is likely to continue thereafter rather than draw conclusions & one

day zone of inhibition tegi.57].
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The SPTT showed thatfampicin incorporated as a single agamb the silicone
discsgavea duration of activity that persest for 65 days against MRS#d despite
the contamination ddll three discexposed to CoNSt appeared from the zone sizes
that the duratiorof activity against CoNSvould have otherwise continuedTo
verify this, the experiment should have been repéatSparfloxacinwas active
against E.coli and K.pneumoniaeover the whole1l00 day SPTTduration and
displayed some shorter term Gram positive (CoNS) activity. Triclosan showed a
broad spectrum of prolonged activity with the exceptiorEdtecalis(22 days).
E.faecalisis an organism commonly isolated from the urine of patients on LTC and
the short duration adintimicrobal activity against itmay beof concernand could be
relatedto the higher MIC values. d¥ever, the impacthat E.facealis has on
symptomatic CAUTIrequires further investigation.Combining all three agents
displayed persisting activitggainst the uropathogens whigtadually declined over
the 100 dayswith theexception oft.faecalis It is anticipated thdf the bacteria are
sersitive to theindividual antimicrobial agentand displaya persistingZl, the agents
combined should acin a mannersimilar to the agents by themselvésit
synergisticallyto provide protection from the emergence of resistarfémtection
providedby two antimicrobial agentésparfloxacin and triclosadoked possible for
E.coli and K.pneumoniaeover the wholeSPTT duration and for a long duration
towards CoNS and MRSifampicin and triclosan) P.mirabilis was mostly acted
upon by triclosan alone ovehe 100 day duration anf.faecalisby triclosan but

only short- term.

The SPTT can also be used to detect the development of resistance which can be

visualised by microbial growth around or under the impregnated silicone material.
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emergedhat K.pneumoniadecame resistant at day 38 following repeat exposure to
material impregnated with trimethoprimlone with the MIC increasing to>32
pg/mL. It isproposedhat as only one side of the material is exposed to the bacteria,
if the level of trmethoprim reaching the surface svapproximating the MIC of the
organism omwas sub- inhibitory over a prolonged periotthen it is possible that the
bacteriawould mutate to a more resistant phenotype which will allow survivors to
remain attached to the diaad a rise in MIC occul57]. The Dual Drug Principle
[122] works on the basis thaif bacteria are to survive they must undergo
simultaneous resistance mutations in two different genes distant in the genome and
the chances of this are extrelylow if more than one antimicrobial agent is used at
correctconcentrations By applying this principle thus fathe SPTT has not shown
bacteria to develop resistance wards the rifampicin, sparfloxacin, triclosan

combination

Studies bySherertzet al (1993)[161, 162]suggested thahere was a relationship
betweenin - vitro antrinfective catheter zones of inhibition amd- vivo efficacy.

They report thah >15 mmZl againstS.aureuswas necessary t@revent bacterial
colonisationin a rabbit model and that the concept may be generalizable to other
organisms A study by Tambeet al (2001) [163], however,found that catheters
containing chlorhexidine, chlorhexidine acetate and silver sulphadigpinmed
small sized zones after soaking (<7.2 mm) upon exposusecfmdermididut were

able to kill the adhered bacteria. On the other hand the minocycline and rifampicin
catheters showing larger zone sizes (14 mm) were unable to prevent colorgation
S.epidermidis They suggest that zone size may be related to the solubility and

diffusion characteristics of the drugs, while the ability to resist bacterial colonisation
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may depend on the type of antimicrobial action (static or cidal) and slow aidd rap

kill [163].

The SPTT is a useful screening tool lmitthis study was not used to asséss
ability of the antimicrobial combinationto provide protective activityagainst
bacterial colonisatian The antimicrobial catheter works by preventibgcterial
colonisation rather than by the inhibition of adherefic#2] and he tK100assay
addresses this by attaching the bacteria to the antimicrobial material and monitoring
the time it takes for the agents to kill the attached bactéxiee to the length of time
the tK100 assay is run (#durs) it is important to establish the appropriate TSB
concentration which is used to support the bacteria. cohectTSB concentration
should enste bacterial viabilitybut not allow for too mch multiplication and this
was determined for each badten as shown in Tabl.5. Too high a% TSB can
cause exponential growth whereas tow a % TSB can result in insufficient

nutrients being available causing the bacteria to die off.

Initially to ensurethat bacteria became attached to the materialas exposed ta

10 cfu/mL suspension of bacteria. Some bacterial speBigsir@bilis) remained
attached to the material after the R@ur test period and all species remained
attached (data not shown) following soaking of the material when exposkd to
cfu/mL. Following this, it was thought that ®€fu/mL was too high a number to be
exposing the material to, $or some assayshallenge with 10cfu/mL bacteria was
adopted. Thisvas deemed to be a reasonable level of bacteria to expos#idbee

to as in clinical practice a CAUTI is diagnosed if 3téu/mL of a predominant

bacteria is isolatefB2, 33] The numbers of bacteria attached to the cowlisus

93



Chapter2 - Screening Tests

when exposed to fafu/mL remaired relatively constant over the 78our test
periodwhereashe numbers attached to the contlislcsfollowing exposure td0®
cfu/mL werelow at Ohours and increased with tim&acterialnumbers attached to
the antimicrobial mat&al showed the oppositeffect and decreased over time,
revealing the ability of the agents to release from the matnkill the number of

attached bacteria.

It is also important during théK100 assay to take into account the effect
conditioning filmshave on bacterial colonisatiorConditioning films wergormed

on the silicone discshy exposing hem to human urine for lhour. XRay
Photoelectron Spectroscopy (XR&s used t@onfirmthat1 hour exposure to urine

was sufficient time foa conditoning film layerto beformed on thecathetersurface

and this is discussedurther in Chapter 5 (Surface rfalysis). The antimicrobial
catheter was found to be capable of killing attached bacteria in the presence of a
urinary conditioning film. There ha, howeverpeen conflicting reports concerning

the effect that conditioning films have on bacterial attachment. A studysbyman

et al (1997 [49] examined the adherence Sfepidermidisto silicone peritaeal
catheters in the presence and absence of a conditioning film formed by exposing the
material to artificial spent peritoneal dialysate (ASD) for 1 hour. They found that
treatment with ASD decreased the adherenc8.epidermidis Murgaet al (200])

[164] investigated the effedhat a conditioning film formed by exposing central
venols catheter connections to bloba@d on biofilm formation caused by Gram
negative bacteria. They reported that the conditioning film formed of blood
components mmoted biofilm formation.In urine, 67protein forms fom which 47

unique proteindiave been isolated and identifigi5]. Santinet al (1999 [166] in
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anin - vitro model demonstrated that eonditioning film formed by exposure to
urine enhanced crystal precipitation dme catleter surfacebut they did not study
bacterial colonisatioper se The studies highlight the differences in resaltsl the
importance of taking into account the effect conditioning filmes/have on bacterial

colonisation.

Kohnenet al (2003 [118] report onsiliconeventricular cathetarimpregnated with
rifampicin and sparfloxacin challenged with’8u/mL of Sepidermidisin a time

kill assay. They found a 99.8% reduction in attached bacteria comparedtheter
segments with no antimicrobial agen&ollowing soaking of the material for up to 1
yearthere wasstill a 99.8% reduction in bacterial colonisation compared to control
ventricular catheters Tambeet al (2001 [163], however showedthat the mean
adherence ofS.epidermidisisolates to minocycline and rifampicin catheters
increased following up to 24 days soakinghe rifampicin, sparfloxacin, triclosan
containing silicone discs showed a reduction in ability to kill attached bacteria
following 5 days soaking. As the agents eluted, the material was unable &b Kill
attached bacteria that were applied as %cfil@mL initial load (data not shown) It

was however more capable of killing attached bacteria that were applied as a 10
cfu/mL initial loadand eliminated all attached bacteria within a 72 hour time period

with the exception of 50 cfu/mB.mirabilisremaining.

P.mirabilis was not completelgradicatedby the action of the antimicrobial agents
before or afterthe 5 day drugelution. The effect of a few colonies remaining
attached to the material its ability to preventbacterial colonisation will need to be

examined further ira flow model system.Even thoughP.mirabilis remained after
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72 hours, compared to the controhtarial a >99.9% reduction of attached bacteria
was shown. A tK100 wadowever achieved for both soaked and ursoaked
material following challenge with CoNS, MRSAE.faecalis E.coli and
K.pneumoniaeavithin 24 to 72hours. Despite a short duratiorf activity displaye
by the SPTT toward&.faecalis the tK100 showed the agents to be effective in
killing attachedE.faecalis This is likely to be due to the action of triclosan over the
72 hours but is not to say that the antimicrobial material wdaddeffective if

challenged further witk.faecalis

It can be seen from the tK100 test that the antimicrobial matdidgbrevent the
colonisation of the majority dhe uropathogensested Although this is a static test
and applies only one bacteriahallenge to the material, thauration of activity
shown by theSPTT reveals that there is potential that the material may be successful
in preventing colonisation if challenged furtheith certain organisms The burst
effect fromsparfloxacin and rifaicin and the susta@u release of triclosan shown
from theSPTTalongwith the tK100results have demonstrattgat the antimicrobial
combination may beeffective in prevening bacterial colonisation at the time of
catheter insertion, in particular againrGoNS, MRSA, E.coli and K.pneumoniage
Urinary catheters arehowever exposed to potential bacteriehtry at any point
during their use, so a londasting effect is required if infection is to be reducéch

in - vitro model simulating flow conditian within the bladder that subjects the
material to repeatd bacterial challenges will helfp determinghe effectiveness of

the antimicrobial catheter in preventing bacterial colonisation over a longer term
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CHAPTER 3

IN - VITRO MODEL
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3.0. IN-VITRO MODEL

3.1. INTRODUCTION

Despite the problems causkey bacterial colonisation on urinary catheters there is no
standardn - vitro test to quantifythis. There arehowever several types of models
reported in the literature thaxamineways of studying the effectiveness of drug
releasing catheters at inhibitingacterial colonisation and encrustation andare
discussed inextion 3.1.2.ldeally controlled human clinical trials are the best way of
assessing the effectiveness of medical devibut these can be slow to set up,
expensive anaften evaluate small numbers of patiefi$7]. The variability of

human models in terms of diet, fluid intake&inary constituents and infection by a
wide range of organisms has made comparing biomaterials difficult because any real
differences in the biomaterials are confounded by other uncontrollable variables
[168], however, in order for a medicakvice to gain CE marking and MHRA
(Medicines and Healthcare Products Regulatory Agency) clearance, human studies
are essential. To assess safety, tolerability, pharmacokinetics and
pharmacodynamics of a product, Phase | clinical trials involving a smaber of
humans is required. Progression to Phase Il trials involving larger numbers of people
to assess how well the product works and Phase Il involving a randomised
controlled multicentre trial to assess how effective the product is compared to the
cu rent 6gold standardd6é are then required
progress to human studies, prdinical (in - vivo andin - vitro) studies are required

in the first instancego demonstrate safety of the device and to confirm proof of

principle. Animal models can be more easily controlisén humansn terms of
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fluid and diet but their urinary constituents can still vary and differences in their
pharmacodynamic ability compared to humans can make efficacy evaluation
problematic. To gin knowledge into how a medical device may perform in the

body,it is common folin - vivo studies to be supplementedihy vitro studies.

3.1.1. The ldeal In - Vitro Model

In an idealin - vitro model of medical device efficacy, all variables skiobke
controlled except the biomaterial under review, thus allowing in this instance to
determine the direct effect the material has in preventing bacterial colonisation.
Choonget al (2000 [168] stated that the ideal model should includentiol of pH

and temperature, uniform exposure of bactarithe materialhave a flow of urine
mimicking human urinary flow ragewhich should floneveny over the material and

not be recycled. &parate chambers for test and control material to prevess-cro
contaminationshould be providedresults must be reproducible and the model
should besimple of low costand be able to be adapted tw@nmodate a variety of
cathetersizes There are of course many differences betweervitro andin - vivo
models that cannot be accounted for in laboratory models. The lack of host defences
such as white blood cells, immunoglobulins, complemedtamokines, fever in
patients, the diversity of bacteriaicrobial load and the virulence of organisms are a
few exampleg[167]. The complexities of infection adifficult to simulate in arn -

vitro model butthey cangive pointers to the@xtent anantimicrobial cathetemay
affect bacterial colonisationn order to satisfy regulatory requirementer

subsequentesting in humans.
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3.1.2. In - Vitro Models Used to Study the Effectiveness of Drug -

Containing Materials

Of the few catheterised urinarymodels cited[7, 168, 169] many report on
enaustation of urethral catheter3he better designed models take the form wfot

- compartmental type modeld hey generallyconsist of a vessel coacted to input

and output ports through which medium can flow. This is known as the central
compartment andepresentshe blood and equilibrating tissue sit¢467]. Inserted

into the central compartment is a peripheral compartment which corresponds to the
tissue site containing the infectidi67]. Two - compartmentmodels can be
modified and made more agfic to what is being investigatedAn example of a
glass bladdemodelused by Stickleet al (1999 [7] andBarford et al (2008 [169]

to investigatethe impactthat different urinary catheters have on encrustation by

P.mirabilisis depicted in Figure 3.1.
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Figure 3.1 Model of the catheterised urinary tract detailing one of the bladders with a catheter in situ
[7, 169]
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The glass vessel repra#s the bladder through which a urinary catheter tip is
inserted that extends through a glass tube representing the urethra. Urine is pumped
into the glass bladder which flows through the catheterdm@magebag. Bacteria

are inoculated directly intthe urine within the glass bladder and as the badterial
infected ume flows througtthe catheter lumenencrustation and biofilm formation
can be studied. Human urine, artificial urinelaoratory culture mediurnan be
used. Human urine is very vable and if large volumes are required ower
prolonged period, ensuring a constant supply maprbblematic Artificial urine

has the advantage that st composition can be controlled but there amany
constituents in human urine that can inhibit or pnote bacterial
colonisation/encrustation which are not present in artificial uriRdtration of the
quantities of artificial urine required may also be difficult to keep supplied over a
long course. As urinary fluid is a complex milieu whose conteats influence
bacterial adhesion to substrqiZ 0], models often use laboratory nutrient broths to

give an indication of the likely effect of the test material under review.

In a study byChoonget al (2000 [168], a nodel of encrustation similaio that
shown in Figure 3.Was devised for the purpose of validating vitro performance
with in - vivo results. Catheter material was subject togbed human urine atfeow
rate of 0.5mL/min overa courseof 5 days To ensurethatbacteria did not grow in
the urine gentamicin and vancomycin were adde@ihey reported thain - vitro
results ofthe effectiveness of biomaterials in preventing encrumtatorrelated well

with in - vivoimplantation into the bladdef rats.
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Tunney et al (1999 [171] designed a continuous flow model to study biofilm
development and encrustation Bynrabilis on urethral catheters. It was based on a
modified Robbins device where artificial urine containitige bacteria wase -
circulated at & mL/min through tubing feeding tgieces of test catheter
Intraluminal encrustatiowas formed and studiedn investigatingthe prevention of
bacterial colonisation of urinary cathetewsine shoulddeally not be re- circulated
and to add antimicrobial agents to urine to prevent bacterial gasnitihthe Choong

et al (2000)[168] studymayhideaway the effect the drugreleasing catheter has on

preventing bacterial colonisation.

An example of a further model is the catheter bridge model reviewed by Kazmierska
et al (2010 [172] which studies the migration &f.mirabilis over catheter sections as
shown inFigure 3.2 It uses an agar plate through which a horizontahchis cut

where the catheter segment lies. Bacteria are inoculated one side of the channel and
migrate over catheter segments. In this instance material coated in a hydrogel with
and without iodine was studied to see how effective the material wasvanging

the bacteria from reaching the other side of the catheter
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after 24 hrs

N

silicone control

hydrogel

hydrogel

hydrogel + iodine

Figure 3.2 Catheter bridge model depicting the migratiofPahirabilisover catheter segments
coated with hydrogel and hydrogel plus antibacterial agent.

