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ABSTRACT 

A novel coating combining the delayed release properties of antibiotic-loaded liposomes with 

the structural advantages of crosshked gelatin gels was devebped in an effort to reduce 

bacterial adhesion to silicone catheters. The covdent bonding of liposornal gels to silicone 

surfaces was accomplished by modification of silicone surface chemistry. Application of gelatin 

substituted with 4-azido-2,3,5,6-tetr~uorobe11zo ic acid (AFB-gelatin) to a silicone surface 

followed by exposure to ultraviolet radiation led t o  the formation of surface- bound crosslinked 

gelatin. Alternatively, reactive groups were introduced onto silicone surfaces through a 

photochemical graft polymerization process. The bonding strength of gel coatings to either AFB- 

gelatin-modified silicone or poly (acrylic acid)-grafted silicone was found to increase 

approximately thirty-fold or fifty-fold, respectively, relative to unmodified silicone. 

Liposomes sequestered within crosslinked gelatin gels compromised neither the thermal 



stability nor the mechanical strength of the hydrogel matrix- The Liposome bilayer was minimnlly 

affected by interaction with gelatin The level of liposome release fkom gels was infuenced by 

liposome concentration and size, as well as the presence of poly (ethylene oxide) PEO]; PEO 

chains in the gel matrix or liposome membrane tended to promote release. The in v i m  efflux 

rates of ciprofloxacin and chlorhexidine f?om liposomal gels were affected by the type of medium 

in which the gels were immersed, with the highest release rate observed for ciprofloxacin-loaded 

gels in 50 % serum, 

In vi~o and in vivo assays using a clinical isolate of Pseudomonas aenrginosa established the 

antimicrobial efficacy of ciprofloxacin-loaded liposomal hydrogels. Agar diffusion assays 

produced substantial growth inhibition zones for as long as 16 d, while bacterial colonization was 

completely inhibited on coated catheter surfaces t h o  ugho ut a seven-day in vitro static adhesion 

assay. P. aeruginosa adhesion under continuous flow conditions also was reduced on Liposornal 

hydrogels relative to controls. An animal model of urinary tract infection using rabbits 

catheterized for an average of  six days revealed the absence of viable Escherichia coZi on coated 

catheters in 7 out of 9 cases, while alt untreated catheter surfaces examined (n=7) were 

contaminated. This new antimicrobial coating has potential as a prophylactic for catheter-related 

nosocomial urinary tract infect ion, 

.-- 
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Chapter 1 

General Introduction 



Medical DeviceRelated Infections 

Even a casual review of the history of medicine will reveal that the use of implanted medical 

devices has transformed modem clinical practice. Examples of devices include cerebrospinal 

shunts, intraocular Ienses, pacemaker wires and electrodes, prosthetic cardiac valves, vascular 

grafts, as well as peritoneal dialysis, vascular and urethral catheters. However, irrespective of 

their chemical composition or anatomical location, all implanted devices are prone to 

contamination by microbes with subsequent infection of the host. Infections arising fkom the use 

of indwelling biomedical devices, especially catheters, are associated with increased morbidity 

and mortality, prolonged hospitalization, patient discomfoa and increased medical costs.'" The 

numbers of these devices used in North America are indeed astounding; for example 

two-hundred million catheters of all types, incIudhg sixteen million urethral catheters, over five 

million central venous catheters, and approximately 250,000 ureteral stents are used on an annual 

b a ~ i s . ~ . ~  

Central venous catheters (CVCs) and urethral catheters, in particular, are associated with high 

rates of infection. The rate of blood stream infections associated with non-cuffed CVCs has been 

reported to range fiom 4 % to 14 %,69 with even higher rates for cuffed silastic catheters." 

Given that five million CVCs are used per annum and assuming a conservative septicemia rate of 

4 %, one might expect 200,000 cases of catheter-related septicemia per year. It has been 

reported that a single episode of catheter-related bacteremia can extend hospitaIization by more 

than seven days and add at least $6000 (1 988 US dollars) to the cost of ho~pitalization.~ 

infection of the urinary tract (UTI) may be defined as the presence of microbes anywhere 

f?om the renal cortex to the urethral meatus with colonization of one segment putting the rest of 

the urinary tract at risk. Approximately 20-30 % of patients catheterized in hospitals show the 
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presence of bacteria in their urine7L1"3 or bacteriuria, The probability that bacteriuria develops 

after catheterization depends on a number of factors including catheter insertion technique, 

indwelling time, and the type of drainage system. Most importantly, the longer the catheter is left 

in place, the higher the rate of  infection. In one study of 405 ~atients, l4 bacteriuria acquisition 

rate was 7.4 % during the first 24 h of catheterization and there was an average additional daily 

risk of 8.1 %. Notably, half of all patients were infected after ten days. In another study,'5 

epidemiologic data indicated that catheter-associated cystitis was the most common nosocomial 

infection with related complications accounting for as many as 50,000 deaths per year in North 

America. 

The most common sources of microorganisms found in catheter-related infections are the 

skdtissue insertion site'619 and the catheter hub/drainage podcU Infections arising due to 

bacteria migrating ftom distant infectious foci (e.g. pneumonia)24 or contamination of inf i~sate~~ 

also have been reported but are less frequent. A catheter tip inserted into a vein or an urethra 

may come in contact with contaminated skin and/or tissue and thereby carry organisms into the 

bladder or bloodstream. Once a catheter is in place, bacteria may migrate along the outer d a c e  

of the catheter fiom the exposed distal end to the implanted proximal end. Additionally, regular 

manipulation of the hub of a catheter by medical personnel may provide an initid inocuium of 

microorgaaisms that can gain access to the interior of the catheter and lead to infectious 

complications. The exact proportion of catheter-related infections arising fiom the extrduminal 

or intraluminal pathways is still a matter of debate, however some general trends have emerged- 

With respect to CVCs, studies have indicated that for shoa durations (-4 5 d) both pathways 

were equally likely to O C C ~ ~ ~ '  but longer catheterization periods (i-e., more than 3 0 d) favour 

the intralrlminal pathway.2628 There is a general consensus in the literature that external d c e  
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colonization is the leading cause of catheter-associated UTI ifthe drainage system remains closed 

and sterile.'gJ0 However, patient gender also may be an important factor in determining the most 

probable pathway for bacterial ingress with the extralrlminal pathway accounting for 70-80 % of 

episodes of bacteriuria in women and only 20-30 % in med9  

Another major difference between catheter-related UTI and septicemia is the type and 

proportion of microorganisms involved, Infections associated with vascular catheters are most 

oRen caused by Staphylococcus epidermis, Sraphylococnts aurezlci, and Candida species 

especially Candida albicans and Candida parapsiZosis.262132 Gram-negative organisms such as 

Acinetobacter spp., Pseudornonas spp., Escherichia coli, and KIebsieZlu pneumoniae are less 

frequently implicated in vascular catheter-related infectio n d 3  On the other hand, the relative 

importance of gram-positive and gram-negative species are reversed in catheter-related WTIs. 

The predominant bacteria associated with UTI in likely order of increasing incidences are: 

Proteus spp. (5.7 %), K pneumoniae (6.0 %), Pseudomonas spp. (1 2.2 %), Enterococcus spp. 

(15.7 %), and E. coli (26.7 %).'"' 

The pathogenesis of device-rekited infection is complex and varied, however there is 

conside.rable evidence to suggest that the ability of bacteria to colonize inanimste substrata in 

conjunction with a biomated-induced weakening of the host defence system play major roles in 

the process. The relatively large dimensions and chemical inertness of implanted devices prevents 

imrnune cells such as macrophages and neutrophils f?om e b t i n g  the implant and results in a 

cascade of responses in the vicinity of the implant that weakens host defences to the point that 

they may be unable to respond to a subsequent bacterial challenge. Bacteria, on the other hand, 

are well adapted to colonizing any available surface and once established on a medical device 

they cannot be removed by host cells, thus making tissue-implant integration impossible. 
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One of the major killing mechanisms exhiiited by phagocytes involves the generation of 

reactive oqgen species, a process often referred to as the respiratory burst or oxidative 

response, which may be accompanied by cytokine and proteolytic enzyme release?' It appears 

that the exposure of phagocytic cells to non-phagocytosable biomaterials repeatedly triggers the 

oxidative response eventually leading to exhaustion of reactive oxygen species production. In 

vitro studies using poly (methylmethacrylate) beads have demonstrated the inability of a known 

inducer of the oxidative response, phorbol myristate acetate, to  stimulate any reactive oxygen 

production after incubation of alveolar macrophages with the beads for three hours or Longed8 

Also, experiments involving neutrophils inside Teflon cages that were placed in the peritoneal 

cavities of guinea pigs revealed the presence of several phagocytic defects. The Teflon cage 

neutrophils exhibited reduced ability to generate superoxide in response to a particulate stimdus, 

decreased granule contents including myeloperoxidase and lysozyme, and reduced ingestion rates 

of endotoxin-coated opsonized oil particles relative to control neutrophils." In a subsequent in 

vitro study, the addition of S. aureus into the neutrophil Ioaded cages caused infection in the 

majority of cases. However, when fiesh neutrophils were injected immediately after the bacterial 

challenge, bacterial proliferation was prevented in all but one sample demonstrating the 

pathogenic importance of reduced phagocytic ability?' 

Another important consequence of biomaterial-induced generation of reactive oxygen species, 

cytokines, and proteolytic enzymes is the inevitable tissue damage associated with inflammation 

including digestion or denaturation of matrix proteins?' Tissue damage also may occur during 

implantation of the device especially if surgery accompanies the procedure. The insertion of 

urethral catheters and prolonged indwelling time is known to damage the urethral mucosa" The 

combined effects of immuno-suppression and associated tissue damage leads to an environment 
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in the vicinity of the implant that facilitates microbial colonization. 

A hallmark of device-related infection is the relatively Iow inoculum required to initiate the 

colonization process. Early studies using a stitch abcess model demonstrated that an initial load 

of 100 CFUs was sufficient to initiate infection, whereas subcutaneous injection with 10' bacteria 

fded  to cause any lasting infection when sutures were a b ~ e n t . ~ ~ . ~  A partial explanation for the 

reduced infection threshold in the presence of foreign bodies lies in the ability of bacteria to not 

only tolerate in;mimate objects, but to actively use these for growth and survival. The common 

image of micro bid populations in natural environments is that of free-floating consortia, yet, 

more often than not, bzcteria in nature are found associated with surfaces where they form 

immobile microbial colonies called b i o f i l r n ~ . ~ ~ ~ ~ ~  B i o f h  afford some measure of protection kom 

predators as well as acting as nutrient traps. The adaptations for surface colonization that 

bacteria have evolved over the millennia helps to explain the facility with which they bind to 

medical devices. 

Bacteria can colonize almost any type of surface via several binding strategies. Initial 

approach and binding may be mediated through hydrophobic attractions that can overwhelm any 

ionic repulsions at nanometre scale distances." Polar interactions also may contribute to the 

initial reversible binding if the substrate displays the appropriate hctional  groups. Some 

pathogenic bacteria have evolved the ability to recognize and bind to specfic proteins such as 

collagen, fibrin0 gen, and aronectin through specialized cell surface receptors." The latter 

proteins are among the variety of host compounds that immediately coat the surface of any object 

inserted into the body.'' Once attached to a surface, many species of bacteria are capable of 

secreting polysaccharides that greatly enhance adhesion to that surface and to each other. S. 

epidermis, S. aureus and P. aeruginosa are three species often involved in device-related 
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infections and all are noted for their ability to secrete an adhesive slime that M y  anchors the 

bio film to the substrate.50 

An h p o a m  consequence of biofilm growth is that immobilized cek  are more resistant than 

planktonic cells to various immune responses. A number of investigators have praposed that the 

bacterial glycocalyx acts as a physical barrier that prevents phagocytic c e k  and antlhdies fiom 

reaching their bacterial In addition, the polyanionic nature of the b i o h  matrix may 

impede the diffusion of cationic antibiotics by chemically binding the drug molecules.53JS There is 

also some evidence suggesting that bacteriai cek  in the outer parts of the b i o h  m2y form a 

living barrier that absorbs or reacts with the various bactericides, thus protecting the core cells of 

the microcolony. "v5' Under the heading of physiological changes comes the notion that slow 

growth rates are linked to increased antibiotic resistance.58 Many of the drugs used to treat 

b i o h  target ceIlular processes associated with rapid growth rates such as  DNA replication and 

RNA and protein ~~nthesis.~~*~~ Cells that are not growing quickly would be less susceptible to 

these agents, Several researchers have speculated that binding to a surface induces major changes 

in the patterns of bacterial gene synthesis, but until recently only increased synthesis of the 

alginate producing proteins has been dern~nstrated.~~ Current evidence indicates that surface 

binding triggers the production of a sigma factor that de-represses the expression of a host of 

bacterial genes, some of which may be involved in conferring increased antibiotic resi~tance.~' 

As a consequence of the protection afforded by the formation of biofilms, common microbes, 

such as P. aeruginosa and S. epidermis, that usually present little challenge to the host immune 

system may become dangerous pathogens when they gain a foothold in immuno-compromised 

individuals via association with an implant. Colonization of surrounding tissue may occur by 

detachment of individual bacteria from the biofilm and their subsequent dispersal to surrounding 
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which, likely has been irritated and weakened by the presence of the device. Exposure to 

antibiotics may kill the planktonic ceik and control the symptoms of infection, but the inability to 

completely eradicate the b i o h  locus increases the probability of W e r  septic episodes. The 

initiation and development of device-related infection is outlined in Figure 1.1 - 

Antibacterial Coatings 

There have been concerted efforts to determine precisely which properties of a surface tend to 

promote or inhiiit bacterial adhesion, Hydrophobic polymers such as silicone, poly 

(tetrafluoroethylene) or Teflon, and poly (urethane) are easily colonized by a variety of bacteria, 

while hydrophiIic materials such as certain hydrogel- or poly (ethylene glycol) [PEG]-coated 

devices tend to resist bacterial adhesion-- In general however, any implanted material is 

susceptible to microbial colonization probably due to the alteration in surface properties 

occurring when a polymer surface is exposed to biological fluids.'9 The conditioning layer that 

begins to develop almost immediately upon insertion of a device is composed of various 

polymeric substances and organic molecules derived from the surrounding environment as well as 

the bacteria themselves. Thus, the presence of a conditioning layer may mask the antibacterial 

properties of any given surface. In addition, the wide variety of adhesion mechanisms employed 

by bacteria and their rapid rate of replication makes it unlikely that any single material will ever 

be able to resist colonization by all types of microbes. 

Coating biomaterials with antimicrobial agents is another anti-adhesion strategy that has been 

pursued intensively. Medical devices capable of eluting therapeutic concentrations of 

antimicrobials over a prolonged period should be able to inhi'bit bacterial adhesion and 

proliferation Traditionally, antimicrobial agents have been incorporated into the whole of the 



Catheter 

I 

Figure 1.1. Evolution of infection associated with medical implants. (A) Bacteria are introduced 

into the wound, often fiom organisms on the skin, (B) Antiphagocytic effect of biomaterid 

allows for bacterial co Ionization and exopo Iysaccharide production, (C) Mature bio film offers 

protection fiom phagocytes, ant~bdies, and antibiotics. @) Infection may lead to local tissue 

damage and dispersal of individuals conducive to formation of secondary colonies and eventually 

sepsis. 
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implant, often during the manufkcturing process, or they have been applied to the sdace  of 

completed products. A schematic representation of the various ways antimicrobial agents have 

been associated with medical impIants is shown in Figure 1 -2. 

The dispersal of antimicrobials throughout the polymer matrix has the distinct advantage of 

providing a Iarge reservoir of agent for sustained release. Consequently, prosthetic heart valves 

containing gentamicin6' and catheters incorporating rifampin68 or nitrofi~azone~~ have all shown 

the ability to resist bacterial colonization both in vitru and in vivo for prolonged periods. 

However, the limited number of human clinical trials involving antimicrobial-impregnated devices 

have produced mixed results thus far. In one study involving 158 adults undergoing 

catheterization with non-cuffed CVCs containing silver sulphadiazine and chlo rhexidine (CHX), 

bacterial colonization of catheters and the incidences of septicemia were significantly reduced." 

Yet, a larger clinical trial performed with patients undergoing chemotherapy through CVCs 

demonstrated that silver sulphadiazine/chlorhexidine catheters neither reduced the overall risk of 

catheter-related infection nor septicemia." 

One inherent disadvantage with bulk incorporation of antimicro bids is the added complexity 

to the device manufacturing process. For example. the incorporation of rifampin in siIicone 

catheters requires swelling the catheter material in a chloroform solution of the drug;68 a process 

that may not be compatible with all the components of a medical device. The organic solvent is 

then removed through a controlled evaporation process performed under high vacuum. The 

equipment required to accomplish the latter task on a commercial scale would represent a major 

investment. Furthennore, the successfid dispersal of an antimicrobial within a polymer matrix 

requires a certain amount of compatibility between the two. As most polymers used in the 

construction of medical devices are hydrophobic, polar compounds would not associate closely 



Figure 1.2. Possible modes of associating antimicrobial agents with medical polymers for the 

prevention of microbial colonization, 



with the polymer matrix. Attempts to incorporate the antiiiotics ciprofloxacin (CIP) and 

fosfomycin into poly (urethane) through a solvent evaporation method resulted in an 

inhomogeneous mixture of drug particles and polymer." The difEsion rate of drug molecules 

through the polymer matrix was found to be insufficient to hinder bacterial adhesion. 