P.mirabilis was foundto move quicker through the hydrogetoated cathetesnd
slower when it was combined with iodine. The model however is a static test and is
not useful for studying the potential duration of activity that a drugleasing
material has and is suitalbaly for organisms that are motiléAn improved version

of this could involve the migratioof Proteusinside the test cathetéiom one end to

the other under flow conditiongsing a pump system.n general, he study of
cathetercolonisation in the absee of confounding biological factorsould be
modelled as a catheter with fluid flow and bacteria attached to the inner surface. To
examine the potential duration of protective activity an antimicrobial catheter gives,

the catheter could be repeatedialtdnged with bacterial loads.
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3.1.3. Objectives

The aim of this chapter is to develop a novel- vitro model that represerd the
catheterised urinary tract and to evaluate the ability of the antimicrobial catheter to
resist bacterial colonisationlt is anticipatedthat the antimicrobial cathetemder

flow conditionswould be able to prevent bacterial colonisation and the development
of resistance over prolonged period followingepeatweekly challenges with high
doses obacteria. Thein - vitro modelalong withdrug content and release analysis
could be used to determine the dosing regimems sufficient to maximie the
eradication of the pathogerand if it is effective at limiting the development of

resistanc¢l167].
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3.2. METHODS

3.2.1. Growth Curve to Assess Bacterial Growth Rates in TSB and
Artificial Urine

Ideally in - vitro models designed ttestbacterial colonisation on urinary catess
require real or artificial urine as the perfusion medium. A flow rate ofrlL&nin
would require each catheter to be perfused with #a0/day. With each
antimicrobial catheter beingestedin triplicate plus controls and 2 or 3 bacterial
speciedeing testedn any 12 week testing period this amounts to between 8 ko 12
of urine required each day. Artificial uridescribed by Griffithet al (1979 [173]
and as shown inSection 3.2.1.1 was examined for use in the- vitro model.
Difficulties in the ability to terilise the quantityof artificial urine viamembrane
filtration and the time it toolked to thesearch for an alternative mediutmat would
suwpport bacterial growttcharacteristics similar to those urine. Artificial urine
could alsonot be sterilised by autoclavingacterial gowth rates irpure TSB were

thereforecompared to thsein artificial urine overa period o hours.
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1. One isdatedbacterialcolony from a SBAor CLED plate was removed using a
sterile loop, inoculated into 1AL sterile TSB and incubatexernightat 37°C.

2. 0.5mL was inoculated into 56L TSBand50 mL artificial urine(Table 3.1)

3. The cultures wexr placed into 87°Corbitalincubator set at 20Gpm.

4. Every hour for 8 hours, 1Q0L of the bacterial suspensions weeenoved for
bacterial quantification.Ten- fold dilutionswere made as necessary 200 uL
of the appropriate dilutn plated out ad spread evenly onto SBA or CLED

5. Plates weréncubated overnight &7°Cand cfu/mL recorded.

6. Graphs of time against log bacterial caimtL were plotted.

3.2.1.1. Artificial Urine

Table 3.1: Recipe for artificial uring173].

Amount: g/L

Ammonium Chloride 1.0
Calcium Chloride 0.49
Potassium Chloride 1.6
Sodium Chloride 4.6
Magnesium Chloride Hexahydrate 0.65
Sodium Sulphate 2.3
Trisodium Citrate Dihydrate 0.65
Disodium Oxalate 0.02
Potassium Dihydrogen Phosphate 2.8
Gelatin 5
Urea 25

The above chemicals (Sigr#ddrich) were accurately weighed out and dissolved in

1L sterile distilled water.The pH was adjusted to 6.1dsterilisationby membrane
filtration through a 0.2um pore using a vacuum systemas employed TSB was
sterilised separately by autoclaving and added to the above to give a final

concentration of 1Q/L.
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3.2.2. Principle of the In - Vitro Model

All siliconeFoley catheters were used in eitheritttiea s veda stage ifor control
purposes or impregnated with rifampicin, triclosan and sparfloxacin as described in
Section 2.2.4. Ssdion 3.2.2.1 to 3.2.2.3 detdihe in - vitro model set, assembly,
testig and sampling procedure aRigure 33 depicts this. TSB was used as the
perfusion medium at a flow rate of O¥l./min. The lumens of the urinary catheters
wereinoculated with10® cfu/mL of bacteria suspended in TSB.oli, E.faecalis,
K.pneumoniaecMRSA, P.mirabilis) and catheter ends clamped forhbur to allow

the bacteria in the suspensitanattach to théuminal surface.The tK100 screening
tess and previous studigsaveindicatal that 1 hour exposure time is sufficient for
bacteria tobecomeattached to material[81, 174] The fow was restarted and
samples of perfused TSB taken frome distal end of the cathesaverecollected on

a daily/near to daily basi200 uL wasplated ouonto SBAor CLED and incubated

for up to 72hours. Surviving colonies were countelf.no bacterial counts were
detected, catheters werm-rchallengé on a weekly basis and new control catheter
set up. Water surrounding the catheter in the glass tube was replacetdeeklya
basis to prevent the buildup of antimicrobial agents. Tests were carried out at
37°C in triplicate. Challenges werenade for up to 12 weeks or until the
antimicrobial catheters failed to stop bacterial colonisatiBacteria isolated from
colonised antimicrobial catheters were identified and the MIC of rifampicin,
sparfloxacin and triclosan determined as detailed in Section 2.2.3 and Appendix 1.
All test catheters and a colonised control catheter from eftife bacterial specie

were subjecto evaluation by Scanning Electron Microscd®EM).
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Figure 3.3 In - vitro model
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3.2.2.1. Description of In - Vitro Model Set - Up

Part 1: Perfusion Fluid Reservoir

Step | Action
1 2 L flasks of TSB were made s pema n u f a dnstwatians 0
2 A 3 mm hole was made through the bung/lid of the flask and 1

mm tubing (SLS, Nottingham, UK) thread through until it reached
bottom of the fluid

3 A glass connector (inm diameter) was inserted into the extlend of]
the 1 x 3mm tubing

4 A clamp was placed onto the tubing to ensure the fluid does
escape

5 The top of the flask and the end of the tubing was covered
aluminiumfoil and secured with tape

6 All was sterili®d by autoclavig. TSB was renewed as necessary

Part 2: Inlet Tubing

Step | Action

1 A glass connector was pushed into one end of the pump tubing

2 Attached to the above glass connector vas3mm tubing

3 A short piece of 2 x 4nm tubing (SLS, Nottingham, UKwas
attached to the other end of the 1 mf tubing

4 A straight connector 35 mm (SLS, Nottingham, UK) was connect
to the 2 x 4nm tubing

5 The end of the connectors werovered withaluminium foil and
sterilised by autoclaving

Part 3;: Catheter Section

Step | Action

1 A suitable sizd hole was made through the ¥420 mm silicone
stoppers (SLS, Nottingham, UK) that fit into the gldaabes within
the water jacket

2 The control andantimicrobial cathetrs were cut to size (minus bd
erds of thecatheter) and pushed through the hole in the silig
stopper until approx 2.6m poked through each end

3 Ends were avered withaluminiumfoil and sterili®d by autoclaving
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Part 4 . Outlet Tubing

Step | Action

1 To one ed of a straight conectora small section of 2 x s/am tubing
was attached

2 1 x 3mm tubing was inserted into the end of the 2mm tubing

3 Ends of the tubing and connector werevered withaluminium foil
and sterilied by autoclaving

Part 5: Waste CollectionVessel

Step | Action

1 A 30 L Sharps Container was used for the collection of w
perfusion medium (TSB)

2 Disinfectant (Trigene) was added to kill bacteria within wg
perfusion fluid
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3.2.2.2. Assembly of In - Vitro Model

Step

Action

1

The water jacket was filled with distilled water and maintained
37°Chby the heating circuit

2

From Part 2 of the inlet section, the pump tubing was clipped
place on the pump

3

The 1 x 3mm tubing from Part 1 of the perfusion reservoir v
connected tohe glass connector of the pump tubing

The catheter from Part 3 was inserted up the centre of the tubes
water jacket and the silicone stopper pushed securely into the b
of the glass tubes

The glass tubes of the water jacket were filleth distilled water to 2
cm from the top and d&afilm wrappedaround thetop where the
catheter protruded

The straight connector from Part 2 of the inlet tubing was fitted
the top of the catheter

To the bottom of the catheter, the straight @mtor from Part 4 of th
outlet tubing was pushed through

The end of the 1 x &m tubing from Part 4 of the outlet tubing W
inserted into the waste collection vessel. The tubing was held in
with tape to ensure thatdid not touch the sides tfie contaier. For
each bacterial strainseparate waste containers for both
antimicrobial and control catheters were used

The clamp from the tubing attached the perfusion reservoir in H
was removed and the pump started at a flow rate ofmlLAnin.

Checks were made to ensul@atno leaks occurred artthatthe TSB
flowed through unimpeded

10

The system was allowedhbur to stabiliz and reacB87°Cbefore the
catheters were challenged with bacteria
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3.2.2.3. Testing and Sampling Procedure

Several colonies of MRSAE.coli, E.faecalis, K.pneumoniaeor P.mirabilis

from overnight SBA or CLED plates were placed intgeparate universe

containers o0 mL of TSB. These were incubated irBa°C orbital shaker se

at 200 rpm for hours andyrown to early log phase. Culturegens standardes

to achieve an optical density (48f) of between 0.60.7 using a Jenway 67(

UV/VIS spectrophotometer. This gives approximatel§y a¢f/mL which was

diluted in TSB to 18cfu/mL and inoculated dowtle lumens of the catheters.

Inoculation Procedure

Step | Action

1 A clamp was placed onto the inlet tubing and the pump turned off

2 The straight connector on the top of the catheter was removed a
tip of the catheter swabbed using a steret

3 A 2 mL syringe was filled with the bacterial suspension and injg
down the catheter lumen trying to avoid any air bubbles

4 Once the bacterial suspension reached the distal end of the cathe
outlet tubing was clamped

5 The area around the ingation site was swabbed with a steret and
connector replaced

6 The system was left for 1 hour to allow the bacteria to attach t
catheter surface

7 After 1 hour, the clamp attached to the outlet tubing was rem
followed by the clamp attachéd the inlet tubing

8 The pump was restarted and the perfusion medium flowed throug
approximately hour

9 The inlet tubing with connector section and the outlet tubing
connector section were then renewed to prevent the migration of b
that may have attached to the silicone tubing from travelling to th¢
catheter
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Sampling Procedure

Step | Action

1 The outlet tubing (Part 4) connected from the distal end of the ur
catheter was disconnected for sampling

2 A 7 mL bijou bottle vas placed under the end of the catheter
approximately 1mL of the perfusion medium running through f{
catheter collected

3 The end of the catheter and outlet tubing connector were swabbe
a steret before rejoining and the system monitored saremo leaks
occurred

4 The collected effluent was vortexed and 300 plated ontoSBA or
CLED. If the sample showed turbidity, 1:10 dilutions were mad
appropriate

5 Plates were incubated &f°Cfor up to 72hours

6 If growth was detected, baci@& counts were recorded as cfu/mL

7 If there was no growth, plates were-recubatel for a further 24- 48
hours

8 Samples were collected on or as near to a daily basis as possible

9 If no bacterial growthwas shown following day 6 of sampling, th
inoculation procedure was repeated each week (eveigy$) until
bacterial colonigtion persisted or until the 12 week point was reach

10 Following successful colorasion of control catheters, new ones w
set up each week

11 If bacterial growthpersisted in the antimicrobial catheter, the test
stopped and the catheter taken down

12 The identity of tle bacteria isolated from the colosds antimicrobial
catheters was checked ardICs of rifampicin, triclosan ang
sparfloxacin determined

13 At the end of the tesgpproximately 5 XL cm segments were cut fro
all catheters and stored in cold acetone for Scanning Ele
Microscopy (SEM) analysis
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3.2.3. Scanning Electron Microscopy

1 cm segmentsvere takenfrom the top section of theartimicrobial and control
catheterdested by thén - vitro challengeandcut in half. They were stored in cold
acetone to fix the bacteria to the catheter lumedatheter segments were removed
from the acetoneanddried using tetramethylsaline (Sigm&drich). Samples were
mounted onto 12.5nm diameter pin type aluminium stubs using carbon double
sided adhesive mounts. They were coated with a thin layen@0f conductive
platinum in @ Emitech 1050 magnetron sputter coater and examined in g@%hili
(FEI) XL30 Scanning Electron Microscope using an accelerating beam voltage of 10
kV utilizing the secondary electron imaging modbnages were captured at low

(X500), medium (X5000) and high (X1006®0000) magnifications.
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3.3. RESULTS

3.3.1. Growth Curves

Figure 3.4shows the growth curveor E.coli in neatTSB andin artificial urine.
Growth curves for MRSAE.faecalis K.pneumoniaeand P.mirabilis are given in
Appendix 2. Results show that the bacteria grow at similar rates and equally well in
TSB and artificial urine TSB wasthereforeselectedas the perfusion medium to be

used in then - vitro model
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Figure 34: E.coligrowth curve in TSB andrtificial urine

116



Chapter3 - In - Vitro Model

3.3.2. In - Vitro Model

3.3.2.1. Meticillin Resistant Staphylococcus aureus
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Figure 3.5: In - vitro model results showing antimicrobial (test) and plain (control) catheters
challenged with MRSA. TOcfu/mL bacteria werdnoculated down the lumen of the catheters and
allowed 1hour to adhere. TSB was perfused through thatbeter lumens at flow rate of 0.5

mL/hour and samples of perfusion fluid collected periodically for culture. If no surviving bacteria
was detected, repeat bacterial doses were given on a weekly basis with a new control catheter being
set up. The killing effect was studied over a period of 12 weeks or until bacteslahisation
occurred. All test cathetersvere carried out in triplicateThe graph showsontrol catheters became
colonised with MR8 uponeach challenge. MRSA attached to the antinhizdocatheter bylay 22

(the 4" challengg but colonisation did not ensue and a 12 week duration of protective activity was
achieved.

MRSA readily attached tthe control catheterdSrom day 1 ofeach of theweekly
challengs and subsequently byanple day 6 numbers of bacteria had increaged
an extent that caused the catheter to beamrnlidel. By the &' challenge(day22),
MRSA became attached to tlamtimicrobialcatheter the day following inoculation

but wereeradicated before the next clemlbe commencedAt the end of the 12
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week challenge, culture results frorh threetest cathetersvere negative, making
the antimicrobial catheter effective at preventing bacterial colonisation by MRSA

over thel2 weekcourse.

3.3.2.2. Escherichia coli
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Figure 3.6: In - vitro model results showing antimicrobial (test) and plain (control) catheters
challenged withE.coli. 10 cfu/mL bacteria vere inoculated down the lumen of the catheters and
allowed 1hour to adhere TSB was perfused through the loater lumens at #ow rate of 0.5

mL/hour and samples of perfusion fluid collected periodically for culture. If no surviving bacteria
was detected, repeat bacterial doses were given on a weekly basis with a new control catheter being
set up. The killing effect was studied over a period of 12 weeks or until bacteoi@nisation
occurred. All test cathetes were carried out in triplicateThe graph shows controhtheters became
colonised withE.coli upon each challenge.The antimicrobial catheteprevented colonisatiorby

E.colifor 12 weeks.
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Culture results obtained from thentimicrobial catheterghallenged withE.coli
showed no evidence dfacterialcolonisationthroughout the 12 week course. The
antimicrobial agents were therefordegtive at preventinge.coli colonisation over

the test period.Control catheters became readily colonisath E.coli uponeach

challenge

3.3.2.3. Klebsiella pneumoniae
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Figure 3.7: In - vitro model results showing antimicrobial (test) and plaionfml) catheters
challenged withK.pneumoniae 10° cfu/mL bacteria was inoculated down the lumen of the catheters
and allowed lhour to adhere.TSB was perfused through the catheter lumensfltvarate of 0.5
mL/hour and samples of perfusion fluid éetted periodically for culture. If no sluwnng bacteria
was detected epeat bacterialoseswere given on a weekly basis with new control catheter being
set up The killing effect was studied over a period of 12 weeks or until bacteslahisation
occurred. All test cathetersvere carried out in triplicateThe graph shows control catheters became
colonised with K.pneumoniaeupon each challenge.K.pneumoniaecolonised the antimicrobial
cathetes following the 7" (day 43),8" (day 50)and ¢' (day 57)challenge respectively.
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Test catheter 1 became colonised witipneumoniaeupon the & challenge (day
50), catheter 2 upon thé"Zzhallenge (day 43) and catheter 3 on tflecBallenge
(day 57). All control catheterbecamecolonised vith K.pneumoniaewith each
bacterial challenge. Samplesllected fromthe colonisedantimicrobial catheters
were plated onto SBA andbacterial colonies that showed differing morphologies
were subcultured, identified and MICs to rifampicin, triclosan apdrfloxacin

determined as shown rable 3.2.