A simpler method for imparting antibacterial properties to implant surfaces involves the 

application of a surface coating of antimicrobial agent. The outer sufaces of catheters have been 

coated with a variety of antimicrobials, such as dic lo~aci lh ,~~ cHX," and CIP? The coating 

procedures may be as straightforward as dipping the catheters in an aqueous solution of the 

antibiotic" or the antibiotic may be mixed with an ointment that is applied to the catheter.76 More 

involved coating procedures consist of pre-treating catheters with an ionic detergent (for example 

tridodecylmethylammonium chloride and benzalkonium chloride) before immersion in an 

antibiotic solution of opposite ~ h a r g e . ~ . ' ~  Also, silver ions may be placed directly on surfaces 

using an ion beam-implantation technique? The major disadvantage of nearly all surface coatings 

is the limited quantity of ant*iotic that can be retained on a flat surface. As a result, antimicrobial 

activity is virtually absent, as with silicone catheters dipped in a cIP" solution, or sustained for 

relatively short periods only, ranging fiom 48 h for rifampm bonded to vascular graftss0 to 4-5 d 

for catheters coated with CHX.74 

Liposomes as Drug Carriers 

Liposomes are microscopic spheres composed of a lipid membrane encapsulating an aqueous 

space (Figure 1.3). The membrane is relatively impermeable to polar and amphipathic 

compounds and even at physiological temperature, substances entrapped in the internal 

compartment of liposomes remain encapsulated or are slowly r e ~ e a s e d . ~ ' ~  Lipophilic molecules 



Ciprofloxacin 

NH NH 

N-C-N-C-N-((3L,-*N-C-N-C-N 
H H t l H  

NH 
H I I H  H 

NH 

Chl orhexidine 

Figure 1.3. (A) Schematic representation of a liposome emphasizing the phospholipid bilayer and 

encapsulated drug. (B) Chemical structures of CIP and CHX. 
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aIso can be made to associate with liposomes by incorporation into the membrane. The twin 

abilities of liposomes to encapsulate a diverse array of compounds and to release them over a 

prolonged period led to the hypo thesis that their association with medical implants co uId provide 

therapeutic benefits. In particular7 antbiotic-loaded liposomes attached to catheter surfaces 

would be able to prevent or reduce bacterial colonization of these devices. 

A common procedure for the preparation of liposomes begins by dissolving the appropriate 

lipids, usually a mixture of phospholipids and cholesterol, in an organic solvent such as 

chloroform. Removal of the solvent under vacuum produces a thin f3.m of lipid that coats the 

inside of the glass vessel, The lipid film is dispersed through the addition of an appropriate 

hydrating solution, foilowed by shaking and vortexing at a temperature greater than the main 

phase-transition temperature (Ta of the lipid component with the highest T,. The resulting 

suspension of multilamellar vesicles (MLVs) is non-dorm in both size and shape. Unilamellar 

vesicles of a particular size can be obtained by repeatedly forcing the MLV suspension under high 

pressure through membranes having pores of a fixed diameter. 

Drugs may be incorporated into liposomes by either of two general methods, often referred to 

as passive and active loading. In its simplest implementation, passive loading is accomplished by 

hydrating a lipid film with an aqueous solution containing the substance that is to be encapsulated 

followed by dispersal of the film, usually at elevated temperatures, until a suspension of 

multilamellar vesicles (MLVs) is obtained- In this manner, a number of substances including 

antitumor agents, polypeptides, and nucleic acids may be entrapped.85-" The quantity of material 

encapsulated depends on the concentration of the substance in the initial hydration solution, 

however, since only a small proportion of the initial volume is encapsulated most of the solute 

remains in the external solution. Since the technique was pioneered in the mid 1960'~~~~ several 
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variations of passive loading have been introduced, such as the detergent dialysis method " and 

the reverse-phase evaporation techniqueYm but most suffer fiom the disadvantages of added 

complexity and drug encapsulation efficiencies that are still well below one hundred percent. 

In contrast, the active or remote-loading approach uses pH or ammonium sulphate gradients 

to drive the nearly complete transfer of weak acids or bases in the external solution to the internal 

liposome c ~ r n ~ a r t m e n t . ~ ' ~  For example, an ammonium sulphateIpH gradient is created by 

hydrating a lipid film with a concentrated solution of the salt followed by removal of non- 

encapsulated ammonium sulphate either through dialysis or size exclusion chromatography. The 

subsequent addition of a weak base such as CIP promotes the exchange of ammonia with CIP. 

Specifically, the dissociation of ammonium ion into ammonia and a proton leads to the 

acidification of the interior liposome space, which in turn, results in the protonation of internal 

CIP (Figure 1.4). Protonated CIP forms a complex with sulphate ion that appears to lead to 

stacking of individual molecules within the liposome.93 In the case of another remote-loaded 

compound, doxorubicin, the drug-sulphate complex precipitates leading to the formation of drug 

crystals within the l ipo~ome.~~ Other compounds that have been sequestered by an active-loading 

protocol include ~atecholamine,~~ vincri~tine?~ and ~inorelbine.~~ 

The relatively few liposomal drug preparations approved for clinical use include Arnbiosorne 

(NeXstar Pharmaceuticals; Boulder, CO), Doxil (Aka Corp.; Palo Alto, CA), and DaunoXome 

(NeXstar Pharmaceuticals). Ambioso me is a lipo so ma1 formulation of the anti- fimgal agent 

amphotericin B and is an example of how association with liposomes can reduce drug toxicity 

and thus increase the therapeutic index of a drug." Doxil and DaunoXome are liposomal 

formulations of the antitumor agents doxorubicin and daunorubiciu, respectively. AU the 

commercial preparations are large unilamellar vesicle (LUV) suspensions with an average 



Figure 1.4. Reaction sequences outlining the active loading of CIP into liposomes encapsulating 

ammonium sulphate. Note that the Rmino group of CIP is in fact a secondary smine. 



liposome diameter of approximately 100 nm. The use of LUVs enhances the lifetime of 

liposomes in the circulatory system before they are removed by components of the 

reticuloendothelial systemg8 The presence of a PEG coat on the liposome d a c e  also has been 

shown to increase circulation Lifetimes? Another advantage associated with the use of L W s ,  

especially with respect to the encapsulated anthracyclines, is the ability of these liposomes to 

preferentially target tumors. The continuous endothelium of healthy tissues prevents leakage of 

Liposomes into these tissues, however, the endothelium surrounding tumors contains gaps ranging 

fkom 100 to 800 n m  dowing liposomes to extravasate and reach the tumor interstitimiW 

Several liposome-based systems have been developed for localized and topical delivery of 

therapeutic compounds. DepoFoam is a lipid preparation of multi-compartment vesicies that can 

be injected subcutaneously. Sustained delivery of antibiotic for prevention and treatment of 

infection has been reported for up to ten days.lO' Liposomes containing human growth hormone 

or insulin have been mixed with weak collagen gels in another effort to prepare an injectable 

formulation designed to remain at the site of injection releasing its load of drug for a prolonged 

period.lo2 Liposomal creams and ointments for topical application also have been developed for 

relieving paido3 and treating skin conditions such as leprosy? An extensive literature search has 

revealed only one report descnibing the use of liposomes in conjunction with medical implants. 

The relevant patent descn'bes the coating of vascular grafts with an ionic detergent- 

Subsequently, the grafts are immersed in a liposome suspension in which the Liposomes possess a 

charge opposite to that of the surface-bound detergent. The inventors claim that ionically-bound 

liposomes encapsulating various therapeutic compounds, in particular antimicrobial agents, 

reduce the risk of bacterial colonization of the device, however, no supporting information is 

provided. lo' 



General Objectives 

Biomedical polymers capable of delayed release of therapeutic compounds may be realized 

through a two-step surface modification procedure involving the surfice-grafting of 

hctionalized hydrophilic polymers followed by the application and bonding of a liposomal 

hydrogeL The bio-activity of the modified polymer will depend on the nature of the compound 

loaded into the lip0 soma1 hydrogel- For example, inclusion of antimicrobial compounds should 

significantly impede bacterial adhesion to the surfice for a prolonged period. 

Specific goals included the formulation and optimization of a gelatin-based gel capable of 

accommodating large numbers of liposomes and the modification of silicone surface chemistry 

for enhanced bonding of Liposomal gels. Also, this work sought to test the practicality of 

liposomal gel coatings by demonstrating antibacterial efficacy of silicone catheters coated with 

CIP-loaded liposomal hydrogels against pathogenic strains of P. aeruginosa and E. cok  

Chapter 2 presents initial attempts to associate liposomes with modified silicone surfaces- 

Modest success with direct surface binding of liposomes shifted the research focus towards 

procedures for the bonding of gelatin gels to silicone. The third chapter focuses on the 

characterization of liposomal gelatin-based gels with respect to both sequestered liposomes and 

the gelatin gel matrix. Detailed in vitro efflux patterns of Liposomal gels loaded with two different 

antimicrobial agents are presented also. In Chapter 4, the antibacterial activity of liposomal gel- 

coated silicone catheters are gauged through in vitro growth inhriition zone and adhesion assays- 

An in vivo model of UTI provided m e r  data in support of the antibacterial efficacy of 

liposomal hydrogels containing CIP. 
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Chapter 2 

Silicone Surface Modificatiorn For Improved Liposome 

Retention 



Abstract 

Mild and efficient methods for altering the surface properties of poly (dimethyIsi1oxane)-based 

polymers through the use of ultraviolet radiation for enhanced binding of liposomes and gelatin 

gels is descriid. Application of gelatin substituted with a photoreactive aryl azide (AFB-gelatin) 

to a silicone surface followed by exposure to 254 MI ultraviolet radiation led to the formation of 

a c r o s s ~ e d  gelatin surface, Alternatively, reactive groups were introduced onto silicone 

surfaces through a photochemical (365 nm UV light) graft polymerization process initiated by 

p-benzoyl t-butylperbenzoate (l3PB). The presence of crosslinked AFB-gelatin on silicone 

surfaces was verified by staining with a gelatin-specific dye after washing with hot detergent 

solution. Free radicai-mediated graft polymerization of acrylic acid, acrylamide, hydroxyethyl 

methacrylate, and poly (ethylene glycol) methacrylate occurred on silicone surfaces when 

photoinitiator-coated samples were placed in aqueous solutions of monomer and exposed to UV 

Light. Grafting levels of nearly 1 mg/cm2 were achieved with as Little as 2 minutes of irradiation 

time using aqueous acrylic acid (5 wt%). The level of grafting could be controlled by adjustment 

of photoinitiator and monomer concentrations, as well as duration of irradiation. The presence of 

grafted polymer on silicone surfaces was verified by decreases in water contact angles and 

changes in X-ray photoelectron spectra consistent with the presence of relevant hctional groups 

on the polymer d a c e .  An example of the utility of surf8ce-modified silicone was the ability to 

tightly bind a gelatin-based hydrogel coating to poly (AA)-grafted silicone. The covalent nature 

of the gel to silicone bond was emphasized by the inability ofvigorous scrubbing to remove all 

traces of protein as revealed by a gelatin-specific dye. The bonding strength of gelatin-based gel 

coatings on either AFB-gelatin-modified silicone or poly (acrylic acid)-grafted silicone was found 

to increase approximately thirty- fo ld or fifty-fo ld, respectively, relative to unmodified silicone. 
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Introduction 

Silicone or poly (dimethylsiloxane) PDMS] is an example of a polymer that is genedy  well 

tolerated by the human body and for this reason, along with its flexiiility and chemical stability, 

silicone-based medical devices are widely used in current clinical practice. l2 Unfortunately, high 

rates of iafection are associated with indwelling medical devices. For example, infections resulting 

fiom the use of vascular and urethral catheters account for the majority of all device-related 

nosocomial infections? One possible strategy for reducing the incidences of implant-associated 

infection would involve endowing implants with antiiacterial properties by adhering drug- 

containing liposomes to their surfaces. The use of liposomes offers the advantages of therapeutic 

flexibility, delayed release, and bioc~mpatibility.~ 

The chemical inertness of silicone requires the introduction of reactive hctionalities if the 

sudace chemistry is to be manipulated fiuther. There have been numerous reports describing 

surface modification of siloxane polymers containing reactive h c t i o d  groups introduced 

through the inclusion of derivatized siloxane monomers in the initial polymer f~rmulation.~' 

While this approach yields good results, there are issues of inconvenience and interference with 

bulk properties that may prove to be problematic. Simllar1y. silicone surface mod5cation using 

plasma discharge9 and y -irradiationlo techniques may not always be practical because of the need 

for specialized equipment and the propensity for alteration of bulk material properties. Also, none 

of the above-mentioned procedures allow for precise spatial control of the surface modification 

reaction. 

On the other hand, surface grafting reactions using ultraviolet Light have been shown to 

be efficient and convenient for modifjing polymer sdaces  with the added benefit of 

micro-regional control through the use of projection masks. l '  One common strategy for surface 
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photografting utilizes f?ee radicals generated fkom aryl azides. Functional polymers, such as 

albumin_ containing photoreactive aryl azide moieties or aryl azides done have been shown to be 

capable of covalently integrating with their substrates once exposed to W light.lZ" Alternatively, 

benzophenone and related molecdes have been used to abstract hydrogen atoms fkom a polymer 

surface, thereby creating surf8ce-bound radicak capable of initiating graft polymerization of 

monomers in the vapour phase or in s~ lu t i on . ' ~*~~  

The photochemical introduction of reactive functional groups onto silicone surfaces and their 

use in the binding of liposomes or geIatin was investigated. One surface modification strategy 

involved the coating of silicone with 4-azido-2,3,5,6-tetrduorobenzoic acid (AFB) or gelatin 

substituted with AFB (AFB-gelatin) followed by exposure to 254 n m  UV (UVC) light. Also, the 

photosensitive perester BPB in conjunction with a number of hydrophilic monomers was used in 

an attempt to initiate significant graft polymerization onto PDMS upon exposure to 365 ~1 W 

(UVA) light. The relationships between the quantity of grafted polymer present with respect to 

irradiation time, monomer concentrat ion, and monomer type were determined by gravimetric 

analysis or staining with gelatin specific dye. The surface properties of modified silicone samples 

were characterized by water contact angle measurements and X-ray photoelectron spectroscopy 

(XPS). The use of surface-modified silicone as a substrate for a novel biomaterial usell  as a 

liposome carrier is emphasized through characterization of the covalent binding of a PEG-gelatin 

hydrogel to the surface of poly (acrylic acid)-grafted or AF'l3-gelatin-modified silicone samples. 

The adhesion strength of the hydrogel bond to modified and unmodified silicone was determined 

by both qualitative and quantitative mechanicd testing. 



Materials and Methods 

General 

Acrylic acid (AA), hydroxyethyhethacrylate (HEMA), PEG methacrylate (PEGMA) 

[average h& of 5263, benzo ylbenzo ic acid (BB A), 1 -ethyL3 -(3 -dimethylaminopropyl) 

car bodiimide (EDC), 1,3 -dicyclo hexyIcarbodiirnide (DCC), n- hydroxysuccinimide (NHS), 

nitrophenylchlorofonnate (NPC), Sirius Red, and PEG 3400 were purchased fiom Aldrich 

(Milwaukee, WI), Porcine gelatin A (300 bloom) was supplied by Vyse Gelatin Co, (Schiller 

Park, IL), AFB was purchased fiom Molecular Probes (Eugene, OR). Acrylamide (AM) was 

obtained fiom Sangon (Toronto, ON), Distearoylphosphatidylcholine (DSPC) and 

distearoylpbo sphatidylethanolamine (DSPE) were purchased from Avanti Polar Lipids 

(Alabaster, AL). '4C-DipaImitoyIphosphatidylcho line (DPPC) was purchased from Amersham 

(Arlington Heights, IL). AA was distilled prior to use. All other monomers were used as 

received. Silicone sheets were purchased fkom Silicone Specialties (Ballston Spa, NY). Silicone 

tubing was from Dow Corning (Midland, MI), while silicone Foley catheters were obtained from 

Rusch (Duluth, GA). Silicone surfaces were cleaned by washing in methanol for 4 h with a 

change of solvent after 2 h, The perester photoinitiator BPB and the crosslinking agent NPC- 

PEG were synthesized according to Thijs et al! and Fortier et A," respectively. Sirius Red and 

p-nitrophenol concentrations were determined by comparison to standard curves generated using 

a Hewlett-Packard 8452A spectrophotometer (Sunnyvale, CA). Polymer grafting extents and 

water contact angle measurements are presented as the mean A 1 standard deviation of the 

respective unit. 



Azidotetrajluorobenzoic Acid-Gelatin Preparation 

NHS-AFB was prepared as descnkd in Keana and Cai18 using the coupling agent DCC. 

AFB-gelatin was synthesized by the addition of 8.3 mg (25 pmols) of NHS-AFB in 0.5 mL 

methanol to 100 mL of 50 mM Borate buffer (pH 8.6) containing 1 % gelatin. Following 

overnight incubation at room temperature, the mixture was filtered and dkdysed against water 

for 24 h. AU procedures involving AFB were performed in the dark or under dim light 

conditions. 

Lipsome Binding Study 

Liposomes were composed of DSPC and DSPE in a 3:2 molar ratio with trace amounts of 

14C-DPPC added for Lipid quantitation. Lipids were dissolved in chloroform and the solvent was 

evaporated under vacuum for 4 h, MLV suspensions resulted from the addition of 25 mM Mes 

buffer (pH 6.5) to the Lipid film. The suspension was further processed by extrusion (Lipex 

Extruder; Vancouver, BC) through 450 nm nylon membranes (5x). 

Silicone samples (5 mm x 7 mm) were incubated in ethyl acetate containing AFB (5 mg/rnL) 

for 4 h followed by drying for 1 h under vacuum Each side of the silicone rectangle was exposed 

to UVC light (Minerallight Lamp, UVP, San Gabriel, CA) at a distance of 2 cm for 5 min. All 

samples were washed repeatedly in chloroform to remove adsorbed AFB. After drying, each 

sample was placed in an aliquot of liposome suspension (1 3 mM in phospholipid) and incubated 

with shaking at room temperature for 2 h. Subsequently, 0.5 rnL of coupling solution containing 

20 mg/mL EDC and 0.8 rng/mL NHS in Mes buffer was mixed with the liposome suspension 

After shaking for 1 0 h, silicone samples were washed with a small volume of distilled water for 

10 min (2x). The amount of Lipid retained on sample surfaces was estimated fiom I4C adysis. 



Azidotetrafluorobenzoic Acid-Gelatin Swace ImrnobiZization 

Catheter sections were immersed in AFB-gelatin solution (5 mg/mL) for 1 h at room 

temperature and subsequently removed and dried for 2 h at 40°C, All samples were exposed to 

W C  light for 5 min, Adsorbed protein was removed by washing in 1% sodium dodecyl sulphate 

solution at 80°C for 30 min, The gelatin k e d  onto the catheters was quantitated by a Sirius Red 

staining and elution procedure.lg In brief, the dye is bound to the immobilized protein by 

incubating coated catheters in an aqueous picric acid solution containing Sirius Red (73 mM). 