Table 3.2 Sparfloxacin triclosan and rifampicin MICs and the susceptibility of #i@neumoniae
isolates retrieved frorthe colonisedn - vitro modelantimicrobial catheters

MIC (pg/mL)

Test Isolate | Organism Sparfloxacin | Triclosan | Rifampicin
Catheter | No:
1 1 K.pneumoniae| 1 2 R

2 K.pneumoniae| 0.38 1 R
2 1 Contaminant | N/A N/A N/A
3 1 K.pneumoniae| 2 2 R
Original | F2630 | K.pneumoniae| 0.032 0.19 R
Organism

Catheter 2 became contaminated gdagsilue to failure in aseptic technique and was
therefore discounted. The MIC of sparfloxacin and triclosan for the organisms
isolated from test catheters 1 and 3 were fotmmdave increased. An MIC of 2
pg/mL shows signs dbw levelresistance. Theupsquent testing of these strains

a 7 day SPTTdata not shownyith silicone discs impregnated wigiparfloxacin and
triclosan and the three agents combined showedecrease in the ZI diameter
indicating the strainsshowed reduced susceptibility the antimicrobial agents

compared to the original strain.
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3.3.2.4. Proteus mirabilis
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Figure 3.8: In - vitro model results showing antimicrobial (test) and plain (control) catheters
challenged wittP.mirabilis. 10° cfu/mL bacteria was inoculated dovthe lumen of the catheters and
allowed 1hour to adhere.TSB was perfused through the catheter lumens fdva rate of 0.5
mL/hour and samples of perfusion fluid collected periodically for culture. If no surviving bacteria
was detected, repeat bac&triloses were given on a weekly basis with a new control catheter being
set up. The killing effect was studied over a period of 12 weeks or until bacterlahisation
occurred. All test cathetersvere carried out in triplicateThe graph shows controbtheters became
colonised withP.mirabilis upon each challengeP.mirabilis colonised the antimicrobial catheters
following the 8" (day 50),11" (day 71)and 13" (day 83)challenge respectively.

Test catheter 1 became colonised Vvithirabilis on day 50 8" challengg, catheter

2 became colonised oday 71 (1" challengg and catheter 3 following the 42
challengeon day83. Controlcathetersbecame colonised with each challenge.
Samples collected from colonised test catheters were plated @OED agar,
subcultured, identified and MIC to rifampicin, triclosan and sparfloxacin determined

as shown imable 3.3.
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Table 3.3 Sparfloxacin triclosan and rifampicin MICs and the susceptibility of Rhmirabilis
isolates retrieved from theolonisel in - vitro modelantimicrobial catheters

MIC (pg/mL)
Catheter | Isolate | Organism | Sparfloxacin | Triclosan | Rifampicin
1 1 P.mirabilis | 0.38 0.38 R
2 1 P.mirabilis | 0.19 0.19 R
3 1 P.mirabilis | 0.38 0.25 R
Original | F1691 | P.mirabilis | 0.19 0.094 R
Organism

The MIC of sparfloxacin for th®.mirabilisisolated from catheter 1 and 3 increased

by 2- fold and that of the organism isolated from catheter 2 remained the same as the

original P.mirabilis. The MIC of triclosan was found taveincreasd by betveen 2

and 4 fold. Although the MICs increased, this was not to a resistant level.

elevation in MIC andhe subsequent testingf thesestrairs in a7 day SPTT (data

not shown)with silicone discs impregnated withe antimicrobial agentslid not

show anyalteration in the ZI diameteelative to the parent strain.
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3.3.2.5. Enterococcus faecalis
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Figure 3.9: In - vitro model results showing antimicrobial (test) and plain (control) catheters
challenged wittE.faecalis 10° cfu/mL bacteria werénoculated down the lumen of the catheters and
allowed 1hour to adhere. TSB was perfused through the catheter lumens fidva rate of 0.5

mL/hour and samples of perfusion fluid collected periodically for culture.

If no surviving bacteria

was detectediepeat bacterial doses were given on a weekly basis with a new control catheter being
set up. The killing effect was studied over a period of 12 weeks or until bacteslahisation
occurred. All test cathetersvere carried out in triplicateThe graphshows control catheters became
colonised withE.facecalisupon each challengeAll three antimicrobial catheters became colonised

with E.faecalisby the 2° challengg(day 8)

All threeantimicrobialcatheters failed to prevent colonisationEokecalisby day 8

(upon the2" challengg and catheters became occlude@ontrol catheterbecame

colonised with eactt.faecalischallenge. Samples collected from colonised test

catheters were plated onto SBA, subcultured, identified and MIC to rifampici

triclosanand sparfloxacin determined as showiT able 3.4.
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Table 3.4: Sparfloxacin triclosan and rifampicin MICs and the susceptibility oEtfi@ecalissolates
retrieved from theolonisedin - vitro modelantimicrobial catheters

MIC (ug/mL)
Catheter | Isolate | Organism | Sparfloxacin | Triclosan | Rifampicin
1 1 E.faecalis | 0.38 2 1
2 1 E.faecalis | 0.38 2 1
3 1 E.faecalis | 0.38 2 1
Original F2633 | E.faecalis | 0.38 2 1
Organism

No difference inthe MIC of sparfloxacin, triclosan or rifamgin to the isolates

obtainedfrom the failedantimicrobialcathetersvas seen compared to the onaji

E.faecalis
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3.3.3. Scanning Electron Microscopy

Antimicrobial catheter SEMs at failure  Control catheter SEMs at the end of the
weekly challenge
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Figure 3.10: SEM images ofthe lumens of thantimicrobial (test) and plain silicone (control) Foley
catheters following repead bacterial challenges im - vitro experiments. (A) MRSA test catheter

(B) MRSA control cathetefC) E.coli test cathete(D) E.coli control cathete(E) K.pneumoniagest
catheter(F) K.pneumoniaecontrol catheter(G) P.mirabiis test catheter(H) P.mirabilis control
catheter(l) E.faecalistest cathete¢J) E.faecaliscontrol cathete(K) Control catheter not exposed to
bacteria Images were taken at 10000 X magnificatibmage A and C show what could be remnants

of dead bateria, Image B and D to J reveal extensive 3D biofilms structures on the catheter lumens
and Image Kshowsthe surface of a control cathetirits as received state
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SEM imagesof the control catheterschallenged withall bacteriain the in - vitro
model revealedextensivecolonisation and biofilm development othe catheter
lumers. Antimicrobial catheters shaud colonisation on the luminal surface by
K.pneumoniag P.mirabilis and E.faecaliswith evidence of EP$roduction At
lower magnifications (da not shown) lacolonised catheters revealed denstipa
networks of biofilm deposs along the catheter lumen.mage A and C of
antimicrobial catheters faced with repehtchallenge by MRSA andE.coli
respectively showed no evidenceuidible bacteriaupon cultureat the end of the 12
week challengbut SEM imagegeveaedwhat is probably debris from dead biofilm

and chemicatesidue from the perfusion of TSB over the catheter surface.

127



Chapter3 - In - Vitro Model

3.4. DISCUSSION

The in - vitro model is designed to challengthe lumens of theantimicrobial
cathetes on a wekly basis with a high dosef bacteriaand monitor its ability to
prevent microbial colonisationlt is based on a variation of the twoompartmental
models used in encrustation studies and has sepdramebers for test and control
catheters which represent the catheterised urinary tract. TSB is pumped through the
catheter at a rate representative of that in the humans (0.5 mldmdrthis also
allows for drug clearance Bacteria display a charactstic four- phase pattern of
growth in liquid culture. Thisncludes the lag, log, &tionary and declinphases.

The lag phase is a slow period of growth in response to the bacteria adapting to their
environmental conditions. This is followed by they Iphase where exponential
growth occurs with bacteria doubling every few minutes. As more bacteria compete
the nutrient syppliesdecreasend he exponential growth stopsBacterial numbers
remain stablen what is the stationary phase. Thelde phase occurs when the
build - up of toxic waste is such thabme bacteria die whilst others adapt to a long
term survival mode.It can be seefrom Figure 34 and Appendix 2that bacterial
growth inTSB showsa similar pattermndcounts to thain artificial urine, indicating

that bacteria grow as well in TSB as in the artificial urine. Because of this, the ease
in preparation of the quantities required and lack of variation shown by the medium
TSB wasselected for use in tha - vitro model. It is acknowledged however that

TSB lacks the constituents that artificial or real urine have and that antimicrobial
agentscould differ in activity in urine than laboratory media. It was also noted that
E.faecalisin particular favoured growth in TSB over ifidial urine. TSB was,
however, deemed suitable for use in this preliminary studyiv® an indication to

how effective the antimicrobial catheter mayib@reventing bacterial colonisation.
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The nodel is flexible andcanaccommodata variety of diffeent sized catheteend
specifically looks at bacterial colonisati@equiredby the inteluminal route. The

route ofintraluminal infection is through contaminated drainage bags and connectors
therefore colonisation occurdrom the drainage endaf the caheter and travels
towards theip. For speed of bacterial colonisatiohgin - vitro modelchallenges

the catheters from theppositedirection but it is not thought that the direction of
inoculation would impact o the ability of theantimicrobial céheter to resist
colonisation. In - vivo, CAUTIs can consist of ore than one bacterial species,
however, this study examined the colonisation of individual species but mixed
cultures could also be used and is a point for future reseditwh.whole systa is

held in a water jacket and maintained at 37f€presentative of body temperature
The catheters were challengedh bacteriaveekly and surviving bacteria monitored
before re- challenge up to the point of 12 weeks or until the antimicrobial aathet
failed to prevent bacterial colonisationThis testing period correlates with the
duration catheters remain in place for asymptomatic patients before requiring

replacement.

Antimicrobial catheters challenged witk.coli and MRSA passed the 12 week
challenge and colonisation was successfully avoided. No bacterial counts were seen
upon challenging catheters wikhcoli. Upon challenge with MRSA following the

4™ (day 22)challenge bacteria becaragtached to the material but weseadicated

by day 2or 3 prior to the next challenge. F¥rpneumoniacfollowing the 8"
challengeg(day 50)a permanent regrowth of bacteria exceeding the initial bacterial
load occurred and all 3 cathetdailed to prevent colonisation by th& @hallenge

(day 57). Sparfloxacin and triclosan MICs for the bacteria isolated at the end of the
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experiment were higher than for the origirn@lpnaimoniae Likewisg catheters
challenged withP.mirabilis became colonised following thé"&hallenge(day 50)
and all 3 catheterbecame colonised by the final challenge. MICs of sparfloxacin
and triclosan also increasd&ait only marginally All 3 catheters challenged with
E.faecalisfailed to prevent colonisation on thé®Zhallenge(day 8) but MICs

remained the same &® the aiginal organism.

SEM imagesof the control and coloniseahtimicrobialcatheters revealed extensive

3D biofilm structures on the luminal surfacBEM images of antimicrobial catheters
challenged with MRSA anH#.colirevealed what is probablycombinsion of debris

from aggregates of dead bactesiad chemical residue from the perfusion of TSB.
This is despite the catheter according to culture techniques resisting colonisation by
MRSA andE.coli over thel2 week duration A possible explanation fohts could

be that with thecatheter being subject to repeateidh inoculuns of bacteria
aggregates of bacteria from the cultumay haveattached to the surfateforebeing

killed by the antimicrobial agentsThis could have letbehind remnants of theead

cells which were seen as distorted cells on the SEM imagésvhich were not
detectable by culture as they were naiable by this stageThis was confirmed by

all culture plates being incubated for up to 72 hours to ensure that the antimicrobial
agents had killed the bacterialhe discovery of possible remnants of dead cells
could have acted as anchor poinmtsich may have encouraddacteria tocolonise

the catheter surface amsseenby K.pneumoniagP.mirabilisandE.faecalis
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According to theresistance theory described iacBon 2.1.4 by incorporatingvo or

more drugs into a polymenay act to close the MSW as for resistance to otear
mutations are required for growfti22]. This isthe caseonly if the drugs are
releasd at a similar rateand ratio abovehe MIC required for the test organism

The colonisation of the antimicrobial catheterskbgneumoniadead to an increase

in the MIC ofsparfloxacin by a factor of between 11 to-@8ld up, to 2 pg/mL and

that of triclosan by 5 to 10 fold, up to 2ug/mL. Concentrations of drugs at 2
pg/mL required to be active on the organism can be considered as showing signs of
low level resistance.This could suggest that either both dru@gsparfloxacin and
triclosan) werebeing released at levels below the MIC that is active on the organism,
in which case thisvould allowv for bacterial populationso multiply, colonise the
catheterandbring abouthe generation of new mutants that willdmeneenriched by
subsequent antimicrobial exposure. Or, if sparfloxacin and triclusegreleasd at
different ratios then one drug mayave fallen below its MIC whilst the other
remainedabove the MIC and in the MSW uporhere resistance to that drug could
be enriched. IfK.pneumoniaebecame resistant to one of the drugs, the catheter
would be acting as a molbaded catheter @nresistance to the other druguwd be

likely to follow upon prolonged exposure. Even though the SPTT infers that
sparfloxacin and triclosan display activity towatdgneumoniador over 100 days

with no emergence of resistandbe in - vitro model is a dynamic system through
which drug release and drug clearance is more likely to simulate that in the human
catheterised urinary tract. It is therefore a more clinically predictive approach to

assessinghe potential for bacterial cologation and resistance development.
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The colonisation of the antimicrobial cathetersFognirabilisled to a slight increase
in the MIC of triclosanof between 2 to 4 fold, up to 0.38ug/mL. Triclosanis the
main agent effective againBtmirabilis but the increase in MIC waswer thanthe
increase in MIC toward¥K.pneumoniaecolonised catheters andould not be
considered to be to resistant concentratiofise MIC of sparfloxacinto P.mirabilis
which colonised the test catheteesnained similar tohie originalP.mirabilis strain,
probablybecause releadeonentrations were onlgctive onP.mirabilisonly over a
short periodaccording to SPTT resultdf thein - vitro experiment was not stopped
as soon as the antimicrobdtheterdecame coloned with bacteriait is likely that
more bacteria would mutaupon theprolonged exposure to triclosan resulting in
higher MICs. It is possiblethattriclosanconcentrations were too low to prevent the
progression ofP.mirabilis colonisation, howeverra8 week duration of protective
activity without signs of resistance washievedand drug release studies are

requiredto assess concentrations of drugs being released

Antimicrobial catheters became colonised wihfaecalisupon the2™ challenge

(day 8. This correspondsvell with the short duration of activity shown by the
SPTT and indicates that the drugs do not possess sufficient activity to prevent
colonisation byE.faecalisover prolonged periods.Appendix 2 also shows that
E.faecalisgrew betéer in TSB than artificial urine which could agt favour of the
growth of E.faecalismaking thein - vitro model challenge more difficult. The
antimicrobial catheters lack of ability to preveitfaecalis colonisation over a
prolonged duration could be obncern but the clinical implication of it in terms of

symptomatic CAUTI requires further investigation.
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Thein - vitro modelhas showrthat the antimicrobial catheter is most effective in
preventing colonisation caused by the MRSA d&hdoli strains studied. It also
showed protective activity against colonisationkogneumoniaendP.mirabilis for

a minimum of 50 days but was not active agalbs$aecalisover the long term.

The antimicrobial catheterhas shown it is able tpreventbacterid colonisation
caused by certain organisms associated with CAOUdr a prolonged course
however drug release information is required to ascertain whether concentrations are

sufficient to affect those bacteria which colonised the catheter.
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CHAPTER 4

DRUG CONTENT AND
RELEASE
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4.0. DRUG CONTENT AND RELEASE

4.1. INTRODUCTION

Administration of systemi@ntibiotics can result in concentratioas the site of
infection that are below desired therapeutic levels and many therapies tested in
animal modes which have been effectiveare atdoses greater than could safely be
applied in humangl75]. The concept of lo¢alrug controlled- delivery devices is

one of great interest. Thereeaavariety of definitions used to describe controlled
delivery systems, but all refer to systems that consist of a drug and a drug carrier.
The purpse of drug delivery systems ie deliver drugs locally to the sitof
infection/injury within an effectiveherapeutic rangerhich avoids systemictoxicity

[176]. A variety of biomaterials, for examplpplymeric materials have been used as
drug carriers. As for urinary catheters, silicone is an example of a material in which
liquids, gasesand drug particles can easily penetrate. Work has tedthe
conclusions that low molecular weight and lipophilic drugs easily difinse
silicone[176]. The eas with which substances can penetrate silicone istalits
structure. Thdarge atomic volume of the silicon atom as well as the size and
position of the constituent groups leads to rotation around teSibonds[176].
Silicone polymers form helices and the siliemxygen bond angles create large
amounts of free volume in silicone elastomers and this isonssble for their

permeabiliy to certain liquids, gases and dry#g6].