The samples are washed with 0.0 1 N HCL for 30 min to remove unbound dye. Subsequently, the 

bound dye is eluted fiom the gelatin using a diIute NaOH solution (0.1 N) and quantitated by 

spectrophotometry. The amount of dye eluted is proportional to the quantity of crosslinked 

gelatin present, and by comparison to standards, an accurate estimate of surface-immobilized 

gelatin can be obtained. 

S 4 a c e  Photograft Polymerization 

Pre-weighed silicone disks (0.7 cm diam-; 0.2 cm thickness) or cylindricd sections (0.5 cm 

dian, 1 cm length) were incubated in a methanol solution of photoinitiator (BPB or BBA) for 1 

h followed by air drying at 40°C for 2 h. SampIes were then suspended in vials containing 3 mL 

of aqueous monomer solution. When required, monomer solutions were saturated with BPB. The 

aqueous solubility of BPB was 4 pg/mL. AlI solutions were filtered through 0.22 pm pore flters 

prior to being flushed with nitrogen for 15 min. Vials were sealed with rubber septa and placed 

2.5 cm beneath a pair of UVA bdbs (1 5 W ea-). Radiation intensity at the sample site was 3 -8 

mW/cm2 as determined by W a~tinornetry.~~ After completion of the graft polymerization 

reaction, samples were briefly washed under running water with occasional scrubbing to remove 
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obvious signs of adsorbed homopolymer. The remaining non-grafted material was removed by 

overnight incubation in 50 % ethanol followed by a 4 h incubation in water. Samples were dried 

in a 60°C oven for 16 h before their weights were determined using a semi-microbalance (Ohm; 

Florham Park, NJ). Quadruplicate samples of each treatment were analysed in all experiments. 

Surface Characferization 

Silicone disk sampIes were kept in an atmosphere of high relative humidity for 24 h prior to 

room temperature water contact angle measurements using axkymmetric drop shape analysis 

(ADSA). Images of sessile water drops were digitized and contact angles determined by 

minjmjsring the difference between the proscn'bed drop volume and the drop volume calculated 

fkom the contact diameter of the drop in conjunction with the Laplace equation of capillarity? A 

total of 8 measurements on four Werent surfaces were performed for each treatment. 

X P S  spectra were recorded o n  a Leybold MAX 200 XPS system utilizing an 

unmonochrornatized Mg K, x-ray source operating at 1 5 kV and 20 mA with a take-off angle of 

90" relative to the sample surface, Energy range was calr'brated against Cu 2p, and Cu 3p at 

932-7 eV and 75.1 eV, respectively, and scaled to place the msin C peak at 285.0 eV. Binding 

energy determination and deconvolution of spectra were accomplished using curve-fitting 

routines fkom ESCATools (SurfacelInterfBce Inc., CA). XPS spectra &om two separate samples 

were recorded for each type of d a c e  modification. 

Hydrogel Bonding to Su@?ace-Modzjied Silicone 

In general, silicone squares (2 cm x 2 cm) or rectangles (I cm x 15 cm) were immersed in 100 

mM BPB solution for 1 h and dried at 40°C for 2 h. Samples were placed in an aqueous solution 
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of AA (694 m . ,  purged of oxygen, and exposed to W A  light for 5 rnin or 20 min, followed by 

extensive washing as described above. AFB-gelatin coated samples were prepared by applying a 

thin film of AFB-gelatin (5 rng/mL) to the surface of unmodified silicone using a small paint 

brush, After drying at 60 OC for 1 h, samples were exposed to UVC light for 5 min. 

For the peel test, poly (AA) grafted samples were incubated in a solution of EDC (2 rng/mL) 

for 1 h at room temperature, while AFB-modifled samples were used without W e r  

manipulation. Fluid NPC-PEG-gelatin mixture (1 0 % gelatin and 6 % NPC-PEG w/v) was 

poured onto samples resting on a glass plate with overflow prevented through the use ofthick 

silicone strips placed immediately adjacent to all sides of the sample. A strip of poly (ethylene) 

mesh was immersed in the fl~d mixture leaving a d portion of material 6ee of the gelatin 

mixture, Upon setting of the gels at 4°C (1 0 ruin), surrounding silicone material was removed 

from the sides of all samples, which were subsequently immersed in 200 mM borate solution (pH 

9.0) for 1 h to effect PEG crosslinking of the gelatin gel as well as bonding of AFB-gelatin amino 

groups to NPC-PEG (AFB-gelatin-modified surfaces) or gelatin amino groups to activated poly 

(AA) carboxyl groups @oly [AAI-modified surfaces). Residual p-nitrophenol was removed fiom 

the gels by continual washing with 0.8 % saline solution- The strength of the gel to silicone bond 

was estimated by pulling the poiy (ethylene) mesh embedded in the gel away kom the silicone 

substrate. The gelatin remaining on the silicone, before and after scraping the surface gee of 

hydrogel, was visualized by staining with Sirius Red. 

For the tensile adhesion strength test, the modified silicone was m e d  to a plastic frame via 

cyanoacrylate-based glue (Figure 2.1) and left to set overnight before samples were immersed in 

EDC for 1 h @oly (AA)-grafted samples only). Silicone spacers were added to three sides of the 

apposing silicone squares forming a leak-proof arrangement secured by elastic bands. 



Figure 2.1 Appliance used to determine bonding strength of PEG-gelatin gel to unmodified, 

AFB-gelatin treated, and poly (AA)-grafted silicone (F-force). 
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NPC-PEG-gelatin mixture was poured between the two fixing silicone squares through the 

remaining open side. As before, gels were incubated at 4OC for 10 min and the entire apparatus 

minus the silicone spacers was placed in borate buffer for Z fi followed by washing of the gels to 

remove residual nitrophenoL All sampIes were secured in the grips of an Instron materials testing 

machine (Model 850 1; Canton, MA) and adhesion strength was determined as the force required 

to separate the two halves of the apparatus at an extension rate of 0.1 d m i n .  

For both the qualitative and quantitative adhesion strength tests, triplicate samples of each 

surface treatment were prepared. 

Results and Discussion 

A,7idotetrafruorobenzoic Acid-Mediafed Liposorne Binding 

AFB was adsorbed to silicone samples and exposed to UVC light in an effort to afEx fkee 

carboxyl groups to the surface, which subsequently could be activated for binding of liposomes 

containing amino phospholipids (Scheme 2.1). UVC-exposed samples were able to bind more 

lipid (9.3 * 1.8 pg/cm2) than untreated samples (2.4 * 0.1 pg/cm2) indicating that successll 

grafting of AFB did occur. However, the relatively small increase in surf8ce-bound lipid resulting 

~ o r n  AFB-mediated lipo some binding suggested that direct covalent association of large 

quantities of liposomes with silicone surfaces would be problematic. 

In fact, it is possible to calculate an upper Limit for the amount of lipid that can be associated 

with a flat surface by imagining such a surface completely saturated with interacting spheres (450 

nrn diameter). Knowledge of the average surface area occupied by a DSPC molecule (60 A') can 

be used to readily calculate a theoretical maximum of 1.7 pg ~SPckrn'.  There are at least two 
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Scheme 2.1. Proposed reaction sequence depicting the binding of AFB to silicone (A) and 

synthetic scheme for the coupling of AFB to an amine-containing reagent (B). 



44 

possible reasons why the theoretical value is lower than either of the two experimental values. 

The swfkces of synthetic materials are not u s d y  perfectly level as the manufacturing process 

almost invariably introduces imperfections such as cracks or protrusions that increase the 

available surface area Also, transfer of the radioactive tracer, 14C-DPPC, fiom the liposomal 

membrane into the silicone polymer network without concomitant liposome binding codd have 

artificially inflated the estimate of bound lipid. Regardless of the cause of the discrepancy, it is 

apparent that a two dimensional arrangement of liposomes would bring only minimRl quantities 

of lipid in association with a polymer d a c e .  Clearly, the ability to stack liposomes on top of one 

another would lead to significant increases in surface-associated lipid. Such an arrangement could 

be achieved ifliposomes were immobilized within a gel that was covalently linked to a suitably 

modified silicone d a c e .  

Azidotetrafruorobenzoic Acid-Gelatin Swfiace Treatment 

The immobilization of AFB-gelatin on silicone surfaces was vedied by a staining procedure 

using the collagen-specific dye Sirius Red. UVC-exposed samples, and control samples kept in 

the dark, were washed in hot detergent solution in order to remove adsorbed gelatin. UV-treated 

samples were stained red by the dye, whereas control samples were stained yellow indicating that 

little or no protein remnined after the detergent wash, Elution and quantitation of the 

gelatin-complexed dye indicated that 12.7 * 2.3 pg of gelatin had been athxed per cm' of 

UV-irradiated surface; no gelatin was detected on the control samples. The results demonstrate 

that exposure of sufice-adsorbed AFB-gelatin to shortwave UV Light can render it insoluble. 



Azidote~lrafluorobenzoic Acid-Gelatin Crosslinking and Grafting Mechanisms 

Amino group titration experiments indicated that each AFB-gelatin molecule contained 

approximately 14 molecules of AFB, corresponding to 55 % substaution of the total number of 

€-amino groups present m an average gelatin molecule, which suggests that W-exposure 

induced extensive crosslinking of the protein. W C  light stimulates the release of nitrogen fiom 

the aryl azide portion of AFB-gelatin leading to a nitrogen Eee radical, or nitrene. The high 

reactivity of nitrenes allows many potential reaction pathways, however, the most likely reaction 

in the presence of nucleophiles, such as an amino group f?om gelatin, involves aryl ring 

rearrangement followed by nucleophilic attack (Scheme 2.2)." Also, nitrenes derived fiom 

fluorinated aryl azides such as AFB can insert into carbon-hydrogen bonds upon exposure to UV 

light,z thus, it is possible that some percentage of adsorbed AFB-gelatin became covalently 

linked to the PDMS network (Scheme 2.1A). The covalent coupling of aryl azide derivatives of 

albumin and PEG to dimethylsilane coated glass is known to occur. 

Polymer Grafting &tent 

In general, the first step in silicone surface modification involved the soaking of samples in a 

methanol solution of the perester BPB or an aqueous solution of AFB-gelatin for 1 h, although 

shorter incubation intervals could be employed with Little loss in grafting or crosslinking 

efficiency. Dried AFB-gelatin-coated samples could be exposed to UVC light immediately to 

initiate the gelatin crosslinking reaction, while BPB coated samples underwent fbrther 

manipulation before initiation of the grafting reaction First, samples were immersed in an 

aqueous solution of the monomer (usually 694 mM). Monomer solutions were saturated with 

BPB when samples were initially coated using a 1 0 mM BPB solution in an effort to maximize 
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the amount of initiator at the sample surfkce. However, substantial yields of grafted polymer were 

obtained without BPB saturation of the aqueous monomer solutions when samples were initially 

coated fiom 100 mM BPB solutions. Sample-containing monomer solutions were purged of 

oygen prior to exposure to W r A  light. At longer exposure times (> 30 min), solutions 

containing poly (AA) and poly (AM) became extremely viscous. Poly (PEGMA) solutions 

solidified, while poly (HEMA) solutions contained insoluble aggregates of homo polymer. All 

samples were extensively washed and some [poly (PEGMA) and poly (HEMA)] also were 

scrubbed clean to ensure that no homopolymer remained adsorbed to the surface. 

The amount of poly (AA) grafted onto PDMS was dependent on both UVA exposure time 

and initial AA concentration (Figure 2.2). Quantities of grafted polymer approaching 1 mg/cm2 

could be obtained with as little as 2 min of UVA exposure (Figure 2.2A). After a brief rapid rise 

in the quantity of grafted poly (AA), there was an approximately linear increase in the amount of 

polymer grafted from 2 min t o  60 min of W A  exposure with a maximum of 3.5 * 0.3 mg/cm2 

achieved after 1 h. A linear relationship between amount of poly (AA) grafted and initial AA 

concentration also was observed (Figure 2.2B). 

The efficiency of BPB-based PDMS grafting reactions also was investigated using AM, 

HEMA, and PEGMA monomers (Figure 2.3). Poly (HEMA) grafting onto PDMS samples 

pre-coated with BPB (1 00 mM) was the most efficient reaction with levels of 6.8 * 0.2 mdcm2 

achieved after 20 min of UVA exposure and an initial monomer concentration of 694 mM. 

Significant quantities of poly (AA), poly (AM) and poiy (PEGMA) also were grafted under the 

same conditions. Measurable quzntities of poly (HEMA) and poly (PEGMA) could be grafted 

onto PDMS samples when BPB was present only in the monomer solution suggesting that 

soluble BPB also can promote a swfkce-grafting reaction, albeit to a smaller extent. As 
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Figure 2.2. (A) The amount of poly (AA) grafted onto PDMS as a function o f W A  irradiation 

time. Samples were hitially coated with 10 mM BPB. AA concentration in the BPB-saturated 

aqueous solution was 50 rngm (694 mM)- (B) Poly (AA) grafting extent with respect to initial 

monomer concentration. Samples were coated with 10 mM BPB and exposed to W A  light for 

20 min (n=4 in both experiments). 



AM HEMA PEGMA 

Figure 2.3. Grafting yields of various polymers onto PDMS as a function of BPB pre-coating 

(100 mM; black) or BPB presence in the monomer solution only (shaded). Monomer 

concentration was 694 mM and samples were exposed to UVA light for 20 min ( ~ 4 ) .  
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previously mentioned, PEGMA solutions containing silicone samples solidified after 20 min of 

UVA irradiation, The samples were extensively cleaned to remove any visible gelled material and, 

consequently, the grafting yields cited for the poly (PEGMA) samples represent lower limits. 

Note that W A  irradiation of silicone and monomers in the absence of  BPB did not yield any 

grafted polymer that could be detected gravimetrically, 

One of the advantages of the BPB-based silicone surface modification procedure described 

herein is its compatibility with commerciaily available silicone products. The results descri id 

above were obtained using a common silicone polymer in the form of sheets. Excellent poly (AA) 

grafting yields also were observed when using portions of medical grade silicone tubing (3.0 0- 1 

mg/cm2) or all silicone Foley urethral catheters (3.9 + 0.2 mg/crn2) [Table 2.11. The higher 

grafting levels for these cylindrical samples relative to the disk samples (see above) in part may be 

due to modification of portions of the lumen of the samples that were not included in the 

calculation of the total available extemal surface area 

Benzoylbutylperbenzoate-initiated Grafting Mechanism 

The proposed primary mechanism underlying the grafting of  water-soluble vinyl monomers 

onto PDMS using the photoinitiator BPB is outlined in Scheme 2.3. Hornolytic dissociation of 

BPB produces a carboy1 radical =d f-butyl oxyl radical- The latter radical likely begins the 

grafting reaction via the abstraction of hydrogen fiom PDMS methyl  group^.^ The resulting 

methyl radical initiates the graft polymerization of the monomers in solution leading to the PDMS 

graft polymer product. The carboxyl radical produced during the initial photolysis of BPB reacts 

with water to produce benzoyl benzoic acid (BBA)?~ which is itself capable of hydrogen 

abstraction when stimulated by long wavelength UV light. However, it does not seem likely that 
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Table 2.1. Grafting extent of selected samples with respect to silicone source and photoinitiator 

identity (&)- 

Sample Photoinitiator Monomer ~ - P O  lymer 

(100 mM) (694 mM) (mg/cm2) 

- - -- 

Silastic Tubing BPI3 

Foley Catheter BPI3 

Disk BPB 

Disk BBA 



BBA 

BPB 

PDMS Graft Polymer 

Scheme 2.3. Hypothetical primary mechanism for the BPB-initiated surface photograiling of  

PDMS using vinyl monomers. 
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BBA played a major role in the grafting process since the grafting efficiency of poly (AA) was 

negligi'ble when using BBA as the sole photoinitiator (Table 2.1). Interestingly, all PDMS graft 

polymers produced with BPB, irrespective of the initial type of monomer present, exhibited a 

weak green fluorescence under W A  light suggesting that some derivative of the diary1 portion 

of BPI3 may have been incorporated into the final grafted polymer to a limited degree. 

S 4 a c e  Characterization of Modified Silicone 

Water Contact Andes- The water contact angles of untreated and surface-modified silicone 

samples are shown in Figure 2.4. The contact angle of untreated silicone was determined as 1 20 

* So, which is somewhat higher than the usual values given in the literature (e-g. 108 1 " fiom 

[273). The source of the discrepancy is unclear but the trend of decreasing contact angle values in 

Figure 2.4 clearly indicates an increase in the surface hydrophilicity of modified silicone surfaces. 

There is a significant reduction in surface hydrophobicity of poly (AA)-grafted samples with 

W A  exposure time as short as 2 min, A W e r  reduction occurs when exposure time is 

increased to 20 min, but 60 rnin of UVA irradiation produces no W e r  decrease in contact angIe 

suggesting that the number of initiation sites for new chains is maximized after 20 min of 

irradiation. The higher grafting yield of 60 min poly (AA) samples relative to 20 min poly (M) 

samples is likely due to the presence of chains of higher molecular weight. The lowest contact 

angles measured belonged to poly (PEGMA) and poly (AM) grafted samples with AFB-gelatin- 

coated sudaces also sbo wing marked increases in hydro philicity. 

X-Rav Photoelectron S~ectrosco~ic Analvsis. The s d a c e  chemistry of untreated PDMS and 

various PDMS-graft samples was d y s e d  using XPS (Figure 2.5). The left-most panel in Figure 

2SA shows the low resolution survey scan of an untreated sample of PDMS with peaks 



Figure 2.4. Water contact angles of various types of sdce-modified silicone measured by the 

ADSA technique. Samples were coated with 100 mM BPB and exposed to W A  light for 20 min 

unless otherwise noted. AFB-gelatin coated samples were exposed to UVC light for 5 min (n=4). 