Drug release encompasses sev@ralcesses that contribute to the transfer of drug
from the carrier b the bathing solution. Drug release an occur by diffusion,

degradation/erosion, dissolution or swellifiy6]. Depending on the system, the
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release may occur through any or all of these mechaniBmgy release data can be
analyzed to determine the drug release mechanism by fitting the data in
mathematical modelsshown in equations 4.1 to 4.9he graphical presentation of
those can be used to evakittte mechanism of drug releasgth the model that best

fits the release dataeingselected on the basis of the highest correlation icosit

(r value).

Equation 4.1 Zero Order Qt=Q + Kt

Equation 4.2 First Order Log Qt = Log Q + Kt/2.303
Equation 4.3 Higuchi Qt = Kyt!?

Equation 4.4 Hixson-Crowell cube root Q1 cube root Qt = Kct
Equation 4.5 KorsmeyerPeppas F = (Mt/M) = Kt"

Where: Qt = cumulative amount of drug released at time t @itial amount of
drug, t = time, K K, Ky, Kuc, Km = Kinetic release constants, F = fraction of drug
released at time t, Mt = amount of drug released at time t, M = total amfodintgo

in dosage form, n = diffusion or release exponent

To determine the highest correlation coefficient, the following plots can be made:
Cumulative % drug release vs time (zero order), log cumulative of % drug remaining
vs time (first order), cumulate % drug release vs square root time (Higuchi), cube

root initial drug concentration minus cube root cumulative % remaining in matrix vs

time (HixsorrCrowell) and log cumulative % drug release vs log time (Korsmeyer

Peppas)[177].
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A brief description of each drug release mechanism is given below:

T

Zero order: describes systems where the drug release rate is independent of
its concentration of the dissolved substances. There is no time lag or burst
effect over prolonged periods arnie.

First order: the drug release rate depends on its concentration

Higuchi: this model suggesthat the drugs are released by diffusion. It
describes the release of drug/s from an insoluble matrix as a square root of
time - dependat process based onet Fickian diffusion equation.

HixsonCrowell: is a cube root law based model which describes drug
release by dissolution and fromssgms where there is a changesurface

area and diameter of particles.

KorsmeyerPeppas: describes drug release frorpodymeric system. To
establish the mechanism of drug release, the first 60% of release data is fitted
into the KorsmeyePeppas equation. The n value (slope of the line) is used

to characterise the release mechanism for cylindrical shaped matrices.

n = 0.45 Fickian diffusion

n =0.45 <n < 0.89 Anomalous (neRickian) diffusion

n =0.89 Casdl transport

n=> 0.89 Super cask transport

Anomalous diffusion or non Fickian diffusion refers to a combination of both

diffusion - and erosiont controlledrate release. Caserelaxation or super case

transporill refers to the erosion of the polymeric chain.
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Usually if the carrier system is silicone rubber, the release of a drug occurs by the
diffusion mechanisnjl76]. Drug release through a matrix type controlled release
device can be described ltye classical Fickian diffusion theory. Acabng to

Fi c k g the releage of drug from a system is Hfioear due to the increase in
diffusional length resistance and/or the decrease in the inwardly releasing surface
area with timg178]. There are a number of waysatdrug release can be measured,

for example by ultra violet spectroscopy (U8pec) or high performance liquid

chromatography (HPLC).

4.1.1. High Performance Liquid Chromatography

High Performanceliquid Chromatography (HPLCis a chromatographic technique
used to separate, identify and quantiympounds in a mixture. It &n analytical
techniquewidely used orsamples with components ranging from small organic and
inorganic molecules and ions to polymers and proteins with high olateweights

A schematic diagram of a basic HPLC systenhmsas inFigure4.1.
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Figure 4.1 Schematic diagram of a basic HPLC sys{&i9].

The solvent delivery system (pump) delivers the mobile phdsieh typically
consiss of a water, methanol or an acetonitrile mix through the system at a specified
flow rate. The injector places the sample into thewithg mobile phase for
introduction onto the column. Most analytical columns are 10, 15 on2i length

with internal diameters of 4.6 orrm [180]. They are genally filled with 3, 5 or

10 um packing material such as silica. Many HPLC separations are performed in the
reversephase mode (RPAPLC). RRHPLC uses a nopolar stationary phase and a
polar mobile phase. Analytes are separated based iomelagive lubility between

two liquid phases and are eluted from the column in order of increasing
hydrophobicity (decreasing polarityl80]. The more polar or hydrophilic a
compound is the faster it widlute from the column as it will travel with the mobile
phase and the more nonpolar or hydrophobic an analyte is the longer it will be
retained on the column through interaction with the non polar stationary phase.

achieveseparation of sample components isocratic or gradient elution can be used.
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In isocratic elution, solvent composition and flow rate are held constant. By varying
the mobile phase composition or flow rate, this gradient type elutionsseretute
comporents in a mixture that have varying polaritigscker than irnisocratic elution.

A detector translates concentration changes in the column effluent into electrical
signals. The most widely used detectors are based on ultraxgitde (UV-Vis)

and fuorescence spectrophotometry, refractive index determination and
electrochemical analysis. A commonly used type of\WY¥ absorption detector is

the diode array spectrophotometric detector of variable wavelength. The detector
response, in the form of alectrical signal can be recorded (the chromatogram) and
used for qualitative and quantitative analysis ataalyteretention times and peak

area [180].

4.1.2. Objectives

The aim of this chapter is to use fRIPLC to(A) determinethe total content of each
antimicrobial agent within the antimicrobial urinary catheter @)do determine the
concentrations of antimicrobial agents released over a 28 day peridyg.
investigating this, the concentration and ratios of drugs being release can be used to
establish if sufficient concentrations are pregerdeliver a long lasting effeeindif

the concentrations aseifficientto reduce the opportunity for bacterial colotiza.
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4.2. METHODS

4.2.1. High Performance Liquid Chromatography Protocol

1 cm segments were cut from silicone Foley catheters and impregnated with
rifampicin, sparfloxacin and triclosan as describedsatction 2.2.4. RP-HPLC
analysis was pérmed on an Agilent 1090 HPLC machine with a diadey
variable wavelength UV detectgHPLC - UV) (Agilent Technologies, Berkshire,
UK) connected to a Chemstation operating software system. Chromatographic
separations were performed on an Eclipse XDB(5 um, i.d. 4.6 mm x 150 mm)
column (Agilent Technologies). Mobile phase was a mixture of aqueodairs
dihydrogen phosphate (101M, pH 2.5) (SigmaAldrich) with 10% acetonitrile
(ACN) (Fisher Scientific, Loughborough, UKmethanol (MeOH) (Fisher Sentific)

used after filtration through @.45 um nylon membrane filter (Whatman, Dassel,
Germany)and degassed. Drugs were eluted using a gradient elution profile of
methanol ranging from 58% to 90%. A flow rate oml/min and temperature of
40°C was enployed and UV detection at 254m for rifampicin, 290nm for
sparfloxacinand279 nm for triclosan Retention times were approximately 1.5, 4.0

and 8.7 minutes for sparfloxacin, rifampicin and triclosan respectively.
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4.2.2. Total Antimicrobial Content

4.2.2.1. Calibration Curve for the Determination of the Total Drug

Content in Catheter Segments

To cover the expectedul range a series of at least filiferent concentrations of
each antimicrobial agent was made. QgQdf rifampicin, 0.04g of parfloxacin and
0.0359g of triclosan wereaccuratey weighed and dissolved in ACN: HPLC grade
water (Fisher ScientificjyeOH in a 1:3:6 ratio to a total of 1@0L. Serial dilutions
were maden 1:3:6 ratio of ACN: water: MeOHaving a concentration of &0, 15,
20 and 25ug/mL for rifampicin, 10, 50, 100, 200, 300 and 4Q@/mL for
sparfloxacin and 10, 50 100, 200, 300 and @§0nL for triclosan. Concentrations
were filtered through @5 mm x 0.2 um syringe filter (Sartorius Stedim Biotech,
GoettingenGermany)into 2 mL amber HPLC vialgKinesis, Cambridgeshire, UK)

and 5uL injected into the column. All injections were carried out in triplicate.

4.2.2.2. Total Drug Content in Catheter Segments

1 cm catheteregments containing rifampicin, sparfcin and triclosan were placed
into glass vials containing ehL chloroform. The chloroform acts to expand the
silicone matrix allowing the antimicrobial agents to be eted. Segments were left
in chloroform at room temperature for Bdurs. Cathete segments were thgiaced
into new glass vials containirey further 2 mL ofchloroform whilst the chloroform
from the previous vial was left tevaporateat room temperatureThe process was
repeated total ofthreetimes to ensuréhatas much of thantimicrobial agents were

extracted as possible. All chloroforwas pooled andevaporated to leave the drug
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residue. The drug residue wdissolved in ACN:HPLC grade waterMeOH in a
1:3:6 ratioto a total of 1mL, filtered through &4.0 mm x 0.2um syinge filter
(Sartorius Stedim Biotechinto amber HPLCvials and 5uL injected into the

column. All experiments were carried out in triplicate.

4.2.3. Drug Release Studies

4.2.3.1. Calibration Curve for the Determination of Drugs

Released from Catheter Segments

0.01g of garfloxacin andriclosan wereaccurately weighed and dissolvedAGN:
HPLC grade wateeOH in a 1:3:6 ratio to a total of 1@0L. Serial dilutions were
madein 1:3:6 ratio of ACN: water: MeOHhaving a concentratioranging from 5
10, 20, 40 and 6Qug/mL for sparfloxacin and 5, 10, 20, 30 and d@/mL for
triclosan. Concentrations were filtered througt2amm x 0.2 um syringe filterinto
amber HPLC vials and 1Q@L injected into the column. All injections were carried

out in tiplicate.

4.2.3.2. Drug Release from Catheter Segments

lcm cathetersegments containing allhree antimicrobial agents and catheter
segmentswithout antimicrobial agentss controls were placed into glass vials
containing 2mL HPLC grade water (pH7) im 37°C incubator with constant
agitation. Segments were transferred daily or everadays into fesh 2mL water

to create nearly perfect sink conditiorislutionswere collected and stored in a
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-80°C freezer until required for HPLC analysis. Dmglease studiewere carried

out over 28lays and all tests were performed in triplicate.

Elutions were concentrated by liquidiquid extraction using chloroform. gL of
chloroform was added to tiveater in whichthe drugs had been releasadd sha&n

for 20 - 30 seconds Both phases were allowed to separal@e organic phase was
collected and further chloroform added to extract any further drug from the water.
The two volumes of chloroform wepmoledand evaporated at room temperature to
leavethe drug residue. Mg residus weredissolvedin ACN: HPLC grade water:
MeOH in a 1:3:6 ratio to a total @00 pL andfiltered through & mm x 0.2 um

syringe filterinto amber HPLC vials. 100L was injected into the column.

4.2.3.3. Percentage Recovery Experiment

10 and 20ug/mL o sparfloxacin and triclosan wemade up in chloroform and
concentrated by liquid liquid extraction. Drug residues were dissolved in ACN:
HPLC grade water: MeOH in a 1:3:6 ratio to a total of g0Cand filtered thragh a

4 mm x 0.2um syringe filter into amber HPLC vials. 1QQ was injected into the
column and all experiments were performed in triplicieak areasere compared

to a series of known sparfloxacin and triclosan concentrations and the % of drug

recovered following liquid- liquid extraction determined.
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4.3. RESULTS

4.3.1. Total Antimicrobial Content

Figure 4.2 shows a typical chromatogram of rifampicin, triclosan and sparfloxacin
and Figure 4.3hows the calibration curves used to deterrtieetotal antimicrobial

content extracted from the silicone segments.
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Figure 4.3 Graph dipicting thestandard calibration curve of various concentration@pfifampicin
(B) sparfloxacin(C) triclosan plotted against theak area as determined by HPLOV. Each value
represents the averagé three tests with standard deviations. Thenddal curves were used to
determine the total antimrobialcontent in catheter segments.
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Table 4.1 Peak aa ofthe total amount of rifampicin, triclosan and sparfloxa@rtracted from
catheter segments aletermined by HPLEUV. Average of three segments with standard deviation
and coefficient of variation are reported.

Peak Area
Segment Rifampicin Triclosan Sparfloxacin
1 89.76 903.35 4259.31
2 72.55 844.99 3373.52
3 73.35 934.87 3704.34
Average 78.55 894.0) 3779.06
StDev 9.71 45.6 447.6
CV 0.12 0.05 0.12

To establish thetotal concentration of each drug extracted from the catheter
segments the equation from the calibration curves shown in Figurevetr@

implemented. Where:

Equation 4.6: y = mx + c therefore x =-g/m

y = peak areéfrom Table 4.1)m = gradient of the straight line, x = concentration of

drug fug/mL), c =y intercept

To establish the total drug content per cathetershown in @ble 4.2, lhe total
weight of acatheter(8.47 g) wasdivided by the average weigbf 1 cm catheter
segment40.13469) andthe sum (62.93)nultiplied by the drug content per catheter

segment
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Table 4.2 Total drugcontentper catheter anth w/w per catheter

Rifampicin | Triclosan Sparfloxacin
Drug content in catheter segment| 7.74 222.42 210.58
(ng/cm) or (ug/mL)
Drug content per catheter (mg) | 0.49 14.00 13.25
% drug per catheter (w/w) 0.006 0.17 0.16

By exposing silicone to chloroform containing 1%ltvsan and 1% sparfloxacin, 14
mg of triclosan and 13.2Bg of sparfloxacin were incorporated into ttetheter
assuming all was extracted. & 0.2% rifampicin, 0.48ng representing 0.006% of

the total weight of a catheter was incorporated.

4.3.2. Drug Release

The quantity of rifampicin, sparfloxaciand triclosanreleased from the catheter
segments was studied over 28 daywl is shown in able 4.3 Drug extracts
required concentratiofor detection andhe percentag®f each drugecoveredrom
the liquid - liquid extraction process determine@8.1% of sparfloxacin and 98.8%
triclosan were recovered. Concentratiohgsifampicin being releasedere toolow

to detect using the HPLC protocol outlined.
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Table 43: Concentrations o$parfloxain and triclosar{pug/catheteryeleased from thantimicrobial
urinary catheter overnaelution period of 28 day. Each value represents the average of three
replicates with standard deviations

Day | Sparfloxacinrelease | Triclosan release
pg/catheter pg/catheter

1 506.01 +80.18 320.42 +120.23
2 207.45 +127.00 329.60 +80.71
3 198.42 +50.72 383.05 +43.71
4 126.88 +55.58 318.72 +107.48
5 121.08 +22.43 381.55 +22.84
6 100.47 +6.42 295.06 +22.58
8 188.62 +28.12 349.31 +8.54
12 | 209.59 +75.43 299.06 + 36.48
14 |161.84 + 36.46 269.60 +83.39
19 ]136.62 +15.04 286.07 +19.77
21 |194.01 £84.14 295.49 +80.75
24 |143.53 +15.83 195.01 +53.98
26 |150.28 +33.23 250.06 *46.17
28 |120.47 +£13.25 218.07 +23.04

A total of 2.6 mg sparfloxacin and 4.2ng triclosan was released over @days
representing 19.8% and 29.9% of the total contd@ihis givesa sparfloxacin release
of approximately 0.07mg/catheter/dayollowing the initial burst effect (or 25
png/mL/day) and 0.15ng/catheter/day (or 2.4g/mL/day) of triclosan over the 28

day course.(Refer to Appendix 3 for sparfloxacin and triclosan releasgey/mL).