700 500 300 100 292 290 287 285 202 

Bhding Energy (eV) 

Figure 2.5. Low and high resolution XPS spectra of (A) PDMS, (B) PDMS-g-poly (AA), (C) 

PDMS-g-po ly (PEGMA), @) PDMS-g-poly (HEMA), (E) PDMS-g-po ly (AM) samples 

obtained fiom 100 mM BPB pre-coating and 20 min W A  exposure time (n=2). 
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attriiutable to S2p (102.5 eV), S2s (152-2 eV), Cls (285 eV), and 01s  (532-5 eV) orbit&. Core 

level spectra of a poly (AA)-grafted sample are shown in the centre and right panels of Figure 

2.5B. The deconvoluted Cls  spectrum clearly reflected the presence of the carboxyl hctionality 

at the d a c e  through the peak seen at 289.7 eV. The signal fiom the singly bonded oxygen 

portion of the carboxyl group is shown in the 0 1s spectrum at 534.1 eV. The double-bonded 

oxygen signal (usually at 532.2 eV) was masked by the 0 1s peak fiom PDMS. PEGMA presence 

on the surface of the PDMS-g-PEGMA sample is codinned in Figure 2SC. The deconvo luted 

Cls spectrum consisted of peaks that could be assigned to carbon fi-om the O=C-0 portion of the 

methacrylate group (289.4 eV), the C - 0  bonds of PEG (286.9 eV), as well as the C-H bonds 

fiom PDMS (285 eV)- The single-bonded oxygen in the methacrylate ester portion of poly 

(PEGMA) has a binding energy of 53 3 -6 eV as shown in the right panel of Figure 2SC. As 

expected, deconvolution of spectra from poly (HEMA)-grafted samples (Figure 2.5D) yielded 

results s i m k  to those obtained for poly (PEGMA) samples, although peak intensities were 

greater due to the increased efficiency of the poly (HEMA) grafting reaction The presence of 

O=C-0 in poly (HEMA) was reflected by the Cls peak with a binding energy of 289.4 eV, while 

the signal at 286.9 eV was generated by the carbon present in the hydroxyethyl portion of poly 

(HEMA). The survey scan of the poly (AM) grafted sample (Figure 2SE) clearly showed the 

presence of nitrogen on the surface with the high resolution Nls spectrum displaying a peak at 

399.9 eV that is consistent with the value commonly obtained for amide nitrogen. The signal 

from the carbon in the O=C-N group peaked at 288.2 eV as shown in the deconvoluted Cls 

spectnun. The environment-specific binding energies obtained for atoms in the untreated PDMS 

and PDMS-graft sampks all closely match those of authentic reference samples of the relevant 



SqfZace Bonding of Poly (Ethylene Glycol)-Gelatin Hydrogel 

The ability to graft various bctional  groups onto the surface of normally inert silicone has 

several potential advantages. If the functional group can be activated, then binding of other 

molecules, especially biomolecules, can be accomplished. In this way, enzymes and antibodies 

may be attached to confer bio lo gicd activity to the silicone substrate. Alternatively, the 

fimctionaIized silicone surface may be used to anchor structuraI proteins such as collagen or its 

derivative gelatin. The ability t o  securely bind a coat of gelatin gel to a synthetic polymer offers 

two potential advantages. Gelatin is a natural material that is well tolerated by the human body; 

thus, a medical device coated with a layer of gelatin gel is likely to induce fewer and less intense 

immune reactions." Also, gelatin gels may act as carriers for therapeutic compounds,M endowing 

a coated device with the ability to actively influence its surrounding environment. 

Catheter Adhesion. In an effort to demonstrate the viability of a gel-coated medical device, 

silicone Foley urethral catheters were coated with a layer of PEG-gelatin hydrogel. Initially, 

catheters were modified either by crosslinking AFB-gelatin onto the surface or by grafting poly 

(AA) to the surface (followed by carboxyl group activation with EDC) in order to improve the 

adherence of the hydro gel to the catheter. Subsequently, a mixture consisting of NPC-activated 

PEG and gelatin was applied t o  the catheter surface. Upon setting, the gel was crosslinked by 

immersion in alkaline buffer solution (see Scheme 3.1A in Chapter 3). The resulting coatings 

were stable to body temperature and adhered well to the underlying silicone relative to untreated 

catheters, however, there were significant merences in the bonding strength of the gel to the 

two types of modified catheter surface. Vigorous handling of the AFB-gelatin-modSed catheters, 

such as bending the catheter in half, often led to delamination, while poly (AA)-grafted catheters 

could be twisted into a knot and stretched nearly twice their length without affecting the gel- 
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silicone bond. Figure 2.6 clearly demonstrates the dZSerence in bonding strengths, as the gels 

bonded to AFB-gelatin d c e s  peeled away as a continuous layer (2.6A), whereas gels on poly 

(AA) surfaces could be only removed as small discrete portions (2.m). 

Peel Test- Another qualitative demonstration of the robust association between poly (A&- 

rnodZed silicone and PEG-gelatin hydrogel is shown in Figure 2-7. The images show the results 

of peeling away a gel coating fiom various surface-treated silicone rectangles using a strip of 

embedded poly (ethylene) mesh The gels were cleanly removed fiom untreated silicone samples 

and fiom silicone modified with AFB-gelatin (Figure 2.7A and C), but samples grafted with poly 

(AA) retained a large portion of the gel (Figure 2.7E and G). Furthermore, when all samples were 

scrubbed clean of visible gel material and then stained with the gelatin specific dye Sirius Red, 

only the poly (AA)-modified silicone showed any appreciable quantities of gelatin remaining 

(Figure 2.7F and my 5 min and 20 rnin W A  exposure, respectively). The ease with which surface 

crosslinked AFB-gelatin can be removed suggests that the grafting reaction to PDMS proposed in 

Scheme 2- IA occurs only to a minor extent. 

Tensile Adhesion Determination. In an effort to quantifj. the adhesion of the gel coating to the 

poly (AA) modified silicone a slab of gel was polymerized between two pieces of silicone that 

were themselves glued to a plastic fiame (Figure 2.1). The entire setup was placed in the grips of 

a mechanical tester and the tensile force required to tear the gel from the silicone was determined 

(Figure 2.8). As expected, very little force was required to separate gel fkom untreated silicone 

(0.6 * 0.1 N), but separation of gel fiom AFB-gelatin-modified silicone required substantidy 

more force (1 6.9 -+ 2.1 N). In both cases however, there was a clean break with the entire gel slab 

remaining affixed to one silicone square and the other completely fiee of gel material. Silicone 

samples grafted with poly (AA) (5 min and 20 min UVA exposure) required the most force to 



Figure 2.6. Sirius Red-stained hydrogel coatings on an AFB-gelatin-modified silicone urethral 

catheter (A) or a catheter grafted with poly (AA) [lo min, UVC exposure] and activated by EDC 

(l3). Catheter width is equivalent to 4.5 mm. 



Figure 2.7. Qualitative adhesion test of PEG/geIatin coated silicone. Gel coatings were peeled 

(left) and then scrubbed clean under running water (right). In both cases, the remaining gelatin 

present was stained with Sirius Red. Samples included unmod5ed PDMS (A, B), AFB-gelatin 

modified PDMS (C, D), PDMS-g-poly (AA) produced with 5 min and 20 min UVA exposure (E, 

F and G. H, respectively) [n=3]. Bar = 0.2 cm. 



Figure 2.8. Tensile force required to separate two halves of gel bonded appliance depicted in 

Figure 2.1 as a h c t i o n  of PDMS surface treatment (n=3). 
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disrupt the intervening gel slab (3 1.2 3.0 N and 27.4 * 1.0 N, respectively). Rupture of the 

gel-silicone bonds left pieces of gel adhered to both silicone squares indicative of the robustness 

of the gel adhesion. As well, the similarity in the rupture forces measured for poly (M)-grafted 

samples with 5 rnin UVA exposure to those with 20 min exposure suggests that gel to silicone 

bond failure occurred mainly because of disruption of intermolecular bonds in the gel itself 
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Chapter 3 

Localized Drug Delivery From Crosslinked Gelatin Gels 

Containing Liposomes 



A novel drug delivery vehicle combining the slow release properties of  liposomes with the 

structural advantages of crosslinked gelatin gels that can be implanted directly or coated onto 

medical devices is descnkd. Liposome inclusion in gelatin gels does not compromise thermal 

stability nor does it interfere with the resiliency of gels to tensile force. Howwer, electron spin 

resonance analysis of sequestered DPPC liposomes revealed a slight depression (ca 1 .O°C) of the 

gel to fluid phase transition relative to liposomes in suspension, The level of liposorne release 

fiom gels was determined by liposome comentration, liposome size, and the presence of poly 

(ethylene oxide) chains in the gel matrix or in the liposome membrane. Both neutral and charged 

liposomes displayed relatively high afEities for poly (ethylene glycol)-gelatin gels with only 

1 0- 1 5 % release of initially sequestered liposomes, while Liposomes in which po ly (ethylene 

glycol) was included within the membrane were not as well retained (approximately 65 % 

release). The in v i m  efflux of ciprofloxacin frum liposomal gels immersed in serum was nearly 

complete after 24 h compared to 3 8 % release of liposomal chlorhexidine after 6 d. The 

serum-induced destabilization of liposomal ciprofloxacin depended on senun concentration and 

the accessibility of serum components to gels. Partly immersed gels retained approximately 50 % 

of their load of drug after 24 h, while ciprofloxacin efflux fiom liposomes was substantidy 

prolonged when serum concentrations were less than 50 % (v/v). 



introduction 

Liposomes have been used as systemic drug delivery systems for many years because their 

biomimetic properties allow them to deliver both water soluble and hydrophobic drugs safely 

over a relatively long period of time-' Similarly, the biocompatibiiity of gelatin gels and their 

ability to retain certain types of d r u g s  has led to the development of materials capable of 

sustained local drug deli~ery.~ Despiite the successes achieved with both types of systems, there 

remain disadvantages associated witIh the use of either system separately. For example, the ability 

of certain liposomai drug formulatioms to release their cargo of drug over a period of days 

becomes irrelevant if the liposomes a re  cleared &om the circulation within a matter of hours.' 

Notwithstanding the ability of a PEG coat to extend liposome circulation half life to 24 h or 

more: the eventual clearance of lipo asomes still compromises their utility as a sustained delivery 

vehicle. Crosslinked gelatin gels, on - the other hand, have been shown to reside in vivo for up to a 

month or more;' however, drug retention often depends on the presence of specific interactions 

between the drug and gelatin. Thus, . a polypeptide h g  such as fibroblast growth factor may 

form a polyionic complex with gelatk leading to long-term residence within the gel rnatrkU but 

low molecular weight compounds ternd to diffuse out of gels within 

The combination of liposomes amd gelatin gels should, therefore, lead to a material that is 

optimal for prolonged local drug delfivery. Indeed, the benefits to be gained by such a union have 

not been overlooked. Liposomes hawe been sequestered in collagen gels, carbo~ethylcellulose 

gels, and alginate gelsw0 For the mmst part though, these attempts have resulted in liposomal 

gels meant to be injected or applied aopically to facilitate liposomal drug absorption into the skin. 

The lack of mechanical rigidity to these liposomal gels means that they c m o t  be effectively used 

to coat biomedical polymers so as to form a durable material capable of releasing a variety of 



therapeutic compounds, 

A liposome-gelatin mixture can be conveniently appiied to a d a c e  forming a solid coating 

within minutes with subsequent crosslinking stabilizing the gel to body temperature. The three 

dimensional gel matrix is capable of accommodating large quantities of drug-loaded liposornes 

necessary for long term release of therapeutic compounds, while simultaneously protecting the 

liposomes &om membrane-disrupting shear forces encountered during handling and insertion of 

the device; two potentially critical issues when considering the direct binding of liposomes to 

implant surfaces. 

The present study was initiated in an effort to better characterize liposomal gelatin gel systems 

with a view towards evaluating factors influencing drug delivery. Specifically, the effects of 

liposome inclusion on hydrogel stability and mechanical strength were investigated along with 

changes in lipid bilayer structure and dynamics resulting fiom interactions with the gel matrix. 

The iduence of lipid composition and gel crosslinking method on liposome release fkom gels 

also was determined. In v i m  stability and efflux patterns of gel-sequestered liposomal CIP and 

CHX with respect to incubation medium were examined as well. 

Materials And Methods 

General 

DPPC and cholesterol were purchased &om Northern Lipids (Vancouver, BC). 

Distearoylphosphatidylglycerol (DSPG), PEG 2000-DSPE (PEG-DSPE), l-palmitoyl-2- 

@-doxy1 stearoy1)pho sphatidylcho line (5 DXPC), and 1 -palmit o yl-2-(1 6-doxyktearoy1)- 

phosphatidylcho line (1 6 DXPC) were obtained fiom Avanti Polar Lipids (Alabaster, AL), while 
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didodecyldimethylammonium bromide @DAB) was fiom Fluka (Buchs, CH). Porcine gelatin-A 

(3 00 Bloom), (14C-) CHX digluconate, EDC, and newborn calf serum were obtained fiom Sigma 

(St. Louis, MO). "C-Cholesterol was purchased from Amersham (Arlington Heights, IL). 

4-(n,n-dimethyl- n-hexadecyl) ammonium-TEMPO (CAT 1 6) and rhodamhe dipalmitoyl- 

phosphatidylethanolamine (rhodarnine-DPPE) were obtained from Molecular Probes (Eugene, 

OR). CIP-HCl was provided by Bayer Healthcare Canada (Eto bicoke, ON). NPC-PEG was 

synthesized fiom PEG 3 400 and nitrophenylchloro formate (Aldrich; Milwaukee, WI) according 

to Fortier et ai. Solvents were of analytical grade and all reagents were used without fkther 

p d c a t i o n  Deionized water (Millipore; Bedford, MA), filtered through a 0.22 prn membrane, 

was used in all experiments. All numerical data is expressed as the mean * 1 standard deviation 

of the respective unit, 

Liposornal Hydrogel Preparation 

Liposomes were composed of DPPC/cholestero 1 (1 : I), DPPCREG-DSPE/cholesterol 

(0.95:0.05:1), DPPC/DSPG/cholestero1(0.85:0. E l ) ,  or DPPC/DDAB/cholesterol 

(0.85:U. 1 5 : 1). Liposome compositions included trace amounts of  '*C-cholesterol except when 

14C-CHX was added. The lipids were dissolved in a small volume of chloroform and the solvent 

was removed in vacuo for 2 h. The resulting lipid fib was hydrated with either 10 rnM Mes 

buffered saline (MBS; pH 43,300 m .  ammonium sulfate, or 2 % CHX/I SO rnM glucose 

solution at 45°C. Liposomes were then fiozen in liquid nitrogen and thawed in a 45°C water bath 

(Sx), followed by high-pressure extrusion through two 100 nm- or two 400 nm-pore membranes 

(5x) giving LUVs or MLVs, respectively. Liposomes in 300 mM ammonium d a t e  were 

dialyzed overnight against 1000 volumes of MBS. CHX-containing liposomes were diluted five 
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fold with 150 mM glucose before non-encapsulated drug was removed by centr&gation, 

PEGXL hydrogels consisted of  porcine gelatin-A (300 bloom) and NPC-PEG (1 00 mg/mL 

and 60 mg/mL, respectively), while SelfXL gels contained gelatin only (100 mg/mL). Both types 

of gels were prepared by dissolving the components in MBS, with or without liposomes, at 45°C 

for 30 min with occasional shaking. The fluid material was transferred to the appropriate molds 

or applied to silicone catheters and allowed to set (5 mi@, before incubation at 4°C for 10 & 

Hydrogels were crosslinked by immersion in 200 m .  borate buffer, pH 9.0, for one hour. 

However, the SelfXL gels were fist activated by incubation in MBS containing 5 m g / a  of 

EDC for 1 h at room temperature. Crosslinking by-products were removed fiom the gels by 

continual washing with MBS over a 16 h period. 

DPPC/ChoIesterol and DPPCPEG-DSPE/Cholesterol LUVs (27 mM in phospholipid) 

containing 0.05 mole % of RHO-DPPE also were prepared and sequestered in PEGXL gels for 

CLSM analysis using a Zeiss (Jena, Germany ) 5 10 confocal laser scanning microscope. 

Tensile Strength Tests and Water Content Determination 

Dumbbell-shaped PEG-gelatin samples, with and without Liposomes, were crosslinked and 

washed as descnid above. AU samples were kept in MBS for 48 h. An Instron materials testing 

machine (Model 850 t ; Canton, MA) operating at an extension rate of 10 d m i n  was used to 

determine the tensile properties of gels f?ee of excess surface moisture. The entire testing 

procedure took approximately 10 min per sample and at least 5 samples for each formulation 

were tested. Strain (E) and stress (t) values were calculated as follows: 

E = A L / L ,  and t ( k P a ) = F / & *  (1 +E) * 1000 
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where AL, Lo, F, and A, are the change in sample gauge length, initial sample gauge length, 

applied force 0, and cross-sectional area of the sample, respectively. 

The water content of various gel samples equilibrated with deionized water at room 

temperature was determined by measuring the wet weight of gels, where excess moisture was 

removed with tissue paper, followed by overnight drying at 1 10°C and measurement of their dry 

weight. The weight fiaction of water in hydrated gels was calculated by subtracting the dry 

weight of the gel from its wet weight and dividing the result by the wet weight of the sample- 

Electron Spin Resonance Analysis 

DPPC LUVs (102 mM) in MBS were prepared containing 1 mole % of lipid spin probe 

(CAT-16, 5 DXPC, or 16 DXPC). A portion of the liposome sample was used to make both 

PEGXL and SelDa liposomal gels as descnid previously. Suspension liposomes were pipetted 

directly into a 100 pL glass capillary and flame sealed- Liposomal gels were cut into thin slices, 

which were pushed into the same type of glass capillaries and sealed. The samples were placed 

inside a larger quartz tube containing silicone oil and inserted into a E l 0 2  cavity. ESR spectra 

were collected using a Bruker (Milton, ON) ECS-106 spectrometer equipped with a B-VT2000 

temperature controller. Compressed air flow was used to vary the temperature of the sample, 

which was measured to an accuracy of 1 -0 K with a thermocouple located in the glass dewar 

and positioned just be10 w the cavity. ESR instrumental parameters were as follows: 9.4 GHz 

microwave fiequency, 10 mW microwave power, 3 365 * 100 G magnetic field, 50 kHz 

modulation frequency, and 1.0 G modulation amplitude. 



Liposome and Drug Release Kinetics 

CHX was encapsulated in liposomes during the lipid 5 hydration step, while CIP was 

loaded into liposomes via a protocoI that used an ammonium sulfate generated pH gradient to 

concentrate the drug within the liposome. For C P  loading, both liposomes and liposomd gels 

were mixed with CP-saline solutions, such that the final drug concentration was 2 mg/mL, 

followed by heating at 50°C for 1 h, Unencapsdated CIP was removed fiom Liposomai gels by 

washing with MBS for 1 h (2x). External CD? or CHX was separated from liposome-associated 

drug in LUV suspensions by UltracentrifUgation at 100 000 x g for I h (3x) with f h d  

resuspension in a 20 mM phosphate and 13 0 mM NaCl solution (PB S; pH 7.4). The drug-loading 

efficiency with respect to liposomd suspensions was determined by comparing the amount of 

CIP associated with liposomes before and after centrihgation. 

For total immersion studies, gel discs (5 mm dia. and I mm thickness; with and without 

sequestered liposomes) were placed in tissue culture plate w e k  containing 2 mL of medium (pH 

7.4; PBS or SO% bovine serum) and incubated at 37°C with shaking- For control purposes, 

liposomes in suspension (1 mL) were placed in dialysis membranes and immersed in 15 rnL of 

medium (PBS, serum, or 50 mM Tris-100 rnM saline [TBS]) contained within 50 mL cen-ge 

tubes- On a regular basis, the incubation medium was removed and anaIysed for C P ,  CHX, 

andlor radioactive cholestero 1 presence. C P  was analysed in a LS-50 fluorimeter (Perkin Elmer; 

Beaconsfield, UK) using an excitation wavelength of 324 nm, an emission wavelength of 440 nm, 

and 5 nm slit widths. Radioactive cholesterol and CHX were quantitated using an LS6000IC 

liquid scintillation counter (Beckman; Fullerton, CA). 

Partial immersion of gels in serum was accomplished by adding 2 rnL of 50 % serum onto the 

top of 25 ml; of congealed serum-agar (5050 v/v) in a culture dish. Gel discs were subsequently 
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placed on the serum-agar such that the standing pool of serum reached no fiuther than halfway 

to the top of the disc, The plates were sealed with plastic £ilm, placed in leak-proof containers, 

and incubated at 37°C until the next samphg point, at which time gels were transferred to fresh 

serum-agar plates. Samples were analysed in at least triplicate for all liposome and drug reiease 

experiments. 

Results and Discussion 

Themal Stability of Crosslinked Gels 

The gelatin crosslinking reactions for the two types of gels examined in this study are outlined 

in Scheme 3.1. Gelatin gels containing NPC-PEG were crosslinked by the reaction of the 

PEG-carbonate termini with gelatin amino groups resulting in the formation of urethane bonds 

(Scheme 3.1A). Gelatin gels also were crosslinked by the carbodiimide-mediated reaction of 

gelatin carboxyl groups with gelatin amino groups leading to the formation of amide bonds 

(Scheme 3.1 B), and these gels are referred to as self crosslinked. 

An initial study was undertaken to determine the quantity of activated PEG required to 

achieve a crosslinking extent sufficient to ensure stability of PEGXL gels at 37OC. Gels with 

varying levels of activated PEG were placed in TBS (pH 7.4) maintained at 37OC. At regular 

intervals, the medium's absorbance at 280 nm was monitored as an indication of gel degradation. 

Figure 3.1 demonstrates that a starting ratio of 1 : 1 or 1.5: 1 of activated PEG termini to gelatin 

amino groups was necessary to maintain gel integrity for extended periods at 37OC (10 % to 15 

% loss of starting material after 30 d). Due to price/performance considerations, 1 :1 PEG-gelatin 

gels were used in all subsequent studies. Gels crosslinked with carbodiimide were even more 
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Scheme 3.1. Reaction schemes for NPC-PEG (A) and EDC-mediated (B) crosslinking of gelatin. 
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Figure 3.1. Thermal stability of PEG-gelatin gels in TBS (3 7OC; pH 7.4) as a function of the 

ratio of PEG termini to gelatin amino groups (n=4). 
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stable bsing only approximately 5 % loss of starting material after 30 d at 37OC. The stability of 

liposome-containing PEGXL and S e W  gelatin gels also was determined by 37OC incubation in 

PBS or 50% calf serum for 7 d (Figure 3.2). The dry weights of the crosslinked lipogels at the 

end of the experiment were not notably different than their initial dry weights indicating that 

either crosslinking method is compatible with the presence of liposomes in the gel matrix 

Tensile Strength and Hydration 

The extension of non-crosslinked gels (No-) gelatin gels was linearly proportional to 

applied force, however, the PEGXL gels responded in a non-linear fashion at medium to high 

levels of tension and required substantially more force than NonXL gels to reach the breaking 

point. Only at small deformations (ca 0 - 20 % strain) was there a hear  relationship between 

PEGXL gel extension and applied force (Figure 3.3). The response of PEGXL gels with and 

without liposomes was virtually identical except for minor differences near the breaking point. 

Rupture stress averages suggested that liposomal PEG-gelatin gels (542 * 120 kPa) were slightly 

stronger than pure PEG-gelatin gels (409 55 kPa), but there was large variation in the data As 

expected, crosslinked gels were more resilient than No- gelatin gels as they could be 

stretched to approximately twice their original length before breaking (rupture strain ranged fiom 

98 % to 1 1 8 %), whereas the rupture strain of regular gelatin gels was 33 * 9 %. Also, elasticity 

moduli for PEGXL and IiposomaI PEGXL gels were similar (132 * 12 kPa and 129 7 kPa, 

respectively) and greater than that calculated for NonXL gels (27 * 1 kPa). 

The data indicate that liposomes do not compromise mechanical integrity and may in fact 

slightly increase the tolerance of gels to tensile stress, although the large variation in the data 

necessitates fhther testing before a definitive conclusion can be reached. The ability of filler 



Figure 3.2. Thermal stability of PEGXL (1 :I) and SelOa liposomal gels after 7 d incubation in 

TBS, PBS or 50 % calf serum at 3 7OC (n=4). 
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Figure 3.3. Tensile strength tests showing average room temperature rupture stress and rupture 

strain values, as well as Young's moduli for plain gelatin gels (NonXL), PEGXL (1 : 1) gels, and 

PEGXL gels containing liposomes (LipoPEGXL; 68 mM DPPC). Inset shows typical stress 

versus strain profiles for the three types of gels (n=5). 



particles to enhance the stress tolerance of rubber networks is well known and has been 

attributed to polymer chain-particle intera~tions.'~ The lack of any substantial increase in 

liposomal PEGXL gel strength may be a reflection of weak interactions between liposome 

surfiices and gelatin chains. 

The water content of gelatin gels (97.2 * 0.3 %) was greater than either PEGXL gelatin gels 

(93.1 0.2 %) or SeEXL gels (91.9 + 0.4 %). The inclusion of liposomes (68 mM in DPPC) in 

PEGXL gels decreased their water content to 89.8 * 0.2 %. The lower water content of SelMZ 

gels compared to PEGXL gels may be indicative of a higher degree of crosslinking andlor the 

high water-binding capability of the PEG crosslinker. The slight M e r  decrease in water content 

of liposomal PEGXL gels is probably the result of the increased density of material in the gel, 

Sequestered-BiZayer Integrity 

Destabilization of liposomes as well as biological membranes through interactions with 

polypeptides is a relatively common phenomenon, Changes in the structure and dynamics of 

liposomal membranes occurring after their incorporation into crosslinked gelatin gels were 

monitored with a number of lipid spin probes that sampled the bilayer at various depths. ESR 

analysis of lipid bilayers using lipid spin probes has been shown to be a sensitive technique for 

detecting changes in membrane properties.I3 Table 3.1 lists the values of the mobility parameter 2 

A, at 290 K for spin probes that sampled the membrane surface (CAT- 1 6), the headgroup- 

hydrocarbon interface (5 DXPC), and the membrane interior (1 6 DXPC) of DPPC liposomes in 

suspension and liposomes entrapped in PEG= and SelML gelatin gels. In general, the higher 

the value of 2 A, the more restricted is the mobility of the nitroxide spin label. There was little 

difference in the CAT-16 and 5 DXPC 2 A, values with respect to liposomes in suspension and 
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Table 3.1. Niox ide  mobility parameters (2 £kom various Lipid spin probes sampling DPPC 

bilayers measured at 290 K (n=3). 

Spin Probe H.Jv 2 & (G) PEGXL 2 Pt, (G) SelDa 2 & (G) 

CAT- 16 60.7 * 0.3 60.6 0.5 60.9 * 0.3 

5 DXPC 

16 DXPC 
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sequestered Iiposomes, Mobility parameter values of 16 DXPC for sequestered Iiposomes are 

slightly lower on average than those recorded for suspension liposomes. The larger standard 

deviations for 16 DXfC 2 & values reflect inherent difkulties in accurately locating the high 

field extremum for these samples. 

The transition temperature of DPPC Iiposomal membranes in various environments also was 

monitored by measuring the 2 A, mobility parameter of 5 DXPC as a fhction of temperature. 

Figure 3.4 shows typical transition temperature curves obtained for Iiposomes in suspension and 

Iiposomes sequestered in PEGXL and S e K L  gels. There is a small but reproducible lowering of 

the main phase tramsition temperature from 3 14.3 * 0.2 K to 3 13.4 * 0.2 K when liposomes are 

sequestered in gels. A comparison of spectra recorded at 3 14 K for suspension liposomes and gel 

sequestered liposomes is shown in Figure 3.5 along with the method used to determine 2 A, 

values, 

The lowering o f  the main transition temperature of synthetic membranes is often observed in 

the presence of small hydrophobic or arnphipathic molecules and has been attri'buted to these 

molecules intercalating in the lipid bilayer and disrupting phospholipid  interaction^.'^ Thus, it is 

possible that segments from gelatin chaias are interacting with the membrane such that bbilyer 

stability is compromised to a small extent. PEG does not appear to play a role since decreases in 

the transition temperature were observed for S e w  gels as well as PEGXL gels. Also, the fact 

that CIP loaded liposomal gels retained nearly the same percentage of initially encapsulated drug 

(70 * 15 %) relative to liposomes in suspension (83 * 13 %) after seven weeks of storage at 4OC 

- .  
supports the no tion that liposome-gelatin interactions are muumally disruptive. 
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Figure 3.4. Typical transition temperature curves obtained for DPPC Iiposomes (100 nm 

diameter) in suspension (I), or sequestered in PEGXL (@) and SelDa (A) gelatin gels. 

Liposomes contained 1 -0 mole % of 5 DXPC (n=3). 



Figure 3.5. A comparison of spectra obtained fiom 5 DWC-containing DPPC liposomes in 

suspension (solid line) and the same liposomes sequestered in a PEGXL gelatin gel (dashed line) 

measured at 3 14 K. The distance (in Gauss) between the extrema marked by the arrows 

determined the value o f  the mobility parameter 2 &. 



Liposome-Gel Afinities 

Despite the relative stability of liposomal membranes at the molecdar level, liposornes 

showed varying degrees of a~~fh&y for the gelatin gel matrix- The tendency for sequestered 

Liposomes to leak fiom geIs depended on a number of fictors including the presence of PEO 

chains, liposome size and initial lipid concentration (Figure 3.6). The phospholipid to gelatin 

ratios of liposomal gels after 6 d incubation in either b e e r  or serum are Listed in Table 3.2. 

Liposome release was estimated fiom the presence of radioactive cholesterol in the release 

medium. Preliminmy studies involving liposomes in dialysis membranes immersed in serum 

indicated that the cholesterol detected in serum was associated with lipid bilayers and had not 

been extracted from Liposomal membranes by serum components. 

PEO present in the l i posod  membrane as PEG-DSPE or in the ma& of NPC-PEG 

crosslinked gels signiiicantly Limited the quantity of Liposomes that could be sequestered in a gel 

and tended to promote liposome release during a prolonged incubation period. The effect 

appeared to be most pronounced when PEO was present as PEG-DSPE. An explanation for 

these results may involve the well documented ability of pegylated surfaces to resist protein 

adsorption, possibly by presenting a steric andor hydration barrier to approaching proteins. lS7l6 

Recent work suggests that PEO must be able to adopt specific conformations in order to resist 

protein adsorption." Thus, one may expect the presence of PEO in the gel to mask attractive 

forces between gelatin and liposomes. The effect would be greatest when PEO is tethered at only 

one end, as is the 

case for PEG-DSPE, since this would allow greater fireedom ofmotion and therefore increase the 

probability that the PEG molecule could adopt the proper "protein resistant" conformation. 

Increasing the average size of the liposomes f?om 100 nm to 400 run tended to counter the 
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Figure 3.6. Lipid release (estimated fiom L4C-cho1esterol radioactivity in the membrane and 

release medium) from PEG= gels. All liposomes contained 50 moIe % cholesterol relative to 

phospholipid. Also, liposomes with a net charge contained 5 mole % DSPE-PEG, or 15 mole % 

DSPG or DDAB. AU gel samples underwent a I 6  h room temperature polymerization and 

washing procedure, which is represented by the negative time values. At Time 0, all  samples 

were placed in PBS/Senun (5050 v/v) and maintained at 3 7OC with shaking (n=4). 
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Table 3.2. Phospholipid (PPL) remaining in PEGXL gels after 6 d incubation in either PBS or 

50% calf serum (n=4), 

Liposome Composition Final PPL / Gelatin (pmoI/ mg) 

Buffer Serum 

DPPC / Chol. (LUV) 0.41 * 0.04 

DPPC 1 Chol, (MLV) 0.78 * 0.0 1 

DPPC/ PEG-PE / ChoL (LUV) 0.12 zt 0.01 

DPPC / PEG-PE / Chol. (MLV) 0.41 0.1 I 

DPPC / DPPG / Chol. 0.42 * 0.01 

DPPC / DDAB / Chol. (LUV) 0.38 * 0.02 
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liposome-excluding properties of PEGXL gels with respect to both neutral and pegylated 

liposomes. Gelatin gels swell to many times their original size in water creating a highly hydrated 

polymer network with numerous pores.'' i t  is likely that the reduction in lipid release with 

increasing liposome size was simply due to steric constraints imposed upon liposome diffUsion 

within the gel matrix. Confocal laser scanning microscope images clearly show greater 

aggregation of neutral liposomes in PEGXL gels relative to pegylated liposomes in identical gels 

(Figure 3.7). Large clusters of aggregated DPPC/cholesterol liposomes were randomly dispersed 

throughout the PEGXL gels (Figures 3.7A and C) .  Liposomes containing DPPE-PEG were more 

uniformly dispersed, although they aIso tended to form small lipid aggregates (Figure 3.715). The 

decrease in Liposome clustering of pegylated liposomes is accompanied by an increase in the 

intensity of the pink coloured background that likely represents individual or  small clusters of 

liposomes. Note that the resolution of the microscope is approximately 0.5 pm and does not 

allow for imaging of individual liposomes. 

The enhanced aggregation of neutral liposomes apparently does not completely restrict 

liposome &sion within gels since there was a steady incremental release of Lipid over a 7 d 

period fkom PEGXL and NonXL gels (Figure 3.8) incubated at room temperature. Interestingly, 

only a marginal quantity of lipid was released from SelfXL gels suggesting that gel crosslinking 

method, and by inference gel network flexiiility, may play a role in liposome retentioa 

Non-covalently crosslinked gelatin gels continue to change even after they set in a process 

referred to as gel ripening. Gel ripening has been characterized with respect to time-dependent 

variations in mechanical proper tie^,"^ and it may represent the continued transition of gelatin 

chains from randomly orientated configurations to helical sub-str~ctures.'~ PEGXL gels should 

undergo more extensive network rearrangements than S e w  gels due to the presence of a 



Figure 3.7. CSLM images o f  neutral (A. C) and pegylated (B) LUVs sequestered in PEGXL 

gels- Liposomes contained 0.05 mole % RHO-DPPE (Bar = 20 pm in A and B. and 2 p m  in C). 
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Figure 3.8. Release o f  initially sequestered DPPC/choIesterol liposomes (as determined by 

14C-cholesterol radioactivity) fkom NonXL (A), PEGXL (H), and S e l a a  (0) gelatin gels that 

were immersed in buffer and maintained at room temperature (n=4). 
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flexiile external crosslinking molecule in the gel matrix. From steric considerations, one wodd 

expect a PEG 3400 mdecule to be able to sample a larger variety of conformations than a 

polypeptide of equal contour length. In view of the considerations above, it is possible that a 

higher probability of transient pore formation in PEGXL gels contributed to increased liposome 

efflux ficom these and NonXL gels. The slow degradation of NonXL gels maintained at 22°C may 

have also influenced liposome release f%om these gek. 