Extractive methods can give results withmneariation which maype due to a loss
of pharmaceutical substance during hand[ib&l], which may be theeason why
error marginsare large and variahle Figure 4.4 shows the drug release data as

cumuldive percentage release over the 28 days
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Figure 4.4: Cumulative percentage drug release over 28 days from the total drug content. Values
plotted are the average of three replicates

Drug release data weemalyzed to determine the drug release mechabysfitting

the release data inthhe mathematial models shown in equationsl4o 45. The

model with the highest correlation coefficient shown fromgragphical presentation

of the data was used to select the type of model that best fitted the release’data. R

values are given in Table 4.4.
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Table 4.4:R? linear regression values foesults from drug release data fitted into mathematical

modelsto determine the mechanism of drug release from silicone catheter segments.

RZ
Model Sparfloxacin Triclosan
Zero Order 0.9568 0.9287
First Order 0.9653 0.9487
Higuchi 0.9923 0.9834
Hixson-Crowell 0.9626 0.9425
KorsmeyerPeppas 0.9916 0.9523

The R values showthat the drug release data fitell to the Higuchi model

expression, suggesting that triclosan anarfégxacin are released from the silicone

by a diffusion controlled process. A plot of the Higuchi model is given in Figure 4.5.
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Figure 4.5: Drug release data fitted into the Higuichi equation of cumulative % drug release versus

the square root ofrhe.
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4.4. DISCUSSION

HPLC studies revealed frothe chloroform solution containing 0.2% rifampicin, 1%
sparfloxacin and 1% triclosan used the impregnation proces€).49 mg of
rifampicin, 13.25mg of sparfloxacin and 1#g of triclosanbecame incgorated

into theurinary catheter. On a w/w basis a catheter contains 0.006% rifampicin,
0.17% triclosan and 0.16% sparfloxacinThe total drug contentin a caheter
compared tdhe contentremairing in the immersion solution and the efficiency of
drug wptake was noestablishedas the total amount of each antimicrobial agent in

the chloroform solution was not determined but is a point for future studies.

As reported in 8ctions 2.1.5.1 and 2.1.5.2 a typical oral dose of rifampicin consists
of 150- 300 mg, reaching peak serum concentrations ranging from32 pg/mL
(average 7 ng/mL)182] which is well tokrated and 406hg reducing to 20@ng per
dayof sparfloxacinreaching peak serum concentrations efL15 pug/mL[183]. The

total anount of hese drugseleased from the catheter over a 24 hour peisdztlow

a single therapeutic dosad due to the slow release into thealisedsurroundings

it is envisaged that issues of drug intoleraand organ toxicitywill not been seen.

It is also possible thatdue to the vast use of triclosan in everyday consumer
products,ndividuals could well be exposed to higher usage than the concentrations
released from the catheter. Caladatal (2008 [184], analysed the urinef @,517
people aged >6 yearsom the US general population and found it coradin
concentrationf triclosan ranging from 2.4 3790 ug/L. Consumer so&pcan
typically contain 0.1- 0.25%[185] triclosan and deodorant spray#igoerspirants

between 0.15% and 0.25% wW/AB6]. The urnary catheter releasestotal 0f<400
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ug of triclosan a dayor 2.4 pg/mL/day)nto the surrounding vicinity and the urine,
making toxicity unlikely. Based on what known there is naufficient evidence to
suggest that triclosan is a threat to humaalth, thougha better understanding of
potentialhealth effectsn respect to its wide use in consumer products is required.
Due to the high lipid solubility of triclosan questghave been raised regarding its
distribution properties and accumulatiam the body[187]. Therehave however
been report§157] of triclosan incorporated into peritoneal dialysis cathetesas
were exposed tothe sensitive perineum in mice amb gross lesions upon
necroscopy at 7 or 30 daysere seen. Onlyninimal inflammation which was
associated witlthe surgical proceswas reported157]. Triclosan has also been
bonded to vascular prostlessand in animal studies found not to cause a more
pronounced inflammatory responsthan commonly used untreated vascular
prosthess [188], makingit suitable for use in patients at risk of infectioStudies
such as thesbave shown in animal studiesathtriclosan rkeased from medical
devices dmot lead to local or systemic irritation and toxicityhein - vitro model

has given an indication tfielikely effect against bacterial colonisation and the drug
studies revealed the quantities that arendpaieleased but in additipno satisfy
concerns over the use of triclosan lontgrm, further long- termin - vivo studies

maybe required.

Efficacy of a device strongly depends on the rate and manner in which areg
released. This is dependent thie host matrix the drug is loaded into, the type of
drug and drug clearance rate. If drugs are released too quickly all could be released
before infection is arrested and if release is delayed the infection may further set in.

The release pattern obseds by sparfloxacin Table 4.3and Appendix B was
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bisphasic,characterised by an initial burst effect followed by a slower sustained
release. This could be important at the high risk time during catheter insertion to
prevent bacterial colonisation. Tmslan showed a more even release that gradually
declined over the 28 day period (Table &8l Appendix B This correlates well

with the duration of activity trend displayed by the SR(Figure 2.6 and 2.7fjor

both sparfloxacin and triclosan.  Rifampicirelease was not detected as
concentrations were too low but the SP{Hgure 2.5)suggests that the pattern of
release would follow a biphasic tren@he total content of rifampicin in the catheter
(0.006% wi/vwy was substantially less thaparfloxacin awl triclosanwhich may have

been why upon the release of rifampicin from the siliconeldtneconcentrations
were not detected To detect the presence of analytes at very low levels, more
sensitive detection techniques such as fluorescence could be ethpldlie main
attraction of fluorescence detection is that for strongly fluorescent molecules, it can
offer limits of detection two or three orders of magnitude lower than UV absorbance
levels[189]. A higher concentration of rifampicin in the chloroform equivalent
sparfloxacin and triclosan may have enabled the drug to be detected on its release. A
greater total content and release of rifampicin mayealso acted to have raore
powerful killing effect on the Gram positive bacterid.iang et al (2007) [190]
reported on silicone shunts containing 8.3%w rifampicin thatshowed a high
initial release rate followed by a relatively constatéaseaatefor a further90 days.

They repored a drug release ethanism that showelhearity against%° (square

root of time) Mechanical properties of the silicone shunt were évaw not tested

and it may be that at drug levels this high mechanical perfaorenaould be

adversely affected.
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Drug release data wefigted into the mathematical modeds shown in equations 4.1

to 4.5to confirm the type of drug release mechanidased on the interpretation of
the correlation coefficient, the best fit (0.9834 for triclosan and 0.9923 for
sparfloxacin) was observed from the Higuchi equatidmnich suggestthatthedrugs
arereleasd by a diffusion processThis agrees with previeureportd176, 191]that
agents released from matrixloaded devices is via diffusionThe mathematical
modelling of release from diffusioncontrolled systems relies on the fundamental
Fi c k 6 which deseribes thedansport of molecules by a concentration gradient.
Fickian drug release is charactexdsby a linear dependence of the released drug with
the square root of time that is concentratialependent It suggests that diffusion of
molecules through a systermateases with time due to the extended distance that the
drugs must diffuse through the matrix to the extdid®?2]. Diffusion occurs as drug
molecules inside the matrix moWeom one site to anothas a result of random
molecular motion. For this to happen a system should be sufficiently dilute so that
diffusion is not impededy approach to saturation of the compound of interest
(forming ideal sink conditions)If the newsite is occupied, the move is rejectadd

the patrticle is removed from the lattice as soon as it migrates to a frgEOSite At

the surface of @atheterthe drugs diffusing out become highly concentrated within
the secalled stagnant tfusion layer (Nernst layer) Underlying thisshows a

sustained release of sparfloxacin and triclosan.

Kohnenet al (2003 [118], found that an equal release ratio was achieved from
ventricular catheters impregnated with 4% of rifampicin and 0.6wt% of
sparfloxacin. It showed a high release rate in the initial phase dropping to lower

amounts with time although the ratio Wween the antibiotics remained constant for at
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least 40 days. I important to release the same ratio of drugs as excess elution of
one drug compared to the othean lead to a catheter acting as a menoaded
device in which bacterial regance canmerge. The releasatio of sparfloxacin

and triclosan(19.8% and 29.9%espectively over the 28 day period was found to
differ and the low concentrations of rifampicin released didatiotv assessment of
levels corresponding to the MIC of susceptiblgamisms. As the MIC of triclosan
and sparfloxacin were found to increase following reggbathallengs with
K.pneumoniaand P.mirabilis during thein - vitro modelchallengejt suggestghat

the concentrations of antimicrobial agerising releasedegite the MIC towards

the organisms wereaot sufficient to prevent bacterial colonisatioA study by
Schierholzet al (1997) [194], incorporaed a much higher content of antimicrobial
agents § wt% rifampicin, 1.7 wt% fuglic acid and 1.4 wt% mupiroginnto a
silicone cathetewsing a diffusion procesand they report that theyould not
demonstrate bacterial resistance to the combination of drugs using gradientiplates
killing experiments. The antimicrobial urinarycathetermaythereforehave agreater
effect onreducing bacterial colonisatiand potential for resistance developmiént
drug concentrationg/ere increased anmadjusted to releasat equal ratiomnd more
data could be gathereddfug release studiegeretaken to the end point of 12 weeks
rather than 28 days Further investigatiorand optimisation of drug content and

release is required &nable this tthappen
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5.0. SURFACE ANALYSIS

5.1. INTRODUCTION

Biomaterials sed in the production of medical devices will at some stage interface

with the environment of the body, witlwhich they must be biocompatible.

Bi ocompatibility has been defined as the
an interface with a physiogic environment without the material adversely affecting

t hat environment or t he environplek nt ad:
Understanding how a biomaterial interacts with the physical environment and how
changes to materials, like the incorporation of drugs, or the development of new
materials would helgo determinewhethernen materials are more biocompatible

than existing ones and better able to prevent some of the complications when
implanted into the human body. There are currently no standardised methods for
comprehensively evaluating new biomaterials, but there is agsuof scientific
evidencetowards using surface analysis techniques for studying and characterising
biomaterials[196]. It is believed that most complications associated with medical
devices take place at the surfacetld deviceas this is the region that interfaces
between the biomaterial and the biological environmamd thatdifferences in
biomaterial surface characteristics such as roughness and hydrophobicityemay
possible reasonf®r why one biomaterial is less prone tackerial adherence than
another[77]. The surface of a biomaterial aly a few atomic layers deemdit is

the surface composition and structure of a biomaterial that triggers the sequence of
biological events that occurs when a biomatesallaced in the bodji97]. As the

surface composition and structure of a biomatesal bedifferent from its bulk
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composition and structure, surfacsensitive techniques are requid®7]. Over

the past 20 years there has been a rise in the number of techniques capable of probing
biointerfaces[198]. Thereis a large array of surface analytical techniques each
designed with unique applications in mind. Thesay entail determining the
composition, struire and distributionfochemical species present obiamaterials

surface as well as topographical features of a surface arikeheinteraction of

solid surfaces with external environmental fluids (hydrophobic and hydrophilic

effects).

As there ag currently no biomaterials used for urinary catheters that are completely
biocompatiblewith the environment they are placat,is important to gather an
understanding of therelationship between surface properties and biological
performance and to chatarise the biomaterial surface in detafection 5.1.1 to
5.1.4 detailghe surface analytical techniquesed in this studgndthe purpose of

their use.

5.1.1. X-Ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XRS$)y technique eomonly used by surface
analysts to identify and characterise the chemistry of surfaces, to characterise and
optimise surface modifications and to characterise biological interactions especially
the adsorption of proteins and other biomolecules at intexfft@8]. The
components necessary perform XPS are, an -xay source, an electron energy
analyser, a detection system and a sample stage, all maintained underhigtra
vacuum. XPS involves the irradiation of a sarfpkurface by an Xay beam. This

leads to the adsorption of-pays bythe atoms on the surface and the ejection of core

159



Chapter5 - Surface Analysis

and valence electrons (photoelectrons). Photoelectron emission occurs in all atoms
in which core shell electrons have a binding energy (energy difference between the
ground state and Fermi state of thecélon) that is lower than the-bay energy

[199]. The kinetic energy of the enatt electronss analyzed and the binding energy

determined as described in the relationship shown by Equation 5.1.

Equation 5.1 Eg=hr-E¢-O

Where: kg = the energy binding the electron to the atomzlenergy of the xay,

Ex = kinetic energy of the emitted electro@: work function.

A spectrum of binding energy peaks are produced each having energies that are
unique to a spdfic atomic element and sensitive to the chemical state of the
element. The intensities of the photoelectrons are proportional to the concentration
of the element they are ejected from. As the free path of photoelectrons is relatively
short, only electmos emitted from the first 16m of a material reach the detector,

making it a highly specific surface analysis technijig9].

5.1.1.1. X-Ray Photoelectron Spectroscopy Objective

The impactthat conditioning films on medical dewécsurfaces have upon bacterial
colonisation is important and was taken into account during the adherence studies
(tk100) inChapter 2. To determine whether an hour exposure to urine was sufficient
time for catheter surfaces to become coated with a uric@mgitioning film was
assessed using XPS. The adsorption of protein elements from the urine and other

urinary components to the surface was used to determine this.
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5.1.2. Atomic Force Microscopy

Atomic Force Microscopy (AFMwas invented in 1986 ang a technique that
produces high resolution images of the surface topography of a sizfple It
operates by scanning the surface of a material using a very sharp tip (probe) which is
commonlymade from very fine silicon agilicon nitridein the shape of ayramid

and is placed on the end of a silicon or silicon nitride cantil¢2ed]. The
cantilever is mounted on a piezoelectric ceramic scanner, usually in the form of a
hollow cylinder which scans over the surface of a saf@fl2]. As the tip is brought

close to a surface or is retradtfrom it, different forces.g. van der Waals forces
either attracor repel the tip and vertical displacement of the cantilever occurs. A
laser spot reflected from the top surface of the cantilever into an array of photodiodes
is typically used to measure the deflection. The forces depend on the nature of the
sample, he distance between the probe and sample, the probe geometry and
contamination of the sample surface. These deflections are recorded and processed
using imaging software to create a three dimensional topographical image of the

surface. Figure 5.1 illusites the main componentsasfAFM.
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Figure 5.1 A simple diagram of the main compongnf AFM [202].

Atomic force microscopgan operate under twawrincipalmodes namely contact and
tapping modes. In contact mode AFM the cantilever is in constant contact with the
surface and the tip is dragged over the serfand contours measured. However,
samples and the tipan beeasily damaged using this mode and images can be
distorted. In tapping mode AFM, cantilevers are oscillated with probes tapping the
surface at speeds of 50,000 to 500,000 cycleg2@®]. As the tip passes over a
bump in the surface the cantilever has less room to oscillat¢handmplitude is
decreased. As it passes over a depression the cantilever has more room to oscillate
and the amplitude increases. More recently, a new mode of AFM known as
PeakForceQuantitative Nanblechanical MappindQNM) was introduced. This is

also basedon tapping technology but keepsdentations small to deliver non
destructive, high resolution irgaswhich has allowed for samples from soft gels to

rigid polymers to be analysed. PeakForce AFM can map nanomechanical properties,
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including modulusand adhesion whilst imaging sample topography i.e. surface

roughness (commonly described as the root mean square).

5.1.2.1. Atomic Force Microscopy Objective

Several studies have reported that an increase in surface roughness can promote
bacterial adarence and subsequent colonisaf@®y, 205] In this study AFM was

used tocompare thesurface topography (roughness) of tetimicrobial urinary
catheterswith the conventional (control) urinary cathetefhe effecton surface
roughness as thentimicrobial catheterasereimmersed in an agueous environment

for 12 weeks tsimulate drug release walso investigatetb establishif there was

any increase or decreasetime surfaceoughnessiue to elution of the drugsnd if

this may have anyrnpact on bacterial colonisation

5.1.3. Time of Flight - Secondary lon Mass Spectroscopy

Time of Flight - Secondarylon MassSpectroscopy(ToFSIMS) is widely used by
surface anablsts in the characterisation of biomaterial surfaces. A schematic diagram

illustrating components of BOFSIMS analyser is depicted in Figure 5.2.
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Figure 5.2 Schematic drawing of a SIMS instrument with a ToF analjiz&r].