Antibiotic-Containing Liposornal Gels 

The drug release studies have focused on the use of CIP and CHX for seved reasons. CIP is 

an antiiiotic active against a broad spectnun of bacteria associated with UT12' while CHX has 

been used as an antimicrobial coating on vascular catheters in the past." Also, the incorporation 

of CIP and CHX in liposomes involves the use of two dserent drug-loading strategies, 

commonly referred to as active and passive loading- 

Initial Dm? Loading Efficiencies. Table 3 -3 presents the initial CIP and CHX loading obtained 

for a variety of liposome compositions. The active loading of CIP into liposomes was 

considerably affected by the presence of a surrounding gelatin gel matrix. Relative to liposomes 

in suspension, the loading eficiency of gel-sequestered Liposornes was reduced except when 

PEG-DSPE was present in the lipid bilayer. The loading eficiency of neutral liposomes in 

PEGXL gels was also slightly higher than that observed for the same liposomes in SelDa gels 

(not shown). Given that pegylated surfaces tend to resist protein adsorption and that the ESR 

data suggest that gelatin does interact to a certain extent with sequestered DPPC liposomes, it 

appears that liposome-gelatin interactions may be interfering with the drug loading process. The 

precise mechanism for the reduction of CIP loading efficiency is not clear but may involve the 
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Table 3.3. CIP and CHX loading efficiencies o f  suspended and sequestered liposomes with 

respect to liposome composition (PC=DPPC; n=4)- 

- - 

Liposome CIP / PPL (pg / pmol) CHX / PPL CHX Remaining 

Composition 0% C L ~ O I )  Post Wash (%) 

LUV Susp. PEG / GeL Gel PEG / Gel. Gel PEG / Gel, Gel 

-- 

PC 176 * 12 103 9 135 * 2 49*6  

PC / PEG 292 =t 17 257 =t 12 

PC / PG 128 * 9 106 * 12 

PC / DDAB 174* 5 131 * 6  
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gelatin-induced partial dissipation c ~ f  the tram-bilayer pH gradient during the high temperature 

(50°C) drug-loading step. The redaction of loading efficiency may be circumvented by preparing 

gels using Iiposomes already loaded with CIP since the efnux of CIP f h m  liposornal gels in 

buffer is negligible (vide inpa)- 

High levels of association betweeen liposomes and Cl3X also were attained, but due to the 16 h 

gel polymerization and washing praxedure, there was substantial loss of CHX fiom gel 

sequestered Liposomes. However, drug loss codd be kept to a minimum (ca 30 % of initially 

encapsulated C m  ifPEG-DSPE was present in the liposomd membrane. 

Chlorhexidine Efflux. CHX release profiles for samples in PBS and 50 % serum are shown in 

Figure 3 -9. Several trends emerge from the data. The efflux of CHX fiom non-liposomal gels in 

serum approached fist order kinetizcs with a rapid initial release after 24 h followed by a more 

gradual release for the remainder otf the experiment. After 6 d however, greater than 98 % of the 

initially encapsulated CHX had beem released. Liposome-associated CHX, on the other hand, was 

substantially more stable retaining greater than half of the initially sequestered drug in aIl cases. 

The extent of drug release was greater for liposomal samples immersed in serum than for samples 

placed in buffer, however, complete destabilization of drug loaded liposomes in serum was not 

observed. Also, liposomal PEGXL 1 gels released more CHX over the course of the 6 d incubation 

than did Iiposornes in suspension. 

Ciprofloxacin Efflux. Seven day CIIP release profiles of suspension Liposomes and PEGXL 

gel-sequestered Liposomes in PBS amd 50 % serum are shown in Figure 3.10. Only a hct ion  of 

the initkdy encapsulated CIP is released fiom samples in buffer even after 7 d at 37OC. However, 

LUVs and l iposod  geIs immersed - in serum release most o f  their initial load of CIP after 24 h_ 

The increased efflux of drugs f?om Eposomes immersed in senun has been attributed to the 
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Figure 3.9. Release of  initially encapsulated CHX (as determined by '4C-CHX radioactivity) 

fkom PEG-gelatin gels (U), DPPCIcholesterol LUVs in PBS (A) or serum (#), as well as fiom 

DPPClcholesterol liposomal gels (PEGXL) immersed in buffer (m) or serum (e) and maintained 

at 37°C (n=4). 
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Figure 3.10. Release of initially encapsulated CIP f?om DPPC/cholesterol LUVs in PB S, TBS 

(pH 7.4 and pH 8.5) or serum, as well as fiom DPPC/cholesteroi Liposomal gels immersed in 

b a e r  or serum and maintained at 37°C (n=4). 
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membrane-destabilidng activities of various proteins,u24 however, &ere is evidence to suggest 

that another mechanism may be contriiuting to the rapid release of CIP in serum. 

The loading of CIP into liposomes is achieved through the e x c b g e  of encapsulated 

ammonia, derived fiom ammonium sulfate, with CIP originating f iom the external medium 

Charge baIance is maintained because the low pH environment of the internal liposome space 

results in the protonation of CIP's amhe group giving it a positive c k g e .  Once ammonia is 

released &om the liposome it is quickly diluted in the externai medium that is ammonia- and 

ammonium-ion fiee, thus preventing the reverse reaction. However, if CIP-loaded liposomes are 

placed in a solution containing a significant quantity of ammonium ions, the exchange of CIP 

with ammonia can proceed at a rapid rate (1 h at 50°C), leaving the liposomes nearly completely 

empty of drug. Since CIP can exchange with ammonia, it is highly likely that other amine 

compounds can exchange with CIP. Indeed, methylammonium ions encapsulated in liposomes 

readily exchange with CIP? Furthermore, the stimulation of l i p o s o d  CIP release in pH 7.4 

TBS relative to PBS, and the even more rapid release in pH 8.6 TBS (Figure 3.10) supports the 

notion that many weak amine bases can participate in an exchange reaction with liposomal CIP 

since Tris is a weak base with a pKa of 8.1 at 25°C. The sensitivity mf liposomal CIP to varying 

concentrations of serum components is highlighted by the Meren t id  drug release profiles shown 

in Figure 3.1 I. The chemical composition of blood is varied and complex as  it carries not only 

many hctional polypeptides, but nutrients and metabolites as well. Therefore, it is likely that the 

c a l f s e m  used in these experiments contained at least several low molecular weight amines 

capable of traversing a lipid bilayer and displacing liposomal CIP. 

The instability of liposomal CIP m serum does not necessarily preclude the use of CIP-loaded 

liposomal gels in serum-contacting applications because the extent o f  release appears to be 
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Figure 3.1 1. Release of encapsulated CIP fiom DPPCkholesterol(1: 1) L W s  immersed in PBS 

(3 7°C) containing varying concentrations of calf serum (n=3). 
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regulated by the state of the serum interacting with the geL in an effort to mimic serum exposure 

under static conditions, gel samples were placed on serum-agar containing a standing pool of 

serum that did not completely cover the gels. In this case, approximately 50 % of liposome 

encapsulated CIP was released after 24 4 whereas nearly 80 % eBlux was observed for 

non-liposomal CIP-loaded gels (Figure 3.12). Continued transfer of gels to fiesh serum-agar 

plates did not stimulate M e r  release in either type of gel suggesting the presence of some 

limitation in drug diffUsion fiom the gel which may be a model-specific feature. It seems likely 

that for applications where exposure to blood is minimized, such as the exit site or tunneled 

sections of intravascular catheters, liposomal CIP hydrogel coatings would provide sustained 

drug delivery for at least 24 h and probably longer. For those applications requiring exposure to 

larger volumes of blood, for example coated arterial grafts, the use of liposomal CHX may be the 

better choice since liposomal CHX releases drug at a moderate rate when immersed in serum. 
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Figure 3.12. CIP remaining in gels (8 mm diam., 2.5 mm thick) placed on serdagar (25 mL) 

containing a standing pool of 50 % serum (2 mL). Samples consisted of PEGXL liposomal gels 

containing CKP (LipoClPgel) or PEGXL gels with CP only (CIPGel). CIPGel samples initially 

contained approximately 1 . 6 ~  less CIP than liposornal gels, therefore raw CIPGel values were 

multiplied by a factor of 1.6 to obtain the normalized data set shown (n=3). 
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Chapter 4 

Antimicrobial Activity of Liposomal Hydrogels 



Abstract 

The adhesion of bacteria to medical implants and the subsequent development of a biofilm 

Eequently results in the infection of surrounding tissue and may require removal of the device. 

Liposornal hydrogel coatings have been developed that sigdicantly reduce bacterial adhesion to 

silicone catheter materiaL The primary coating used consisted of a poly (ethylene glycol)- 

crosslinked gelatin gel in which liposomes containing the antibiotic ciprofloxacin were 

sequestered. A poly (ethylene glycol)-gelatin-liposome mixture was applied to a silicone surface 

that had been pre-treated with phenylazido-modified gelatin. Hydrogel crosslinking and 

attachment to surface-immo bilized gelati. was accomplished through the formation of urethane 

bonds between gelatin and nitrophenylcarbonate-activated po ly (ethylene glycol). Liposornal 

hydrogel-coated catheters were shown to have an inaid ciprofloxacin content of l85hl6 pg/crn2. 

h vitro and in vivo assays using clinical isolates of P. aeruginosa and E. coli established the 

antimicrobial efficacy of the liposornal hydrogel coatings. A modified Kirby-Bauer assay 

produced growth-inhibition zone diameters of 3-1 mm after 24 h, while a subsequent serial 

transfer assay using hydrogel squares produced substantial idxiiition zones up to 16 d. The 

adhesion of viable P. aeruginosa was completely inhibited on coated catheter surfaces 

t h o  ughout a seven-day in vitro static adhesion assay. Under continuous flow conditions, viable 

bacteria adhesion was reduced f?om approximately 10' CF'~/crn' on untreated catheters to lo5 

CFU/cm2 on liposomal hydrogel-coated catheters containing cipro floxach In vivo experiments 

using a catheterized rabbit model of urinary tract infection revealed the absence of viable E- coli 

on coated catheter surfaces in 7 out of 9 cases, while all untreated catheter surfaces examined 

(n=7) were contaminated. 



Introduction 

Implanted medical devices are crucial in current clinical applications. However, infections 

arising fiom the use of indwelling biomedical devices, especially catheters, are associated with 

increased morbidity and mortality, prolonged hospitalization, patient discomfort and increased 

medical costs. Catheterization of the urinary tract, in particular, is the most common cause of 

infection in hospitals and other health care facilities.4-' The probability of  infection increases 7- 1 0 

% per day of catheterization6 with systemic sepsis occurring in a significant number of cases.7 

Despite many attempts to improve the design and surface properties of these liquid-flow conduits 

so as to eliminate bacterial biofih f~rmation,"~ they remain a focus for bacterial adhesion, and a 

major source of nosocomiai infections. It is generally accepted that no single method has yet 

emerged for the adequate and satisfactory management of catheter-related infection.' '.I2 New 

approaches need to be developed that would improve the outcome of episodes of biofilm- 

mediated infection in patients fitted with indwelling biomedical devices. 

The proposed approach for controlling bacterid b i o f i  formation on urethral catheters 

involves the use of drug-loaded liposomes sequestered within a biocompatible matrix that is 

retained on the surface of the catheter. In several respects, liposomes are the ideal drug delivery 

vehicle. They have the potential to store both hydrophobic and polar compounds via interactions 

with the lipid bilayer or compartmentalization within their aqueous core, respectively. Specific 

formulation of the liposome bilayer allows for drug release over periods ranging fiom days to 

Furthermore, the biocompatibility of liposomes ensures that they will be safely 

degraded and assimilated by the host after their supply of drug is exhausted." 

As detailed previously, the liposomal hydrogel developed in this work was composed of 

gelatin and liposomes loaded with an antibiotic. The gelatin gel was either self crosslinked via a 

carbodiimide-mediated reaction or crosslinked through the inclusion of activated PEG 

(NPC-PEG). Silicone catheters coated with CIP-loaded liposomal hydrogels were used in a 



series of in vitro and in vivo tests to evaluate the antimicrobial efficacy of the system, 

Specifically, studies involving the inhiition of P. aenrginosa and S. Auretrs growth on culture 

plates were used to demonstrate the ability of coated catheters to retain significant quantities of 

CP and release the drug over a prolonged period. The ability of coated catheters to resist P. 

aenrginosa colonization was investigated rhrough static and dynamic adhesion assays. Also, the 

resistance of liposomal gel coatings to bacterial colonization in vivo was followed using a 

catheterized rabbit model of UTZ- 

Materials and Methods 

General 

The phospholipids DPPC and PEG-DSPE were obtained ffom Avanti Polar Lipids (Alabaster, 

AL). RHO-DPPE and AFB were purchased fkom Molecular Probes (Eugene, OR). Porcine 

gelatin-A (MW 50000-100000; 300 Bloom), choIesterol, and NPC-PEG were obtained Erom 

Sigma (St. Louis, MO). NPC-PEG also was synthesized according to Fortier et al.I6 Sirius Red 

was purchased 6om Aldrich (Milwaukee, WI). CIP-HC1 was provided by Bayer Healthcare 

Canada (Etobicoke, ON). Solvents were o f  analytical grade and all reagents were used without 

M e r  purification. Deionized water (Mili-Q, Millipore? Bedford, MA), filtered through a 0.22 

p m  membrane, was used in all experiments. CIP was andysed in a Perkin Elmer (Beaconsfield, 

England) LS-50 fluorimeter. Liposomal hydrogels were prepared for scanning electron 

microscopy (SEM) using a malachite green-based procedure. " Numerical data are presented as 

the mean *I standard deviation of the respective unit. 



Hydrogel Formulation 

Liposomes were composed of DPPC/cholesteroVPEG-DSPE in a 1 : 1 :0.05 ratio or 

DPPC/choIesterol in a 1 :1 ratio. Trace amounts of RHO-DPPE were occasionally added for 

visualization purposes. The lipids were dissolved in chloroform and the solvent was removed in 

vacuo for 6 h, The resulting lipid film was hydrated with an appropriate volume of 300 mM 

ammonium sulfate at 45°C. Liposomes were then fiozen in liquid nitrogen and thawed in a 45°C 

water bath (5x), fouowed by high-pressure extrusion through two 100 nm-pore membranes (5~)- 

External ammonium sulfate was removed through overnight dialysis against 1000 vohmes of 

MBS. For ClP loading, both liposomes and liposomal gels were mixed with CIP-saline solutions, 

such that the final drug concentration was 2 mM, followed by heating at 50°C for 1 h, External 

CIP was separated fkom liposome-associated drug by washing gels in MBS for 1 h (2x). 

PEGXL hydrogels consisted of porcine gelatin-A (300 bloom) and NPC-PEG (100 mg/mL 

and 60 mglmL, respectively), while SelDa gels contained gelatin only (100 rng/mL). Both types 

of gels were prepared by dissolving the components in MBS, with or without liposomes, at 45°C 

for 30 min with occasional shaking until all the components dissolved. 

Preparation of Comd Catheter Segments 

Silicone Foley 10F catheters (Shenvood Medical, St. Louis, MO) were prepared for use by 

sectioning into cylinders (5 mm outer diameter). The lengths of the sections were either 20 mm 

(bacterial idiiition zone studies) or 10 mm (static adhesion assay). The open ends of the 

sections were sealed with silicone rubber (ILV. 108, GE, Pickering, ON). Silicone sections were 

cleaned prior to each experiment by refluxing in methanol for six hours followed by riming in 

water. 
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Catheter &es were modified with AF'B-geIatin as previously descnid (see page 37). 

Catheter sections were spin-coated with 60 pL of fluid PEG-gelatin or PEG-gelatin-Liposome 

mixture per centimetre of catheter material, AU samples were subsequently incubated at 4°C for 

10 m h  Gels were polymerized by immersion in 200 rnM Borate buffer (pH 9) for 1 h. Residual 

p-nitrophenol was removed fiom the gels by continual washing in 10 % sucrose solutions 

(adjusted to pH 4.0 with HCI) or saline until the absorbance of the solutions at 400 nm was 

negligible, 

Ciprofixacin Eflux in Nutrient Broth and Urine 

Triplicate disk-shaped samples (80 pl volume) of CIP-loaded PEG-gelatin gels with and 

without DPPC/choIesterol liposomes were immersed in 10 mL of nutrient broth or human urine 

and incubated at 3 7°C. At selected intervals, aliquots of medium were removed for CIP 

fluorimetric quantitation using 324 nm excitation and 440 nm emission wavelengths. At the 24 h 

sampling point, the entire gel bathing solution was replaced with fiesh medium. 

Zone of Inhibition Studies 

A clinical isolate of P. aenrginosa obtained from a patient with peritonitis was used for ali 

challenge assays. An 18 h nutrient broth culture was prepared fiom a primary isolate maintained 

at -70°C in a 50 % (v/v) glycerol-PBS solution. The antimicrobial activity of coated and 

uncoated catheter sections as well as 2 cm x 2 cm hydrogel squares was assessed using a 

modified Kirby-Bauer technique, previously descnid by Sherertz et d.l8 P. aeruginosa or S. 

aureus was grown in nutrient broth for 18 h at 37OC. The cells were washed three times in PBS, 

pH 7.2, then resuspended to a concentration of 0.5 McFarlane Units, corresponding to 
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approximately 1 x 10' CFU/mL. Sterile cotton swabs were dipped briefly in this suspension, then 

uniformly spread across the d a c e  of 100 mm diameter MueIler-Hinton agar plates. Coated and 

uncoated catheter sections (2 cm lengths) were rinsed with approximately 2 ml; of PBS, pH 7.2, 

to remove residual suspending antibiotic solution fiom the sdkces. The rinsed catheter sections 

were then caremy pressed into the center of each of the plates. Following incubation for 24 h at 

3 7OC, the zones of inhibition surrounding each of the sections were measured at the aspects 

perpendicular to the long axes. For the serial passage experiment, hydrogel squares were 

transferred to fiesh plates prepared as desm'bed above on a daily basis. Triplicate assays were 

performed for each treatment. 

Bacterial Adhesion Assays 

For the static adhesion assay, twelve catheter sections were aseptically placed in 100 mL of 

sterile nutrient broth @&o, Detroit, MI)- The P. aemginosa inoculum size was sufEicient to 

yield 1 -5 * 0.5 x 10' CFU/mL in the 100 mL volume. The moculated catheter suspensions were 

then placed in an incubator maintained at 37°C and agitated at a rate of 100 rpm. One halfof the 

100 mL volume was aseptically removed from each beaker and replaced with a Like volume of 

sterile nutrient broth on a daily basis. At time intervals of 1, 3, 5, and 7 days, triplicate catheter 

sections were removed fiom each of the beakers. Each sample was carefully rinsed with PBS 

before addition to tubes containing 5 mL PBS and glass beads. The tubes were sonicated for 30 

s and then vortexed for 60 s (3x). Aliquots of each solution were plated on nutrient agar and 

incubated for 24 h at 3 7OC. The quantity of adherent viable bacteria on each sample was 

estimated fiom the resulting colony counts. The number of viable bacteria in nutrient broth 

samples also was determined. 
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Silicone squares (1 cm x 1 cm) with and without hydrogel coatings were prepared for the 

dynamic adhesion assay. Samples were glued to the b t tom of web  cut into modified Ro bbins' 

devices, sealed and cured overnight at 4OC. A bacterial culture of P. aerziginosa fiom a 

chemostat maintained at 37°C was allowed to enter the flow cells at a rate of 5 dropdmin, while 

sterile nutrient broth was added to the chemostat at a rate of 20 dropdmin and the waste was 

drained off by a peristaltic pump. After 24 h the flow of bacterial culture was stopped and 

replaced with a flow of sterile nutrient broth for the next 48 h. The number of viable adhering 

bacteria on each sample was determined by a sonication and vortexing procedure followed by 

colony counting as described previously. 