Primary ion sources camonly used in TofSIMS include caesium, gallium and
bismuth[206]. The surface of a sample is bombarded with primary ions as the ion
beam is pulsed over it for short periodsollisions between primary ions and atoms

of a surface are highly energetic resulting in extensive fragmentation and bond
breakage at the collision site, emitting atomic particles. As the collision cascade
moves away from the collision site, collisiom®come less energetic and less
fragmentation and bond breakage occurs resulting in the emission of molecular
fragmentd197]. lonized species are accelerated by a fixed voltage through the flight
tube to the massalyser where in SIMS, positive and negative secondary ions (and
neutral fragments) are separated and focused onto the detector. As all ions have the
same kinetic energy at the beginning of the flight path, the differing mass of the ions
results in diffeing velocities and them arriving at the mass analyser at different times
allowing for their separation. Low mass ions arrive at the analyser faster than

heavier ions. Equation 5.2 describes this effect and from the time it takes the ions to
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travel the lagth of the flight tube, the mass of the ions can be calculated as shown in

equation 5.3.

Equation 5.2 Ex = omV?

Where: K = kinetic energy, m = mass of ion, V = velocity of ion

Equation 5.3 t1 to= L (M/2E)Y?

Where: t = arrival time atalector, § = start time from detector, L = length of flight

path, m = mass of ion k& kinetic energy

A reflectron helps compensate for energy and an angular dispersion that can occur
during the emission process resulting in improved mass sepafafidgh When
analyang polymers it is also necessary to provide surface charge stabilisation by
means of a flood gun which floods the surface with electf@g@8]. ToRSIMS

allows the chemical makeup of a sample to be mapped by focusing the pomary
beam to a narrow diameter and rastering it across the s§h99f An immense
number of peaks representing the full mass spectra of all ions can be olagned
relatively short period of time. By evaluating the masses of the signals, peaks can
often be identified from the molecular ion of the analyte, fragments of the molecular
ion or ions of any other components that may be in the sgd@lg¢ Specific ions

or combinations can be selected and their distribution mapped using imaging

software toestablishhow uniformtheir distribution is.
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5.1.3.1. Time of Flight - Secondary lon Mass Spectroscopy
Objective

In this study ToRSIMS was used to identiffand mapthe distribution of the
antimicrobial agents on theathetersurface and cathetercross sectionghrough
imaging and to track their profiles as the technique was used to penetrate the depths
of the catheter.This was performeah order to assess how uniformly the drugs were
distributed within the catheter which could affect drug release and bacterial
colonisation. Catheters were examined ldm#fore and aftet2 weels in solution to

elute the drugs from thentamicrobial catheter

5.1.4. Water Contact Angle

Water Contact Angle (WCA) measurements have been a major approsedl to
investigag problems associated with solidiquid interfaceq207]. The WCA is the

angle at which the liquid interface meets a solid surface and is dependent on the
surface chemistry and roughness. If water is placed on a solid surfaceféoe sur
tension at the interfaces will cause the liquid to form a drop shape which has a
defined contact angle (Figure 5.3). WCA measurements are extremely sensitive
techniques that depend on the top layer of a surface and are therefore highly
susceptible tosurface contaminants and surface deformations. There are several
ways to perform WCA measurements including static or sessile drop measurements
where advancing and receding contact angles can be measured. If a contact angle is
close to O the droplet wi completely spread out on the surface, meaning the
material is completely hydrophilic. A contact angle of less th&rsBOwsthe liquid

readily wets the material arile materials of a hydrophilic nature but less so than

the above A contact angle '©>90° indicatesthatthe liquid resists wettingnd the
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materialis more hydrophobic. The degree to which a surface may be wet is a

property that can influence bacterial attachment to surfaces.

o wiettability
high wettability

S

Figure 5.3 The contact angle of a liquid at the interé of a solidAcont act angle (U0)
indicates low wettablity and a hydrophobic surface. A contact angle fir@i@ates high wettability
and a hydrophilic surfad208].

5.1.4.1. Water Contact Angle Objective

In this study WCA measurements were performed on urinary cathéters t he fas
received s ffrant the manufacturer anaen the antimicrobial incorporated

cathetes before and aftet2 weeksoakingdrug elution to study if incorporation of
theantimicrobial agenthad any impact on the materials degree of hydrophobicity or
hydrophilicity and thereforegssible interaction within the urinary tract environment

and bacterial colonisation.
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5.2. METHODS

5.2.1. X-Ray Photoelectron Spectroscopy

6 mm silicone discs were impregnated with all three antimicrobial agents as
described in section 2.2.4. Discs wealso used without the incorporation of
antimicrobial agents and served as controls. Half of both sets were exposed to sterile
human urine (pH 6.8) for 1 hour in& °C incubator whilst the other half were left
unprocessed. Care was taken to avoid ptesssiontamination of surfaces. All four

sets of discs were taken for XPS analysis to determine if a conditioning film had
been deposited on the surface as indicated by the adsorption of peotdimther

elements from the urine.

XPS spectra wereecorded using a Kratos Axis Ultra spectrometer employing a
monochromated Al K X-ray source (h = 1486.6 eV), hybrid
(magnetic/electrostatic) optics, hemispherical analyzer and achaltinel plee and

delay line detectowith a collection angle of 308nd a take off angle of 90°. -bdy

gun power was set to 100 W. All spectra were recorded using an aperture slot of 300
X 700 microns with a pass energy of 80 eV for survey scans and 20 eV fer high
resolution core level scans. All XPS spectra were recbusing the Kratos VISION

Il software. Data files were translated to VAMAS format and processed using the

CASA XPS™ software package (Version 2.3.2 and later).
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5.2.2. Atomic Force Microscopy

1 cm catheter segments were impregnated with all thréeniarobial agentsas
described in section 2.2.4. Segments without antimicrobial agents served as controls.
Half of each of the two sets of segments were plac@B®Bfor 12 weeks to simulate

drug elution over the period of catheter use in the bodye bliffer was replaced

with fresh solution every week to prevent the buildp of antimicrobial agents.
Small flat sectios (approx 2 X mm) of cathetesegments were cut out and rinsed
with ultra pure water and left to dry at room temperature. Sectiens mounted

onto metal stubs using superglue for analysis by AFM.

A MultiMode 8 AFM (Vecco Instruments) with @&anoscope/ controller operated

in a PeakForce QuantitatianoMechanicaProperty Mapping (QNM) mode in air

was employed. A silicon nitrideantilever with a 0.IN/m nominal spring constant

and a silicon probe was adopted. The AFM was calibrated and twaubnxsbrface

area scans were performed on each catheter segment. The roughness of the surface
was measured by the root mean square@uae) which is calculated by taking the
centre line of a surface profile and calculating the root mean square deviation of a
number of points on the profile from the centre [[b89]. Rq values were obtained

by taking the average of ten 1.3 x u® areasrom the two scans of each catheter
segment. Values from control and antimicedlratheter sections before and after

soaking/drug elution were compared.
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5.2.3. Time of Flight - Secondary lon Mass Spectroscopy

1 cm catheter segments were impregnated with all three antimicrafpeaitsas
described in section 2.2.4. Segnsewithout antimicrobial agents served as controls.

Half of each of the two sets of segments were plac@B®Bfor 12 weeks to simulate

drug elution. The buffer was replaced with fresh solution every week to prevent the
build - up of antimicrobial agentsAll 1 cm segments were cut in half, rinsed with

ultra pure water and left to dry at room temperatu@rude preparations ofr@ss
sections of the catheter segments were also cut to assess the distribution of the drugs
through the thickness of the catiietubing. Segments were also impregnated with
rifampicin only, sparfloxacin only and triclosan onlyithout the 12 week drug

elution for individual drug characterisation purposes.

ToRSIMS analysis was performed using an KIRF IV (GmbH, Mdunster,
Germany) instrumenéquipped with a Bi liquid metal ion gun (LMIG)Samples
were mounted onto a sample holder using clamps and loaded into th®INISF
vacuum chamber where pressure was maintainedao100° mbar. mages of the
cathetes outersurfa@ wereformed by rastering pulsed B primary ion beanat a
current of 1 pA. The pulsed Biion beam had a spot size of g diameter and

was rastered in a 256 266 pixel array. Charge compensation using an electron
flood gun was employed due tcetimaterials conductivity. Mass spectrum obtained
from positive and negative ion profiling were calibrated using lonSpec Version 4.0
software supplied by the manufacturer. lon intensities were normalized to the total
ion count and spectrums generated ftbm surface of antimicrobial loaded catheters
werecompared to those without antimicrobial agents. A peak list was generated and

those acting as markers for the material and drugs were identified. lon image
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Version 4.0 software was used to create imagjeshe selected ions and drug
distribution analysed. Drug distribution across the thickf@sss- sections)of the

catheter tubing was assessed as above.

For depth profiling the TOF-SIMS instrument was equipped with a 10 ke, @®n

source for spitiering as well as a 25 keV cluster Bi ion source for analysis, both set

at incident angles of 45 An6i nt er | awas énployetatdizZng a beam

target current of 200 pA for thes§ sputter beam and a pulsedsBanalysis beam

set to 0.25 pA.Sputering and analysis beams were aligned anpudter crater of

300 x300 pnf etched with theentral100 x 100 um? compartmengnalysed Both

positive and negative spectra were calibrated as above and selected ions representing
markers of the drugs wereconstructed and exported into an excel spreadsheet

allow the profiles of the agents to be studied

5.2.4. Water Contact Angle

1 cm catheter segments were impregnated with all targamicrobial agentsas
described in &ction 2.2.4. Segments twout antimicrobial agents served as
controls. Half of each of the two sets of segments were plade8Sfor 12 weeks

to simulate drug elution. The buffer was replaced with fresh solution every week to
prevent the build up of antimicrobial agents. eBments were rinsed with ultra

pure water and dried at room temperature for WCA measurements.

A KRUSSDrop Size Analyzer(DSA) 100 with DSA software version 1.6 was used
to carry out WCA measurements. Each catheter segment was placed on the drop size

analyzer platform and 100L of ultra pure water was dispensed from a piezo dosing
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unit onto the surface of the materialFour scansper sample wergerformed
covering a range of &im along the catheter lengtih\ high speed camera was used

to record theifst second the spot of water touched the surface and a video image
was taken. The droplet angle was determined by the DSA software package. A
baseline was fitted to the water droplet circle and a tangent placed at the intersection

of the liquid and sotl. WCA were recorded artdeaverage taken.

5.2.5. Statistics

Two tailed paired -tests at the 95% confidence level were us$edcompare

differences between control and antimicrobial catheter material.
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5.3. RESULTS

5.3.1. X-Ray Photoelectron Spectroscopy

X-ray PhotoelectrorSpectroscopyvas employed to determine if material exposed to
urine for 1 hour resulted in the adsorption of urinary elements i.e. protainsals

to the catheter surfaceWide survey scans were acquired to view all elgmen
catheter surfaces and high resolution scans performed on elements most commonly
observed. The binding energy scale was referenced to the main C (1s) peak,
attributable to hydrocarbon (CH). Relative atomic % were carried out using the peak

area carected with Kratos sensitivity factors supplied from wh@nufacturer and the

average of three repeats reported as showaleTs.1.

Table 5.1: XPS elemental atomic relative %f control material (silicone without antimicrobial
agents) and & material (silicone with antimicrobial agent®fore and afteexposure to urine for 1
hour to form a conditioning film layerAll tests were performed in triplicate and figures represent
averages with standard deviations.

Atomic Relative %

Elemert | Control material | Control material | Antimicrobial Antimicrobial
minus plus material minus | material plus
conditioning film | conditioning film | conditioning conditioning film
(x StDev) (= StDev) film (£ StDev) | (+ StDev)

Na 1s 00 0 0.2 0 01 +0 06 +0.2

O 1s 33.8 *+1.2 296 +0.8 346 +0.7 258 +1.4

N 1s 0.2 +0.1 1.3 +0.2 1.2 =04 51 +1.2

Ca?2p 09 0.1 05 +0.1 11 +0.1 0.1 +0.2

Cls 429 +1.8 476 =*0.9 40.8 +0.9 548 +2.7

Cl 2p 04 *0.2 0.1 0 03 0 09 +0.3

Si 2p 19.2 +04 186 +04 18.2 +05 118 +2.4

Mg 2p 2.8 *0.3 20 +0.2 3.7 *0.2 0.8 +0.5

Deconvolution of Cls Peak

C1s 90.3 +1.2 85.7 *+1.0 80.2 +3.3 68.3 +4.3

aliphatic

C1s 88 +0.8 11.7 +04 18.8 +£2.8 23.8 1.7

C-OH

C1s 0.9 0.5 26 +0.7 1.0 =05 8.0 +27

COOH
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Spectra frontontrol and atimicrobial non - conditioned samples were compared to
those with aconditioring film. Wide survey scans, shown Appendix 4, did not
reveal a big difference between conditioned and w@onditioned samples. High
resolution scans however, highlight gezadifferences. Conditioned samples
revealed changes in the elemental composition and relativeetéroénts. Elements

of proteins e.gnitrogen and carbon were found at increased levels on conditioned
samples. The atomic % of oxygen however decrefkaving exposure to urine.
Sodiumwas also found to increasgon conditioring whilst the atomic % of silicone
decreased. Calcium and magnesium were found to be slightly higher on the un
conditioned samplesigure 5.4 depicts the high resolutiorass ofthe nitrogen and
sodium peaks for botbontrol andantimicrobialmaterialbefore and afteexposure

to urine
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Figure 5.4 XPS high resolution scan of thditrogen (N) peak of control materigh) without a
conditioning film (B) with a conditioning film. Nitrogen (N) peak adntimicrobial material (C)
without a conditioning film(D) with a conditioning film. Sodium (Na) peak of control mate(ia)
without a conditioning film(F) with a conditioning film.Sodium (Na) peak odntimicrobialmaterial
(G) without a conditioning film(H) with a conditioning film.

The increase in chon on conditioned samples also revealed the additi@n rafw
functional groupas depicted in Figure 5.5. The C (1s) peakhemon- conditioned
samples was deconvoluted into two peaks. Conditioned samples showed evidence of
a different chemical typef carbon atom. The peak with the lowest binding energy
(282.0 eV) representing the reference peak of hydrocarbdt) (@d the peak at
283.5 eV representing the addition of a single bond of either oxygen or nitrogen to
the carbon (€O,N) are present ohoth conditioned and unconditioned samples.

For both conditioned control arshtimicrobial materiaKPS revealed the addition of

an extra peak at 285.5 eV, which is indicative of carbon making a double bond with

oxygen (CoO0).
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Figure 55: High resolution scan of the deconvolution of the C 1s pesformed by XPS. Analysis
is of control materia{A) without a conditioning film(B) with a conditioning film and antimicrobial
material(C) without a conditioing film (D) with a conditioning film Forming a conditioning film on
the control and antimicroal material revealed the addition of extrapeakat 285.5 eV
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5.3.2. Atomic Force Microscopy

Atomic force microscopyas performed to study elution of the antimicrobial

agents from the catheter ovarl2 weekperiod had any impacton the surface
roughness compadto material without antimicrobial agents. Two scans at different
points on the cathetér®outer surface were taken and the roughness vdRq
values) detemined by taking the average Rq of ten areas df.8izel.3 pumon the
scanned irages. Table 5.2 shows the average Rq values of the catheter surfaces and
Figure 5.6 shows the topograpical images of control andctabieter segments

before and after soakingldy elution.

Table 5.2 Roughness (Rq) valuess determined by AFM for aatrol and antimicrobial catheter
segmentdefore(p = 0.26)and after(p = <0.05)12 weeksoakingdrug elution in buffered solution

Values reported represent the average of 2 scans upon which 10 areas were selected for average Rq
determination with staradd deviations.