Ij2 Vivo Catheter Study 

Silicone Foley catheters (1 OF or 12F) were initially coated with a thin tiIm of  AFB-gelatin and 

crosslinked under UV light, in order to enhance the adhesion of Liposomal gelatin gels to the 

surfkce. Details of the procedure have been described earlier (Chapter 2). Gelatin and 

PEG-gelatin solutions containing DPPCPEG-DSPEkho lestero 1 liposomes (40 mM in 

phospholipid) were prepared as described above and spin-coated onto a 1 0 cm length of catheter 

starting from 1 cm below the edge of the balloon covering. Gels were crosslinked, washed, and 

immersed in drug solutions using the standard methods resulting in CIP-loaded PEGXL and 

SelfXL liposornal gel coatings. Prior to insertion, all catheters were briefly soaked in sterile 

normal saline. 

Sixteen male New Zealand White rabbits, 2.5 - 3.0 Kg, were evaluated: 7 with untreated 

catheters and 9 with coated catheters containing CIP. During the catheterization procedure, 

rabbits were initially anesthetized with akemazine (a ketamine / acepromazine / atropine mixture) 
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and maintained with 1 % halothane inIdation- A suspension harness (Form Inc.; Toronto, ON) 

was used to maintain rabbits and to prevent catheter and N removaI, while allowing access to 

food and water ad libitum. Canadian Council on Animal Care guidelines for the care and use of 

laboratory animals were observed. The animals were challenged twice a day (AM and PM) for at 

least 3 d at the urethral meatus with approximately 5 x lo6 lactose negative and 

streptomycin-resistant E. coli isolated fiom the urine of a rabbit with acute cystitis- Urine 

cultures were taken twice per day from a sterile sample port in the urine drainage tube. 

Fo Uo wing detection of bacteriuria, rabbits were sacdiced by an overdose of sodium 

pentobarbital. The portion of the catheter pro>dmal to the urethral meatus was cut into 1 cm 

sections. Some of the samples were used to obtain cultures while others were analysed for CIP 

content via an inhi'bition zone assay. 

E. coli cells were streaked onto plates of selective MacConkey agar containing 100 pg/rnL 

streptomycin and grown to confluence. Catheter sections were rinsed with PBS and then 

carellly pressed into the center of each of the plates. Following incubation for 48 h at 37OC, the 

zones of inhibition surrounding each of the sections were measured at the aspects perpendicular 

to the long axes. 

Coated catheter segments were sonicated and vortexed before culturing of the supernatant on 

selective MacConkey agar. Colony counts for all cultures were performed at 48 h. 



Results and Discussion 

Sqfiace Pre-treatment and Gel Prepamtion 

While not absolutely necessary to obtain a stable and durable coating, pre-treatment of the 

surface with AFB-gelatin enhanced the adhesion of the hydrogel to the catheter sudiace. As has 

been detailed previously, grafting of poly (AA) onto silicone followed by activation with EDC 

resulted in even better adhesion of gels to catheter surfaces. AFB-gelatin coated catheters were 

used in the following studies because this d c e  modification method was developed first and 

the antimicro bid studies pre-date the development of the BPB-initiated grafting process. The 

type of catheter surface modification employed is not expected to affect antimicrobial efficacy 

because the binding of gelatin to a poly (AA)-@ed surface is unlikely to interfere with either 

liposome stability or gel crosslinking extent. Indeed, in a limited human clinical silicone 

catheters modified with poly (AA) and coated with liposomal CIP hydrogels demonstrated 

excellent resistance to bacterial colonization (see Appendix A). 

In addition to the two different types of surface-modified silicone, two procedures were used 

to crosslink gelatin gels, self-crosslinking or PEG-mediated crosslinking. Consequently, there 

were a number of options available for producing the final hydrogel-coated catheter surface as 

summarized in Figure 4.1. The main goal of silicone surface modification was to introduce 

reactive surface groups, either carbovl or amino groups, that could be used to covalently bind 

the bulk gelatin coating to the surface. Surface-bound AFB-gelatin provided both carboql and 

amino groups, however, only one or the other was used to bind the gelatin coating. 

When amino groups were to be used, the bulk coating consisted of geIatin and NPC-PEG 

(with or without liposomes). After setting of the gel, the coated catheter was immersed in 
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Figure 4.1. Summary of procedures for covalently binding a gelatin-based gel to surfkce- 

modified silicone. Note that the inclusion of liposomes in the gelatin gel Iayer does not interfere 

with any of the reactions. 
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allcaline borate buffer that triggered the rapid  cross^ of the bulk gelatin gel by the activated 

PEG, At the same time, surface-bound amino groups would be able to react with NPC-PEG. 

Thus, a single reaction led to urethane bond formation (Scheme 3.1A) between gelatin and PEG 

as well as Al33-gelatin and PEG. 

The carboxyl groups of AFB-gelatin also could be used to covalently link a gelatin gel coating 

to the s d c e .  In this approach, a gelatin gel-coated catheter was pIaced in a solution of water 

soluble carbodiimide (EDC) resulting in the activation of both surface-bound and gel carboxyk. 

Subsequent immersion in borate buffer initiated rapid amide bond formation (Scheme 3.1 B) 

between neighbouring gelatin molecules in the gel as well as between AFB-gelatin and gelatin in 

the coating. The same approach could be used to bind a gelatin gel layer to poly (AA)-grafted 

silicone, 

The final variation involved the binding of a PEG-gelatin layer to poIy (M)-grafted silicone. 

Here, the carboxyls of poly (AA) are activated by immersion in EDC, followed immediately by 

application of a PEG-gelatin coating. Incubation in alkaline buffer initiates two different, but 

simultaneous reactions. Presumably, amide bonds form near the surface between poly (AA) 

carboxyls and gelatin amino groups, while urethane bond formation between PEG and gelatin 

leads to a crosslinked gelatin-based coating. Note that pathway A of Figure 4.1 was used in the 

majority of the antimicrobid tests, even though pathway C leads to the better coating, for the 

reasons of chronology discussed above- 

A photograph of a catheter section coated with Iiposomal hydrogel is shown in Figure 4.2A. 

The hydrogel was endowed with a pink colour (not shown) fiom the presence of 

rhodamine-labeled Lipid in the Liposome bilayer. Visual inspection of hydrogel cro ss-sect ions 

revealed that the intensity of the colour did not vary with distance fiom the surface suggesting 



Figure 4.2. (A) A catheter section coated with Liposornal PEG-gelatin gel. The surface of the 

catheter is denoted by S and the hydrogel layer is indicated by L; x15. (B) The surface of a 

liposomal hydrogel as observed by SEM; ~2000. (C) An area encompassed by the white 

rectangle in (B) viewed at higher magnification (~9000). 
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that liposomes were evenly distn'buted throughout the gel matrix The hydrogel coating was 

conveniently produced by rotating the catheter as the mixture was applied, resulting in a 

homogeneous layer with relatively uniform thickness (0.3-0.4 mm). More detailed views of the 

hydrogel surface with numerous liposomes present are shown in Figures 4.2B and 4.2C. The 

high density of liposomes on the surface may be partly artefkctual, since the fixation and 

dehydration process required for preparing the hydrogel for SEM may have concentrated 

liposomes on the surfice. Undoubtedly, there are some liposomes present on the surface of r l ly  

hydrated gels and this is desirable as the lipid in the fiposomes may act as a boundary lubricant 

facilitating catheter insertion. 

Inhibition Zone Assays 

Since the ultimate aim of this work was to develop a catheter coating capable of impeding 

bacterial adhesion in vivo, it was necessary to gauge the antibacterial activity of the liposomal 

hydrogel system. Three different sets of in vitro experiments were conducted for this purpose. 

The first type of assay involved the placement of various hydrogel sections on agar plates 

inoculated with P. aeruginosa. After 24 h, both hydrogel-coated and uncoated sections that had 

been exposed to CIP released su£Ecient drug to prevent the growth of P. aeruginosa in their 

vicinity (Figure 4.3). The zones of inhibition created by the CIP-loaded hydrogel samples were 

approximately five to six fold larger than the hhi'bition zones of control catheter sections that had 

been treated with CIP only. As expected, the drug-fiee hydrogel-coated sections did not affect 

the growth of bacteria on the agar plate. These data emphasize the ability of the hydrogel 

formulation descnkd herein to deliver therapeutic concentrations of antibiotic. 

Sustained antimicrobial activity on agar plates was demonstrated by a passage experiment 
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Figu re 4.3. P. aemginosa g o  wth-inhibition zones created by CIP-dipped catheter sections 

(CIP) and various hydrogel-coated catheter segments. The hydrogel treatments consisted of 

hydro gel only (Gel), CIP-loaded hydrogel (CP Gel), and Liposornal hydrogel containing CIP 

(LipoCIP Gel). Zones of &'bition represent diameterrs of growth &'bition measured 

perpendicular to the long axes of the catheter sections (n=3). 



P. aeruginosa MRSA 

Figure 4.4. Inhibition zones created by CIP-loaded liposomal hydrogels (PEGXL) placed on 

agar plates seeded with methicillin-resistant S. aweus (MRSA) or P- aeruginosa. 
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involving the daily transfer of liposomal CIP hydrogel samples to fiesh plates containing either P. 

aeruginosa or S. aureus (Figure 4.4)- Large growth &%ition zones were observed on P- 

aeruginosa plates and were maintained up to day 16, after which, inhi'bition zone sizes steadily 

declined until the size of the zone was no larger than the sample at day 2 1. In contrast, growth 

iubiiition activity lasted ody four days on S. aureus plates with peak activity achieved on day 2. 

Static Adhesion Assay 

The ability of hydrogel-coated catheters to resist bacterial colonization for a prolonged period 

was tested by exposing untreated, hydrogel-coated (with and without CIP), and CIP-containing 

liposomal hydrogel-coated sections to a clinical strain of P. aemginosa known to form bio- 

on silicone catheters- It is evident fiom the data in Figure 4.5 that the hydrogel coating 

containing antibiotic-loaded liposomes was effective in preventing cells fiom adhering and 

proliferating, as no viable bacteria were detected on these sdaces  throughout the seven-day 

experiment, 

The progress of biof3.m formation on the different surfaces studied was followed by SEM 

throughout the course of the trial period, although only images fiom day 0, day 3, and day 7 are 

shown in Figures 4.6 to 4.8, respectively. Initially, all surfaces were relatively smooth with few 

irregularities (Figure 4.6). However, substantial exopo lysaccharide deposition and cell adhesion 

were evident on aII surfaces except for the hposomal hydrogel samples after 72 h (Figure 4.7). 

Of the few c e k  found on the latter surface, many were elongated rehtive to healthy cells, which 

is indicative of cell replication defects commonly caused by CIP. '' By the fifth day of incubation, 

b i o h  coverage was extensive on blank catheters, plain hydrogels, and CIP-loaded hydrogels 

(Figure 4.8). The presence of daughter cells on the latter surfaces suggested the b i o h  were in 
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Figure 4.5. The adhesion of viable bacterial to untreated (0) and hydrogel-coated catheter 

sections. Coating formulations consisted of hydrogel only (M), hydrogel with CIP (A), and 

l iposod  hydrogel with CTP (V) [n=3]. 



Figure 4.6. Day 0 SEM images of representative catheter surfaces: (A) untreated, (B) hydrogel- 

coated, (C) CIP-loaded hydrogel-coated, (D) CIP-loaded liposomal hydrogel-coated. Bar 

represents 1 -5 pm in lower panels and 0.75 pm in upper panels. 



Figure 4.7. Day 3 SEM images of representative catheter surfaces: (A) untreated, (B) hydrogel- 

coated, (C) CIP-loaded hydrogel-coated, @) CIP-loaded liposornal hydrogel-coated. Bars 

shown in (A) represent 4 pm in lower panels and 0.8 pm in upper panels except for (C) where 

bars represent 6 pm (lower panel) and 1.2 p m  (upper panel). 



Figure 4.8. Day 7 SEM images of representative catheter surfaces: (A) untreated, (B) hydrogel- 

coated, (C) CIP-loaded hydrogel-coated, 0) CIP-loaded liposornal hydrogel-coated. Bars in (A) 

= 5 p m  (lower panels of [A], [C], and PI) and 1 p m  (upper panels of [A] and [Dl) or 2.5 p m  

(upper panel in [C]). Bars in (B) = 3.75 pm (lower panel) and 1.88 pm (upper panel). 
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an active growth phase. In contrast, cells adhering to liposomal gel surfaces remained relatively 

isolated with little evidence of replication Also, mutated ceh were still present on the latter 

surfaces, 

The absence of viable cells on the liposomal hydrogel d c e  was not simply due to the total 

elimination of the initial i n o c h  resulting fiom the burst release of drug during the first few 

hours, since bacteria were consistently present on CIP-lo aded hydro gels without liposomes. 

Also, the number of viable bacteria in the broth containing the liposomal hydrogel sections was 

approximately 6.7 x 1 O2 CN/rnL at the end of the seventh day. 

It is important to note that the initial concentration of CIP in the plain hydrogel samples and 

liposomal hydrogels were not equal. Even though both types of hydrogels were initially loaded 

with drug by immersion in drug solutions of equal concentration, the ammonium sulfate-gradient 

driven loading of CP into liposomal hydrogels resulted in higher drug-loading levels (1 85 h 1 6 

pg/cm2) relative to non-liposomal gels (42 * 12 pg/cm2). One may argue that the discrepancy in 

initial drug content may have skewed the anti-adhesion results in favour of the liposomal gels. 

However, there is strong evidence to suggest that similar results would have been attained ifboth 

types of hydrogel samples had initially contained equal amounts of antibiotic. In a separate 

experiment, non-liposomal PEG-gelatin hydrogels containing 1046 * 52 pg of CIP and liposomal 

gels loaded with 862 & 40 pg of CIP were placed in nutrient broth and incubated at 37°C for 48 

h. Despite the greater drug content of the plain hydrogels, the vast majority of CIP was released 

within 4 h, while Liposomal gels in nutrient broth still retained a substantial portion of their initial 

load of CIP even after 48 h. (Figure 4.9). Thus, it seems likely that the continuous release of CIP 

throughout the experiment was the major factor responsible for preventing the colonization of 

l i p  s o d  hydro gels. 
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Figure 4.9. Efflux profiles of CIP ftom various PEG-gelatin gels immersed in nutrient broth (B) 

or urine CU) and maintained at 3 7OC (n=4). 



Dynamic Adhesion Assay 

Resistance of liposomal hydrogeIs to bacterial colonization also was tested under conditions 

of continuous flow using a flow cell in conjunction with a chemostat. Hydrogel-coated and 

uncoated silicone squares were secured in the stainless steel wells of the flow cells and exposed 

to a stream of nutrient broth containing P. aerugii?osa for a prolonged period. Under such 

conditions, CIP-loaded liposornal gels did not perform as well as they did in the static adhesion 

assay. Nonetheless, bacterial colonization was reduced by three orders of magnitude (fkoom lo8 

to 1 05) relative to uncoated silicone after 72 h (Figure 4.1 0). Interestingly, fewer viable bacteria 

also were recovered fiom plain hydrogel samples without any antibiotic relative to silicone 

controls. A similar modest reduction in viable bacteria adhesion was obtained initially in the 

static adhesion assay suggesting that PEG-gelatin gels may have anti-adhesion properties in and 

of themselves possibly due to the tendency of PEG-coated surfaces to resist protein and bacterial 

ad~orpt ioa '~~'  

In Vivo Antimicrobial Eflcacy 

As detailed in the General Introduction, one of the main sources of bacteria in catheter- 

associated UTI is the environment surrounding the opening of the urethta The presence of the 

catheter allows the external bacteria to migrate along the extrduminal d a c e  and establish 

colonies on the device, f?om which, infection of the bladder and urine may occur. Consequently, 

interfering with the bacterial migration process by designing a surface that is resistant to 

co Ionization may go a iong way towards reducing or preventing catheter-associated UTI. 

In order to investigate w h e e r  or not extraluminai migration of bacteria along a catheter's 

surface could be prevented or inbiiited with an antimicro bid liposomal gel coating, sixteen 



Silicone Gel CIP Gel LipoClP Gel 
Samples 

Figure 4.10. Adhesion of viable P. aemginosa to untreated silicone and various hydrogel-coated 

silicone samples under continuous flow conditions after 72 h at 3 7°C (n=3)- 
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rabbits underwent catheterization with untreated silicone Foley catheters (n=7) or catheters 

coated with liposomd hydrogels containing CIP (n=9). Preliminary studies employed cages to 

house the rabbits, however, catheters were often found chewed off or otherwise compromised. 

Consequently, a suspension apparatus allowing the rabbits flexibility of movement without the 

ability to turn around was used to maintain the rabbits (Figure 4.11). The animals were 

challenged with 5 x 1 O6 marked E. coli at the urethral meatus and following detection of the 

organisms in the urine the rabbits were sacrificed and the catheters removed, Coated catheters 

remained in situ an average of 5.8 2.4 days during which time there was Little or no degradation 

of the coating as revealed by visual inspection. Upon removal, 1 cm segments of coated catheters 

were tested for their ability to iuhiiit the growth of a field of E coli plated on agar. The 

inbiiition zones produced were approximately halfthe size of the inhibition zones created by 

drug-ioaded coated catheters that were not implanted suggesting a substantial amount of CIP 

was stiu present (Table 4.1). Thus, it appears that the urethra of rabbits, and presumably that of 

humans as we& is not an environment that leads to complete destabilization of liposomal CIP. 