Catheter Treatment Rq Value (nm)
(x St Dev)
Controlcatheter material prior to drug elution 1253 +1.79
Antimicrobial catheter materigdrior todrug elution | 13.14 +1.40
Controlcatheter materigdlostdrug elution 957 +1.35
Antimicrobial catheter materigdostdrug elution 2272 +4.33

The impregnation of rifampicin, sparfloxacin and triclogato the catheter material
revealedno significant difference (p = 0.26) in surface roughness compartg: to
material without antimicrobial agent€lution of theantimicrobial agentsevealed a
significantdifference (p = <0.05) ithe roughness/alue between thentimicrobial

and control material. Catheter material containing the antimicrobial agents following

elution of thedrugs werefound to have a significantly higher Rq value.
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Figure 56: AFM roughness analysis images dtleter segmentgA) control catheter material
before soakingcompared to(B) antimicrobial catheter materiabefore drug elution(soaking)(p =
0.26) and(C) control catheter matial after 12 weeksoakingcompared tdD) antimicrobialcathete
materialafter 12 weekdrug elution(soaking)(p = <0.05) Antimicrobial catheter segments following
drug elution(Image D)show a greater degree of surface roughness.
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5.3.3. Time of Flight - Secondary lon Mass Spectroscopy

Time of flight - secondary ion masspectroscopywas used to identify the
antimicrobial agentsvithin the polymer and analyse thelistribution on thesurface
through imaging. A large number of peaks were generated when scanning the
surface of the control and antimicrobial catheter mdtefiia identify markers of the
three drugs, positive and negatiom control material spectra were compared with
antimicrobial material spectra. The chemical forrewé the antimicrobial agents

are given below:

leamplcm Q3H 58N4012
Sparfloxacin GgHz2F2N403

Triclosan GoH-Cl;0,

Mass spectra may display the whole molecular ion peak, but this does not always
appear and can be weak. Peaks corresponding to fragments of the molecular ion may
also represent markers of the drugs or isotope peaks. Aiteigathe molecular
formula of each drug may reveal elements that enable the agents to be traced. Mass
spectra obtained from positive and negative secondary ions were viewed and the
negative spectra revealed peaks that could be identified to the dRimsre 57

shows a typical mass spectrafcontrol and antimicrobial material.
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Figure 5.7. Negative ion spectrum fofTop Image) control catheter material (Lower Image)
antimicrobial catheter materiébeforesoakingéirug elutior). CN = carbornitrogen **CN = carbon
nitrogen isotope, Cl = chloriné!Cl = chlorine isotope, F = fluorine, Si = silicone, SiHsiticone
hydrogen. The antimicrobial matéal shows the presence of EN and Clions.

181



Chapter5 - Surface Analysis

The negative ion spectnevealed that flourine ions {F chlorine ions (C), its
isotope (C1") and carbomitrogen (CN) could be acting as markers for the drugs. It
is likely that as the molecular formula of sparfloxacin containthis element could

be acting as its markeand & triclosan contains Clin its structure this and its
isotope are likely to be representative of the drug. = €&h be found in both
rifampicin and sparfloxacin but not triclosan as it does not contain nitrogen. To
determine which drug CNacted as a marker for, catheter ma#d was impregnated
with individual drugs. Spectra obtained from rifampicin containing catheter
segments showed no evidence of any distinguishing elements. Neitheth€N
molecular ionor any fragmenof rifampicin were at detectable levels. Thisglmas
therefore unable to be characterised.” @&k therefore also a maker for sparfloxacin
as revealed from spectra obtained when material was impregnated with sparfloxacin
only. The control material was also processed in the same manner as the
antimicrobial catheter via exposure to chloroform (CkJ@ndthe spectra shown in
Figure 5.7 revealed that there was little "Ctontribution from theCHCI; to
significantly impact on the Cpeak from triclosan.Comparison of the spectra (data
not shown) for comol material exposed to chloroform against control material in its
flas r ecei valshosedsad imfar that therasas no residual CHH in the
silicone. Gas chromatography of the samples wouldusther required to confirm

this. It was therefor®nly possible to confirm markers for two out of the three drugs.
It can besurmisedthat F and CN are good indicators for sparfloxacin and @ind

isotope) for triclosan

Figure 5.8 shows images of selected elementsGf, CN, Si (silicone), SiQ
(silicone dioxide) and the total ions obtained from surface scans of the control and

antimicrobial catheters.
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Figure 5.8 Negaive ion To~SIMS images othe surface ofA) control catheter material an@)
antimicrobialcatheter materidbefore soakingfrug elution andC) control catheter material ar{®)
antimiaobial catheter material afté® weeksoakingdrug elution. Chlorin€Cl’) represents triclosan,
fluorine (F) and CN represent sparfloxacin whilst rifampicaould not be tracedThe presence

the agents on thantimicrobial cathetesurfaceis dipicted by the more intense shade appearing
relatively evenly distrubuted although localization of drugcan be seeiflmage B which diffuse
away following drug eltion (Image D).CI onImage C idikely to bedue the buffer used to soak the
catheterin. The silicone (Si) and silicone dioxide (SjPelementform part ofthe materialand are
shown to be uniformlylistubed on all imagesTotal ion images are algpven.
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The images irFFigure 58 allowed for the distribution of drugs on thamuter catheter
surface to be assessed for uniformitue to the swelling nature of the polymer
upon immersion into the chloroformt was expected that thérugs would be
distributed the same on the outer surface as on the luminal sutfaege Aof the
control material, shows Si and Si@® be representative of the polyme€ontrol
material exposed to 12 weeks in buffeolgtion in the same wagntimicrobial -
containing catheter segments wereevealedtraces of CI (Image C). This can
howeverbe attributed to the components within the buffer adsorbing to the surface.
Images ofSi and SiQ remain similar followingsoaking. The antimicrobiatatheter
prior to drug elubn (Image B) showed fairly even distribution of sparfloxacin on
the catheter surface indicated by the intensity @i CN across the image. Gis

a marker for triclosan was alsairly evenly distributed across the catheter surface
Image B alsaevealedthe presence adggregates of drugermed onthe catheter
surface. Following drug elution the @htensityremainedas triclosan continwkto
diffuse to the surfacewith some contribution from the buffewhereas the

sparfloxacin markers, RndCN’, appearedess intense.

Depth profiling was used to trace the distribution of the chemical species
representing sparfloxacin and triclosan as a function of depth from the surface.
Figures 5.9 and 5.10 followthe profiles of theantimicrobial agentas they were

tracked througthe polymer.
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Figure 5.9 Depth profiling performed by TeBIMS of (A) contol catheter material andB)
antimicrobial catheter material before soaking/drug elution. Fluorifea(fd carbomitrogen (QN’)
represent sparfloxacin, chlorine {Qficlosan and silicone (Sithe catheter material.

185



Chapter5 - Surface Analysis

—F ——CN —Si —l
90

80

70

60

u
o

A\ll lnﬂl.. |

W b i
M{wu‘&m l]‘ 1 "l ¥ .JF ruin ” n' | r r 1|||\
MMM‘# MWM’, i ﬂ.‘ v mww.

0 100 200 300 400 500 600
Time (s)
(A)

Intensity
I
<}

w
o

[
(]

=
(]

—F ——CN —Si —dl

350

300

250 \1
200 k
150 I

100

Intensity

4] 100 200 300 400 500 600 700 800 900
Time {s)

(B)

Figure 5.10 Depth profiling performed by ToeBIMS of (A) control catheter materialnd (B)
antimicrobial cateter materialfter soakingdrug elution. Fluorine (ff and carbomitrogen (CN)
represent sparfloxacin, chlorine {Qficlosan and silicone (Sithe catheter material.
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F, CI'and CN intensities are negible in the control materiadboth before and after

12 weeks soaking Si intensities were high at the surface and decreased as the
material was penetrated. It was expected that Si and I8& have increased or
remained the same throughout the depth profiling this may have been due to the
degradatioreffects from the C6beam The control material when soaked showed a
lower intensity of silicone. Image B displaying the profile for the antimicrobial
material shows Cl F and CN intensities to peak at the surface and then decline
through the bulk. CI" therefore tricloan intensities are greater than for the
sparfloxacin markers ‘Fand CN. CI intensities remain constant deep into the
polymer whereas Fand CN display a slight decline the deeper the scan continues. It
is evident that upon immersing the antimicrobialaterial into an aqueous
environment for 12 weeks$nage D), the intensities of the elements representative of
sparfloxacin and triclosan are reduced. There is a peaK af tble surface which is
followed by a rapid ddime to steady state conditions Wb the ntensity of Fand

CN (sparfloxacin) are less than the @ticlosan) and similar to thei $itensity.

Images from cross sections of catheters given in Figure 5.11. Images were
createcby scanning the inner to the centre of the tubingthadentre to the outer of

the tubing and viewing both to assess the uniformity of drug distribution through the
thickness of the catheteFigure 5.11depictsthe scans taken from thaner catheter

wall to the centre of the section. Diagrams showldication of the scanen the

cross sectional area€ombined viewingf the inner scans and outer scans (data not
shown)revealed that sparfloxacin and triclosan penetrated the total thickness of the

catheter wall.
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Figure 5.11 Images taken frorthe inner catheter walto the centreof the cross sectional aredong
with diagrams depicting the scan locatiohthe (A) control catheter material an(B) antimicrobial
catheter materiabefore sakingdrug elution(C) control catheter material an¢D) antimicrobial
catheter materiahfter soakinglrug elution(E) rifampicin only (F) triclosanonly (G) sparfloxacin
only catheter materiabefore drug elution Images reveal the antimicrobial agemsnetrate the

thickness of the catheter wall
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5.3.4. Water Contact Angle

Water contact angleneasurements were taken to discover if impregnating the
catheter material ith antimicrobial agents affectedthe degree of
hydrophobicity/hydrophilicity displagd by the material. Table 5.3 shows the
average WCA measurements of control and antimicrobial catheter material prior to

and possoakingdrug elution.

Table 5.3 WCA measurements of control and antimicrobial catheter matefare(p = 0.015)and
after soakingdrug elution(p = >0.05) All tests are the average of 4 replicates with standard deviation
and coefficient of variation.

WCA (°) of WCA (°) of WCA (°) of WCA (°) of
control catheter | antimicrobial control antimicrobial
material before | catheter catheter catheter
soaking material before | material after | material after
drug elution soaking drug elution
Average | 90.68 79.95 84.73 78.33
StDev |0.85 3.88 3.73 1.55
CVv 0.01 0.05 0.04 0.02

Resultsshowed thatthere wasa statistically significantifference (p = 0.015) in the
WCA measurem@ when antimicrobial agents were addedhe silicone catheter
The WCA decreased making thentimicrobial catheter slightlynore hydrophilic.
No significant difference (p =0.095 was seen betweehe controland antimicrobial
catheter segmentsfollowing exposureto an aqueous environment or between
catheters of the same type (p = >0.05) that were compaeéute and after

soakingdrug elution.
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5.4. DISCUSSION

5.4.1. X-Ray Photoelectron Spectroscopy

The implantation of any medical device into the body is followed by the formation of
a conditioning filmonto its surface.Conditioning films formed on urinary catheters
are largely composed of proteins, electrolyte components and other unidentified
molecules[10] and have the ability tohange the physicochemical properties of a
materias surface which can affect interactions between bacteria and the surface,
although this is dependent on the substrate material, the composition of urine which
is influenced bya patiend s i ndinditiod ara |on theo bacterial strain.
Confirmation that exposing the material to urine for 1 hour was sufficient time for a
conditioning film to form was necessary to ensthiat adherence assays (tk100)
were carried out in a way that is representativéhefprocess within the bodyA
variety of analytical techniques have been used in particular to study protein
adsorption to biomated surfaces. Examples includdtra violet spectroscopy,
fluorescentlabelling quartz crystal microbalances (QCMYFM, surfaceplasmon
resonance (SPR), XP& well as molecular techniqug$97]. Santinet al (1999

[166] characteried the protein composition of the conditionifign deposited onto

the surface of ureteral stents duriimg - vivo implantaton by SDSPAGE and
Western blat Resultsshowed thepresence of albumjirammHorsfall Protein and

h[-microglobulin adsorption

In this study, XPS was used to confirm that elements of proteins and other
components from the urine adsorbed to the catmégerial as an indication of the
formation of a conditioning film. The technique was not used to quantify the levels
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of protein or for the differentiation between proteins. Proteins are mostly composed
of carbon, oxygen and nitrogen and lower levels otfier elements such as
phosplorus Tieszeret al (1998 [10] observed through XPS studies the conditioning
film elements associated with ureteral stent removal from patients. Most notable was
the deection of calcium and phosphorus albeit in small amounts, ddterent
chemical type®f carbon atom, an increase in oxygen and nitrogen and a decrease in
silicone. Similar observations were revealed in this study as shown in Table 5.1. An
increase in carbon and nitrogen was seen on the conditioned samples indicating that
some degree ofrptein adsorption had taken place. Sodium deposits also rose on
conditioned samples possibly due ttte presence o$alts within the urine. A
decrease in the silicone concentration resulting from the deposition of a surface
conditioning film was found wibh masked the siliconerich surface. Calcium and
magnesium levels were less on the conditioned sampladlin et al (1998 [196]

report oncalcium, magnesium and phosphorus, elements of encrustation observed
upon removal of wteral stents following >11 days implantation, so it is not
surprising to expect calcium and magnesium to adsorb at such dteata enuch
shorter exposure time to urineXPS also revealed on conditionedntrol and
antimicrobialmaterial the additionfoan extra peak at 285.5 eV, which is indicative

of carbon making a doubl eetd(@994l[170]ialsoh oxyg
revealed the addition of carbonyl groups that adsorbed to the ureteral stents
following 24 hoursincubaton in human urine.The lowest binding energy of the C1s
peak GC or GH are usually found as part of the polymer or as a surface
contaminant from the aj170]. C 9/@ C@QAQHddditional groups added after
conditioning show the anversion of GO groups to more acidic or oxygenated

groups due to the adsorption of a conditioning filk, 170, 196] The increase in
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carbon, nitrogen and sodiyrthe decrease of siliconand addition of the chon
groupsuggest that a conditioning film had been formed on the surface of the catheter
material. The conditioning effect agreavith LappinScott and Costertof#5] who
say that adsorption of molecules onto surfaces occurs rapidly. One hour exposure to
urine is therefore sufficient time for a conditioning film layer to fand confirms
that adherence assays were performed in a manner that reflected the conditioning

film processas catheters areseredinto the body.

5.4.2. Atomic Force Microscopy

An important component of catheter surfaces is their degree of
roughness/smoothness as this can affect the ease of catheter insertion/removal and
potential forbacterial colonisation. Although appearing smooth, urinary catheters
can show a variety of topogtaipal features ranging from smooth, to undulated to
rough[170]. Surface roughness can be a result of the manufacturing process and can
also be induced through longterm use in a patient. In this study the effett
impregnatingantimicrobial agentsnto the cathetehad on the degree ofurface
roughness was observed us#igM and the impact drug elution over 12 weekad

on surfaceroughness values was also monitored. Results showed that there was no
significant difference inRq values (p = 0.26) between material with and without
antimicrobial agents prior to drug elution. This suggests the drugs on the surface are
the same size as the polymer making the sarfiopography equally smooth.
Control material appeared smoothetldaving exposure to an aqueous environment
(Rq = 9.57 nm) where as the antimicrobial materials roughness siglniéicantly

increased (Rq = 22.72 nm) (p = <0.05). This may imply that the drugs aggregate at
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the surface and as they diffuse into the surdiugp medium their release impads

rougher surface.

Studies have shown that irregularities of polymeric surfaces can promote bacterial
adhesion and biofilm depositig@04, 205] It is thought that this may happen since

a rough surface has a greater surface area and the depressions in the surface provide
more favourable sites for colonisatifB?] with the greatest initial accumulation of
bacteria beingn the bottoms of the roughest parts of the surface where they are also
protected from shear forceslt is recognised that the size of the irregularities is
important for bacterial colonisation, not just the degree of roughbessvithout

further studiest is difficult to establish if thel3.15 nmincrease in theéoughness

value following elution ofthe antimicrobial agentwould havehada direct impact

on bacterial colonisation.

Surface roughness is also important to considensuing maximal eas of catheter
insertion and removal. Urinary catheters with rougher surfaces can cease
trauma, inflammation and discomfort to the patient upon insertion and removal than
those of a smoother nature. Joeeal (2001 [209] studied the relationship between

the ease of catheter removal and surface roughness and found the relationship to be
significant in which catheter lubricity increased as surface roughness decreased. As
no difference in surface roughness between control and antimicrobial catheters was
seen, this suggests that insertion of the antimicrolidleter would be no different

from the conventionaFoley catheter.lIt is alsonot envisagedhat the increase in
roughnessfollowing drug elution wouldimpinged on catbter removal as the

increase wasmall.
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5.4.3. Time of Flight - Secondary lon Mass Spectroscopy

Exploration of the surface and bulk properties of antimicrobial polymers is important
clinically as the distribubn of the drug can influence the extent and rate of drug
release. TORSIMS was able t@rovide qualitative information on the uniformity of
drug distribution CI ions and F/ CN ions served as markers for triclosan and
sparfloxacin respectively butfampicin did not reveal any secondary ions that
enabled for its characterisation so was therefore unable to be traced. Images of the
antimicrobial cathetersurface prior to drug elution(Figure 58) revealed that
sparfloxacin and triclosan werelatively evenly distributedut some aggregation of
thedrugswas seen(lmage B) which upon threedimensional viewing suggedtsat
these penetrate partvay into the polymer.lt is possible that the localization of the
drugs on the surface may have addetth#oburst effect first seen when the catheter is
exposed to an aqueous environmand that following 12 weeks of drug elution
(Image D) the aggregates diffuset. This burst effect may aid in reducing bacterial

colonisation at the time of catheter irtgmn.

The depth profie graphs(Figures 5.9 and 5.10 show triclosan and sparfloxacin
intensities to decrease through the buslkggeshg that the drugs diffuse from the

bulk of the polymer to the inner and outer surfaces where drug intensitiaisizee
highest It is important to acknowledge that the C60 beam used in depth profiling
can leave deposits of carbon on the surface which may mask the underlying material.
Freezing the sample can act to reduce the carbonisation effect, but in tmsdnsta
this was felt unnecessary as,@& and CN ions were clearly detectabldzlution of

the drugs over the 12 week period showeder intensitiesof sparfloxacin and

triclosan buthere was a greater intensity of triclosan compared to sparfloxacia. Th
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finding correlatesvell to the results obtained from the SPTT in which zone sizes of
susceptible organisms exposed to triclosan were greater and more persistéart than

sparfloxacin.

Viewing the coss- sectioral areas of the cathetefBSigure 5.1) revealed that the
antimicrobial agents are distributed across the thickness of the catlhetpected
together with the graphical information (Figures 5.9 and 5.1@hetepth profile
analysis suggests drugs diffuse constantlgit@ higher intensitiesat the inner and
outer surfacesvhich lasts to in excess of 12 weeKBo obtain improved images of
the cross sections it may have been necessary to gemenageaccuratand thinner
preparation®f the sections using microtomewhich could have been tsm resin.
This may have enabled the whole width of tiresssectiors to be analysed without
creating edge effectas opposed to the inner to ddle and middle to outer parts

being examineth two halves

5.4.4. Water Contact Angle

The WCA measureant was used to determine the impaohpregnating
antimicrobial agents into the catheter matehiad on the polymeis degree of
hydrophobicity/hydrophilicty. A significant decrease (p = 0.015) in the CA was
observed when plain silicone catheters werer@gpated with antimicrobial agents,
indicating the change to a slightly more hydrophilic biomaterial surfacecatheter
sections wereexposed to 12 weekin an aqueous environment, control and
antimicrobial cathetersshowed no significant difference I€@A measurements.
Busscheet al (1984 [210], report on how surface roughening tended to increase the
CA if the CA on the surface was >8But it decreased the CA if the surface was
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<6, whilst in between 66 84° roughening had no influence on the C/Aasured.

In contrast Chowvet al (1998 [211] showedthatthe roughening of polymesurfaces
reduced the CA anlficGovernet al (1997 [212], found that the CA also decreased
when polyurethane urinary catheters were incubated in urine and/or PBS for 24
hours It is possible that the nature of the polymer is important for CA
measurementsin this study the increase in surface roughness as the drugs eluted
showved a decrease in CAtlough this was not significantly different (p = 0.556)

from the antimicrobial materidleforedrug elution.

It has beersuggestedhat an increase in polymer hydrophobiaign act to promote
bacterial adherence whereas more hydrophilic materialdt resuess bacterial
adherencd77]. The more hydrophilic nature of the antarobial materialwould
therefore appear to be positive and althoGghmeasuremerbf surfaces appears to

be a useful method of assessing changes arising in biomaterial surfaces in contact
with fluids, further studies are required to determine directua@mite CA over
antimicrobial ability may have in respect tiie urinary cathetersesponse to

bacterial colonisation.
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5.4.5. Summary

In conclusion, as complications such as bacterial colonisation and encrustation
associated with urinary cathetersocat the surface that interfaces with the urinary
tract environment, analysis of the surface of newly developed materials is important
to ensureahatthe characteristics of theew materials compare well to existing ones

or are improved upon so to notvadsely impact on bacterial colonisation. XPS has
confirmed an hour exposure to urine is sufficient for a urinary conditioning film to be
formed on the surface which is important in the bacterial attachment process. AFM
used to compare the roughsesf the antimicrobial cathetesurface tothe control
catheter surfaceshowed there was naignificant difference but following
soakingdrug release for 12 weeks the roughness value of timiartbial catheter
surfaceincreasegdpossiblydue to elution of thelrugs imparting a rougher polymer
surface It is howeverthought that this wouldotbeto a degree that would be likely

to promote bacterial adheren@dthough further testing would be required)have a
negative impact on the eas® which the catheer is insered or removed CA
measurementsevealedthe antimicrobial material to be more hydrophilic, upon
which reports suggest bacteria adhere least to more hydrophilic maféripend

that upon drug elution no difference in CA was seen compared to control material.
ToRSIMS revealed that the impregnation process used to rpocate the
antimicrobial agents into theatheterdistributes them (triclosan and sparfloxacin)
relativelyevenlyon the catheter surface with some drug aggregation which could aid
in the prevention of infectiomluring catheter insertion due to the possiladded

burst effect. Drugs were shown to penetrate the whole cross section of the catheter
with drugs diffusing from the bulk to thmner and outer surfaces where drug
intensities are highest andhere they become released into the surrounding
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environnent. The homogeous naturefollowing the diffusion of the drug
aggregatesn the surfacesuggests that drugs release in a uniform manner which is

importart for the killing of bacteriaver time
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6.0. MECHANICAL PROPERTY TESTING

6.1 INTRODUCTION

When making aurinary catheterantimicrobial questionsmust be asked as to
whether it has any effedn mechanical performance. As with all catheters, the
correct physical and mechanical properties are essdhtial product is to be
successful in clinical use. Failure of mechanical performance could seriously
endanger patients. Specifications, to which catheter devices and materials must
conform, exist in the form of BritisiiBS) and American Standard Test Meids
(ASTM). Performance specifications establish performance requirements and
describe associated tests that will ensure the safety and effectivadnesdical

devices.

There is currently no standard for testing the mechanical properties of teng
indwelling urinary catheters (>30 days). This leaves lotgym catheters open to
separate standard developmernthe ASTM F623 99 (Reapproved 200@)13],
standard performance specification for Foley catheterd BS EN 1616: 1997
specificationg214] relate to singlaise, balloon retention urethral catheters but are
for short- term use. They relate to catheters made from various materials such as
silicone and latex, of sizes 12 to 26 French either in a sterile state for single use o
non sterile state for steriiion. Catheterfor short- term usewhose surfags have

been modified to reducenicrobial colonisation may also be tested using these
specifications. The FDA: Guidance on Premarket Notification [510(K)] Submission
for Short- Term and Long Term Intravasular Catheterspecification[215] issues

guidanceon mechanical testing afatheters intended for lorgerm use (30 days or
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more). However the FDA has not currently classified dess such as urinary
catheters intended for use for more than a 30 day placenldm@se devices are
ouncl assi fiedo. A n specificat®nsyas hewweeetused as aof t h
guide upon which tests were established to performrorary catheter for long-

termuse.

According to the B EN 1616:1997214], the shaft, tip, balloon and eyeholes of
urinary catheters should have a smooth finish. By ensuring this, patient cantbrt,
mechanical trauma upon insertion and removal are kept to a minifh@m
Flexibility of the catheter shaft is also important for manoeuvringutiindhe urethra

and a pliable catheter tip is necessary to reduce the occurrence of urethral perforation
during insertion. The material must also be of a suitable strength and sufficiently
resilient throughout its use to be capable of performing its pyifiuaction. Whilst

a catheter is in situ and upon its removal it can be subject to significant tensile forces.
The catheter must be able to withstand the effects of the forces encountered which
must not result in damage, detachment of the shaft frorpalh@on or the separation

of the catheter into various pafi?]. The catheter balloon should be strong enough

to resist rupture and leakage but allow for ease of inflation and deflation, making
elastic recovery an important parameiE?2]. Degite these stipulations there are
very few data in the literature on the physical and mechanical propertigsnaiy

catheters prioto or following clinical use.
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Mechanical property parameters typically measured for vascular catheters are listed

below [215]:

1 Tensile strength of catheter body

Tensile strength ofatheter body to hub attachment
Catheter stiffness

Catheter tip (distal) attachment strength

Catheter elongation

Leakage at hub

Catheter burst pressure (positive internal pressure)

Catheter collapse (negative internal pressure)

= =A =2 =4 =4 -4 -4 -2

Catheter flexural fatigue tetance

Mechanical properties of materials and their components are commonly assessed
using Instrons. Typical tensile testing involves clamping a sample with a fixed cross

- sectioral area to the Instron which serves to stretch the material in a cedtroll
manner with increasing force until the sample becomes deformed (elongated) o
breals. For all testing applications, correct giipg of the device is essential to
obtain accurate measurements. Avoidance of slippage and premature breakage of
materialsdue to the jaws used to clamp material must be avoided. The use of video
extensometerthat are capable of performing stress/strain measuremaweshelped

to gather more accurate measurembegtsapturing continuous images of markers on

the specimen durg testing.
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6.1.1. Objectives

The incorporation of antimicrobial agents as a means of preventing bacterial
colonisation on catheter surfaces warrants investigation into the possible @fécts
this may have ophysical and mechanical parametefhis is especially relvant if
catheters are modified from proven typ&som a biocompatibility and patient safety
prospective it is important that the inclusion of antimicrobigénts daot serve to
adversely affect the mechanical properties of théwetats and balloons.This
chapter assesses the mechanical performance of the catheter shaft and balloon both
before and after 12 week simulation in a physiological environment designed to
reflect the period of placement within the body and comparesstatadard Foley
catheters without anti infective properties.It was expectedthat due to the small
percentage of antimicrobial agents incorporated into the catheter that this would not
adversely affect the mechanical performance of the cath&ter.tess described in
Section 6.2 are those that are considered most relevant for teng antimicrobial
urinary catheters adapted frolmetASTM F623 99 (Reapproved 20G8andard BS

EN 1616: 1997specfication and theFDA: Guidance on Premarket Notification
[510(K)] Submission for Short Term and Long- Term Intravascular Catheters
specification Tests performed are those which were able tandertaken within the

| a b o rsaapability. 6
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6.2. METHODS

6.2.1. Catheter Balloon Testing [213, 214]

6.2.1.1. Surface Finish

After the incorporation of antimicrobial agents into the esghmaterial as described

in Section2.2.4,catheters wergiewed by normalision and aX2.5 magnification.

The surfaces of the catheter shaft, tip, balloon and eywssre examined for
extraneous material. To pass the test, antimicrobial catheters wasmpared to
urinary catheters without antimicrobial agents (controls) for freedom from

extraneous material.

6.2.1.2. Strength

Antimicrobial and control catheter balloon strength tests were carried out after
immerson of the inflated balloongn artificial urine (Appendix5) for 30 days at
37°C. Catheters weréhensuspended from a suspension device by passing a pin of
50 - 75% of thediameter of the eyelet through the drainage eye. k§ Wweight was
attached to the drainage funnel and held for 1 reinuAll unions of the catheter

were examined for detachment or failure of bonds and any signs of the eyes splitting.

6.2.1.3. Connector security

This test waslesigned to simulate a urinary collection bé&gched to the drainage

funnel upon which the drainage funnel should ndtecome detachefiom the test
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connector. A 1kg weight was attached to the drainage furoighe antimicrobial
and control catheterand held for 1 minte. If the test connector parté&m the

drainage funnel, thiwmasdeemed failure.

6.2.1.4. Balloon Integrity

To test balloon integrity, antimicrobial and contra@llbons were inflated with 10
mL distilled water and submerged into artificial urine8atCfor 30 days. Catheter

balloons that ruptured were deemed to havled the test.

6.2.1.5. Balloon security

Antimicrobial and controtatheter ballooswereimmersed in artificial urine 87°C

for 30 days The catheter tip and balloon were then placed through a funnel and the
balloon re- inflated to 10mL and albwed to rest in thé&unnel countersink. A XKg

weight was attached to the catheter drainage funnel and allowed to hang for 1
minute. A failure was incurred if upon examinatitwe toalloon leakedr eyeholes

were occluded.

6.2.1.6. Inflated Balloon Response to Pullout

This test assesses the cathé&taesponse to forces occurring during use. A funnel
apparatus with a 28 French lumen was used to represent the bladder outlet and
urethra and the proximal end of thrtimicrobial or controtatheter passettirough

the funnel inlet and the balloon inflated with &l distilled water. The balloon

portion was pulled back until it rested into the V shape of the funnel and the distal
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end of the catheter hung downwards from the funnel barrel. For the stdtiesba

1 kg weight was hung from the distal end of the catheter for 2 minutes and the
balloon observed. Fahe impact load testthe weight was lifted60 cmfrom its
hanging poiion and released The balloon was observed for its position in the
funnd after the weight had been dropped. For both tests, the passage of the balloon

through the funnedr the deflation or rupture of the ballooesultedn afailure.

6.2.1.7. Balloon Volume Maintenance

This test was performed to test the ability of ttadldons to retain their injected
balloon volume as a means of determining the functional integrity of the inflation
system. Thentimicrobial and controtatheter balloos wereinflated with 10mL
methylene blue crystal solutiofSigmaAldrich) (1 g in 20 cm® water). The
balloon was placed on a surface that allowed for any leakages to be easily detected
whilst protectedrom light for 30 days. A failure of the balloon to retain the solution
was indicated when a discolouration or leakage of the methylkre was observed

on the surface beneath the balloon. Evaporation was accounted for injlagng

the balloon to the specified volume.

6.2.1.8. Deflation Reliability

The tes wasdesigned to detéthe failure of the balloon dhe shaft lumen tdeflate
correctly in a simulatedvithdrawal. Antimicrobial and control catheter balloons
werefilled with 10 mL distilled water and placed into artificial urine for 30 days at

37°C. Balloons were then deflateding a syringand the resultant deflatea@ltbon
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shape/size measured. To pass the test it should pass through a French gauge hole no

more than four French sizes larger than the labelled French size.

All tests were carried out in triplicate

6.2.2. Catheter Tensile Testing

Urinary catheterswere used in thdias received state from the manufacturers
(controls) and following impregnation with the antimicrobial agents as described in
Section 2.2.4. Half of the control and antimicrobial catheters were placed in
simulated uring(Appendix 5) which was replaced weekly for up to 12 weeks to
mimic drug elution in the body, whilst tligherhalf remained in an unchanged state.

Catheter balloons and junctions were not subjected to testing.

Mechanical pdormance of catheter shafts wassessed usingn Instron 5985
(Imetrum Limited, Bristol, UK)with a 5 kN loadcell connected ta video
extensometer. Data werecorded using Bluehill 2 softwareVarious clamping
methods were investigated ands@ecialised configuration was devised to connect
the cabeter tubing to the Instron as is shown in Figure 6lhis was required to
avoid catheter slippage and breakage at the point of connection and to guarantee an
even distribution oktress/strairalong the length of the tested cathet&atheters

were clamped to expose a 5 cm length along the msection of the catheter and
coated metal targets were applied 3 cm apart to allow for tracking by the video
extensometer. A force was applied at a rate of 100 mm/min as the apparatus
recorded the stress. Therde applied was continued until either the apparatus

reached its maximum length limit or until catheter failure (breakage) occurred. All
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tests were conducted at room temperature and in all dases replicates oéach
analysis were performedFrom theresultant relationship between the stress and
strain, the loadN), ultimate tensile strengttMPa), elongation at breaknm) and

modulus(MPa)detemined at 2806 320% elongation werealculated

(A) (B)

Figure 6.1: Catheter set up on the Instr¢A) prior to tensile testing (clamping mechanisms consisted
of clamping the catheter in arshaped configuration ensuring that thengbed portion was under no
more excessive stress than the tested portion of the catfiBtel)ring tensile testing

6.2.3. Statistics
Two tailed paired -tests at the 95% confidence level were us$edcompare

differences between control and antimigedlcatheter material.
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