The latter result contrasts somewhat with CIP release experiments conducted in urine which 

demonstrated 93 -9 * 0.4 % efflux of initially encapsulated CIP fiorn liposomal gels immersed in 

human urine after 24 h (Figure 4.9). The average composition of rabbit and human urine are 

probably different, yet the more likely explanation for the stability of liposomal CIP in the rabbit 

urethra may be the limited exposure of the exterior of urethral catheters to urine. Even in 

humans, most of the contents of a catheterized bladder would be voided through the catheter 

lumen and consequently, the instability of liposomal CIP in urine should not be considered as a 

major deterrent to the cLinical use of liposomal hydrogel-coated urethral catheters. 

Catheter segments situated near the urethral meatus were sectioned also and analysed for 



Figu re 4.11. Suspension apparatus used to maintain rabbits during their catheterization period. 



Table 4.1. Viable bacteria cultured fiom urethral catheter sections and hbi'bition zones 

produced fiom these sections, Coated catheters remained in situ for 5.8 * 2-4 days. 

Catheter Treatment Bacteria / Section &'bition Zones / Section 

S e l D a  Gel ( ~ 6 )  4; (70 %) 29 - 1.9 x lo3 40-7 * 2-4 18-2 + 6.2 

PEGXL Gel (n=3) 3; (1 00%) 

None (n=7) N.D. N.D. 
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adhering viable bacteria No viable bacteria could be cultured fiom PEGXL coatings (n=3), while 

bacteria were detected on two of six catheters coated with SelKL geI and in one of these cases 

only a small bacterial load was found (29 CFU/section). In contrast, all control catheter segments 

yielded sizeable counts of bacteria (Table 4.1). Not surprisiragly, the difference in the ability of 

coated catheters to resist colonization relative to non-coated controls was highly significant 

@=0.003) as determined by a Fisher exact test. Given the preliminary data fiom the rabbit model 

of UTI used in this study, the potential for using CIP-loaded liposomal gel coatings on urethral 

catheters in order to prevent extraIum.hal surface contamination appears to be promising. 
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The design and development 1 of a liposome-based delayed release coating for silicone 

catheters was the central goal orthis  project- PreIimhary work indicated that the sequestering of 

liposomes in a gelatin-based gel coated onto a W a c e  was the most efficient method for 

associating Liposomes with catheters. Subsequent ant~bacterial testing of liposomal gel-coated 

catheters yielded positive results, suggesting that coated catheters could prove beneficial in 

preventing or reducing incidences of nosocomial bacteriuria 

The less than ideal adhesion aof gelatin gels to unmodified silicone prompted the development 

of techniques to irnprove the adhesive qualities of silicone towards hydrophilic coatings- 

Photo chemical surface modificaaion through fiee radical-mediated grafting of AFB-gelatin or 

BPB-initiated Eee radical graft polymerization were both able to increase the strength of the gel 

to silicone bond. However, the poor grafting efficiency of the AFB-gelatin reaction relative to the 

graft polymerization process r e d t e d  in the latter method demonstrating superior overall 

adhesive characteristics. The crmsslinking of gels coated onto po ly (AA)-modified silicone was 

found to produce gelatin-to-dace bonds as robust as the covalent bonds between the 

crosslinked gelatin molecules themselves. 

The three dimensional space ocreated by a highly hydrated gelatin gel provides many more 

liposome binding sites than the t v o  dimensional area of a flat surface. Consequently, the use of a 

gel coating to sequester liposomes substantidy enhanced the concentration of lipo somal 

antibiotic that could be associated with a surface. Gel-sequestered liposomes did not suffer from 

substantially increased rates of leakage with respect to encapsulated CIP and CHX, neither did 

the presence of liposomes reduce the mechanical strength of the gel. However, the active loading 

of CIP into sequestered liposomces was compromised relative to the same liposomes in 

suspension It was noteworthy that sequestered liposomes formulated with PEG-lipid could be 
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loaded with levels of CIP comparable to levels achieved with non-sequestered liposomes. The 

protein 'resistant' properties of membrane-bound PEG have been well documented,12 thus it is 

possible that the reduced active loading of CIP into non-pegylated liposomes may be a result of 

membrane disruptive interactions occurring with the crosslinked gelatin matrix leading to the loss 

of encapsulated ammonium dfkte.  ESR analysis of sequestered liposomes did reveal minor 

disturbances of bilayer stability- AlternativeIy, confocal laser scanning microscope images clearly 

demonstrated the increased aggregation of neutral liposomes relative to pegylated ones 

suggesting that the accumulation of CIP in liposomes near the core of the aggregate may have 

been reduced via a shielding mechanism. It is worth noting that cell shielding mechanisms have 

been implicated as one of the causes of the enhanced antibiotic resistance of sessile bacteria3 

The prolonged release of therapeutic compounds &om liposomal gels was one of the primary 

goals of this work. The efflux patterns of two model antimicrobials, CIP and CHX, were 

investigated in detail. CIP was released over periods measured in days for liposomal gels 

immersed in buffer and nutrient broth, but the presence of serum or urine stimulated nearly 

complete drug release within a 24 h period. Liposomal CIP stability improved when gels were 

exposed to dilute or limited volumes of serum., but the results implied that CIP would not be a 

satisfactory candidate for lipo s o d  gel encapsulation in serum-contacting applications. In fact, a 

more fimdamental reason for the exclusion of CIP is the increasing frequency with which many 

species of bacteria are developing resistance to fluo roquin~lones.~ Consequently, the use of 

liposomal CHX in gel coatings for vascular catheters would be preferable since efnux of CHX 

fiom liposomal gels occurs at a steady rate over at least a 6 d period. 

Prolonged antibacterial activity of gels containing CIP was shown through the serial transfer 

of gel slabs placed on agar plates seeded with P. aeruginosa. Large inhiiition zones were 
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produced over a 16 d period The anti-adhesion properties of CIP-loaded gel coatings were 

highlighted by both static and dynamic adhesion assays, as well as an in vivo study using a rabbit 

model of UTL. In the latter study, CIP-loaded liposomal gel-coated catheters inserted for an 

average of 6 d were able to completely resist bacterial colonization in the majority of cases, with 

the coatings still retaining approximately 50 % of the initially encapsulated drug. An earlier study 

employing the same rabbit model demonstrated a 30 % reduction in the overall bacteriuria rate 

and an approximate two day delay in the appearance of bacteriuria for liposomal gel-coated 

catheters relative to untreated  catheter^.^ Furthermore, a limited human clinical trial using silicone 

catheters with and without liposomal gel coatings containing CIP found that the coated catheters 

resisted colonization by gram-negative organisms better than untreated catheters over the 24 h 

trial period (see Appendix A). The results in the latter study were complicated by the presence of 

resistant gram-positive bacteria. Thus, it appears that even for urological applications, the issues 

of antibiotic susceptibility and the potential for the development of resistant strains dictate the 

use of an antimicrobial agent other than CIP. Nonetheless, for proof of principle, the use of 

liposomal gel coatings incorporating CIP in conjunction with susceptible gram-negative species 

such as P. aemginosa and E. coli, demonstrated good long-term antibacterial activity. 

The major contriiutions of this work to the biomedical field are the development of a mild 

and efficient method for the robust attachment of gelatin-based gels to silicone and the 

preparation of antimicrobial liposomal gels demonstrating excellent activity both in vitro and in 

vivo. Future development of the liposomal gel-coating concept promises to expand both its 

capabilities and applications. A potential solution to the problems of antibio tic tolerance and/or 

inducement of resistance may involve the incorporation of two or more antimicrobials into gels 

by the discrete formulation of liposomal drugs before mixjng with the gel carrier. Antibiotics 
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need not be the only compounds destined for liposomal gel inclusion as there is a need for a drug 

delivery vehicle capable of localized sustained release of anticancer agents. Recently, 

paclitaxel-coated stents have been proposed for use in the prevention of tumor ingro wth into 

various body passageways.6 Since the formulation of paclitaxel in lipsornes has been shown to 

be pra~ti~&7*8 the development of a liposomal paclitaxel hydrogel coating may be of therapeutic 

benefit. 

Another promising potential application of the coating technology involves its use in long- 

term implantable biomaterials. This work attempted to provide a solution to the problem of 

infections associated with short-term implantable devices by enveloping the device in a drug 

delivery vehicle capable of sustained release of antimicrobial agent over a period of days. Clearly, 

such an approach will not work for prostheses such as synthetic hips and joints, breast implants, 

and artifical hearts intended for indefinite use as no drug delivery system can deliver 

antimicrobials over intervals measured in years. Therefore, it seems that the best defence against 

infection related to long-term devices remains the patient's immune system. However, as detailed 

in the General Introduction, current biomaterials induce a hyperimmune response that 

compromises an effective mobilization of antimicro bid defences. Any biomaterial that can 

neutralize the hyperimmune response would greatly improve the chances of the implant remaining 

fiee of bacterial colonization indehitely. The covalent attachment of collagen and gelatin to 

silicone has been shown to normalize the immune response to implanted silicone:" which 

suggests that the coating of long-term prostheses with a layer of PEG-gelatin gel may provide an 

interface that encourages normal immune responses as well as integration of the host tissue with 

the prosthesis. The absence of a thick fibrous sheath around the implant would allow neutrophils, 

macrophages, antibodies, and complement components to penetrate to the biomaterial surfkce 
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and prevent colonization of the device by pathogenic microbes. The advantages of using a PEG- 

gelatin gel coating instead of attaching individual moiecules of collagen or gelatin to the 

biomaterial surface are two-fold. A molecular layer of collagen or gelatin may only lead to 

moderate neutralization of the hyperimmune response l o  and the use of a gelatin-based gel coating 

wodd permit encapsulation of Iiposomai drugs such as antibiotics or growth-modulating 

substances, which would speed host-device integration and provide protection against microbial 

challenge during the critical earIy stages of implantation. 
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Appendix A 

Preliminary Human Clinical Trial of Liposomal Hydrogel- 

Coated Urethral Catheters 



Background 

In an attempt to reduce the incidences of infections arising fiom the use of indwelling uretbral 

catheters, an antibiotic liposomal hydrogel coating for silicone Fo ley catheters was developed. 

The physico-chemical properties and antiibacterial activity of the system have been described 

previously. The ability of CIP-loaded LiposomaI gel coatings to inhibit the colonization of silicone 

urethral catheters in a rabbit model of UTI prompted the initiation of a human clinical trial of the 

liposomal coating technology. 

0 b jective 

This short-term study was designed with the aim of testing the antiiacterial efficacy of 

liposomal gel-coated catheters remaining in siiu for 24 h. Efficacy was judged in terms of 

resistance to bacterial colonization and the prevention of bacteria appearing in urine. 

Experimental Methods 

Catheter Preparation 

The surfaces of silicone 14F Foley catheters were modified in order to enhance the adhesion 

of the hydrogel coating. A photochemical graft polymerization process was used to covalently 

attach a copolymer blend of HEMA and AA (2:l initial monomer ratio) to the catheter surface. 

Following activation by carbodiimide, an NPC-PEG and gelatin mixture containing 

DPPC/cholesterol liposomes (68 mM in DPPC) was applied (200 pL/cm) to the catheter starting 

just below the balloon and continuing in a distal direction for 4 cm The crosslinking of the gel 
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washing of residualp-nitrophenol and loading of CIP proceeded using the standard methods, All 

procedures were conducted m a sterile flowhood and catheters were exposed to short wave UV 

Iight at regular intervak to ensure catheter sterility- 

Control catheters were either 1 6F all silicone Foley catheters or 1 6F siliconized latex catheters 

and were used as received- 

Catheter Placement 

Women undergoing gynaecological procedures requiring short term (up to 24 h) post- 

operative catheterization were asked to participate in this study, which was approved by the 

hospital's Ethics Committee. Catheter placement occurred in the Department of Obstetrics and 

Gynaeco logy at Women' s Co llege Hospital located in Toronto, ON. Urine samples were 

collected immediately prior to catheter insertion and following removal. 

Sterility testing of catheters 

Hydrogel-coated catheters were placed into individual 2 L flasks containing 1 L nutrient broth 

and incubated with shaking at 37OC for 72 hr. Also, some treated catheters were subdivided into 

non-coated proximal, coated mid and non-coated distal sections and assayed for sterility in the 

same manner. The same catheters without the hydrogel coating were used as controls. 



Microbio1ogrgrcal analysis of ex vivo catheters 

After 24 hr, catheters were removed from the patients by nursing personnel and the urethrd 

portion harvested using sterile scissors into a sterile urine specimen container- A wine specimen 

was collected into a separate sterile container. Subsequently, the trimmed catheter samples were 

divided into three e q d  segments, immersed in 5 ml sterile PBS containing glass beads, and each 

sample was alternately sonicated and vortexed (30 s each) a total of three times to remove 

adherent bacteria The bacteria were plated onto sheep's blood and MacConkey agar for 

bacterial identiiication, and serial 10-fold dilutions in PBS were spotted onto nutrient agar for 

enumeration. Urine specimens (100 pl) were plated on sheep's blood and MacConkey agar for 

bacterial identification, Bacteria identified by morphology and Gram stain as Staphylococcus 

were tested for coagulase activity, a hallmark of S. aureus. 

Bacteria isolated fiom the liposomal CIP hydrogel-coated catheters were tested for sensitivity 

to CIP using an &'bition zone disk diffbsion assay. Briefly, the isolates were grown overnight in 

Mueller-Hinton broth, harvested by centrifugation, washed 3 times in sterile PBS, and diluted to 

equal a MacFarland turbidity standard of 0.5 (approximately 1 o7 colony forming units/ml). The 

diluted culture was used to swab a Mueller-Hinton plate in three directions to generate a bacterial 

lawn. A paper disk containing 5 pg of CIP was placed in the centre of the plate and the plate 

was incubated overnight at 37°C. The diameter of the zone of growth inhibition surrounding the 

disk was measured to determine sensitivity to CIP. 



Results 

The patient base for this study consisted of 46 women and they could be divided into three 

groups. Initially, one group of 13 women received siliconized latex catheters, followed 

chronologically by a second set receiving 10 pure silicone catheters. The third group of patients 

received 11 pure silicone and 12 pure silicone catheters coated with CIP-loaded Liposomal 

hydrogel on an alternating basis (Group 3). One control and one coated catheter fiom the latter 

group were discarded because they were removed before the 24 h end point. Randomly selected 

gel-coated catheters were found to be sterile. 

The type and number of bacteria isolated fiom the catheters used in this study along with 

urine culture results are presented in Table A. 1. The average colonization rates for both 

siliconized latex (62 %; 8 of 13) and pure silicone catheters (70 %; 14 of 20) were higher than 

the rate for liposomal hydrogel-coated catheters (45 %; 5 of 11). The most common type of 

bacteria found on non-coated catheters was S. epidermis followed by E. coli. S. epidennis was 

found on coated catheters also, but two of the three isolates proved to be insensitive to CIP. The 

S. aureus strain found on one of the coated catheters was resistant to CIP as well. 

Bacteria were cultured fiom the urine of 7 of the 1 8 (3 9 %) patients undergoing 

catheterization with control catheters. In all cases, the type of bacteria found in the urine of a 

given patient was identical to that found colonidng the patient's catheter. No bacteria could be 

cultured fiom the urine of individuals receiving coated catheters. 
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Table A-1. S~mmary of results fkom Women's College Hospital 24 h clinical trial of silicone 

catheters with and without antibiotic hydrogel coating. 

Catheter Type Colonizing Organism Urine Culture 

ID.  Count (CFU/cm2) 

Siliconized Latex 

(n=13) 

Pure Silicone 

(n=20) 

Coated Silicone 

(n=11) 

S. epidermis (n=6) 

aE. coli (n=2) 

Mebsiella spp. (n=l) 

(2'- aenrginosa (n= 1) 

S. aureus (n= 1 > 
S. epidermis ( ~ 7 )  

bE. coli (n=5) 

Klebsiella spp. (n=3) 

P. aeruginosa (n= 1) 

S. aureus (n=l) 

Proteus spp. (n= 1 ) 

'S. epidermis (n=3) 

d ~ .  aureus ( ~ 2 )  

W e  bsiellu spp. (n= 1 ) 

S. epidermis (n=l) 

E- coli @=I) 

Total n=2 

E. coli (n4) 

Klebsiella spp. (n= 1 ) 

Proteus spp. (n= 1) 

Total n=16 

- 

Total n=l 1 

a, E. coli was found with S. epidermis on one catheter and with S. aureus on another. 

b. E. coli was found with S. epidermis on two catheters and with P. aeruginosa on another. 

c, Two of the three isolates were CZP resistant- 

d. One isolate was resistant to CIP. 

e. Mebsiella spp. were found on the catheter withS. aureus. 



A statistical evaluation of the results of this study are listed in Table k2. Considering only the 

third group of patients receiving both control and coated catheters, the CIP-loaded liposomal gel- 

coated catheters reduced the incidence of catheter colonization compared with non-coated 

silicone catheters @=0.04), as well as the incidence of positive urine culture Q~0.04). However, 

ifthe overall numbers for colonization of non-coated pure silicone catheters are used (70 %; 

14/20), there is no statistical significance (p0.17). If the three coated catheters colonized with 

resistant bacteria are ignored, the results are significant (25 % of coated catheters colonized vs. 

70 % of total non-coated pure silicone catheters, fl.04). In general, this study has 

demonstrated the efficacy of hydrogel coatings in discouraging bacterial co Ionization of urethral 

catheters. However, the relatively common presence of CIP-resistant organisms (27 %; 3 of 11) 

suggests that either Liposomd hydrogel coatings should be formulated with CP and an 

antimicrobial agent having complementary activity or CIP should be replaced by another 

antimicrobial with a wider spectrum of antibacterial activity- 



Table A.2. Statistical analysis of clinical trial data using the Fisher exact test. 

Patient Base Colonization Rate Significance 

Group 3 Uncoated 9 /  10; 90 % 

vs p = 0.04 

Group 3 Coated 5 / 1 1 ; 4 5 %  

Total Study Uncoated 14 / 20; 70 % 

VS 

Group 3 Coated 5 / 1 1 ; 4 5 %  

Total Study Uncoated 14/20; 70 % 

VS 

Group 3 CIP-Sensitive Coated 2/8;25 % 

Group 3 Uncoated Urine Culture 4 1  10; 40 % 

VS 

Group 3 Coated Urine Culture O /  11  
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