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Abstract 

With rapid rise in the frequency of nosocomial infections, there is an increasing demand 

for biomedical devices with good antimicrobial properties. Antimicrobial peptides (AMPs), 

which possess excellent bactericidal potency and biocompatibility properties, are 

promising antimicrobial coating agents for immobilization onto biomedical device relevant 

surfaces. The AMP’s membrane-permeabilizing mechanism of action renders it more 

difficult for pathogens to develop resistance. In the first part of this Ph.D. research project, 

an arginine-, tryptophan-rich synthetic peptide (CWR11) with potent broad-spectrum 

antimicrobial activity and salt resistance properties was engineered to be used as a model 

AMP candidate for subsequent antimicrobial surface functionalization studies. To 

investigate if immobilization compromises the AMP’s stability and antimicrobial property, 

two immobilization platforms were developed to graft CWR11 onto model 

polymethylsiloxane (PDMS) surface. The first platform utilizes an allyl glycidyl ether (AGE) 

polymer brush-based tethering chemistry while the later platform focuses on the use of a 

polydopamine (PD)-based surface functionalization strategy. A variety of surface 

characterization assays confirmed the successful grafting of AMPs onto the functionalized 

PDMS surface via both immobilization strategies. Surface antimicrobial assay and 

cytotoxic investigation confirmed that the CWR11-immobilized surfaces, from both 

immobilization platforms, have bactericidal and anti-biofim properties, and are also non-

cytotoxic to mammalian cells. The simple immobilization strategy, enhanced peptide 

grafting efficacy and gentler treatment conditions makes the PD-based immobilization 

platform a more attractive choice for subsequent translational studies onto commercial 

silicone catheters. AMP-immobilized catheters, using the PD-based immobilzation platform, 

illustrated similar antimicrobial potency, as well as good long term stability retaining their 
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biocidal potency when exposed to a variety of solvent conditions and prolonged soft 

cleaning condition.  

Contact active catheters developed in the first section, however, are ineffective in 

targeting planktonic bacteria, which can proliferate in the surrounding environment, 

eventually overcoming the immobilized AMP rendering them ineffective. To address this 

challenge, a subsequent study was initiated to formulate a controlled release polymeric 

coating that can provide localized, sustained AMP delivery to the target site. A dual-layered 

assembly (PCL(P)-POPC(P)) consisting of an AMP-impregnated basal PCL matrix layered 

with a thin POPC film to modulate release, was developed. This coating exhibited excellent 

sustained peptide release up to 30 days. Peptide characterization assays demonstrated 

conservation of the encapsulated AMP’s (HHC36) structural integrity and antimicrobial 

functionality. PCL(P)-POPC(P)-coated catheters demonstrated potent antimicrobial and 

anti-biofilm activity against multiple UTI-relevant bacterial strains. The controlled and 

sustained release of AMP also prolonged bactericidal properties, retaining good 

antibacterial properties when subjected to multiple bacteria exposures. 

In conclusion, this thesis presents proof-of-concept studies of the application of short 

AMPs as antimicrobial coating agents on urinary catheter. The successful engineering a 

potent, broad spectrum synthetic AMP and its successful application in the respective 

catheter antimicrobial coating development demonstrates the feasibility and potential of an 

AMP-based antimicrobial urinary catheter in treating or preventing CAUTI. The outcomes 

of this thesis now opens the way for further optimization of AMP-impregnated devices that 

can effectively prevent and/or treat bacterial infection while minimizing the risks of evoking 

pathogen resistance.     
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Chapter 1 Introduction 

1.1. Introduction 

Nosocomial infections have been one of the main causes of patient mortality and 

morbidity worldwide [1]. Annually, more than 1 million cases of nosocomial infections are 

reported in the United States and Europe [2, 3], with urinary tract infections (UTI) being the 

most common hospital acquired infection, of which, 80% are associated with indwelling 

urinary catheters [4]. While serving as a useful conduit to drain urine from the bladder into 

an attached bag, the catheter also provides an ideal surface for planktonic bacteria in the 

urine as well as from the atmosphere to adhere, colonize and develop into resistant biofilms 

[5]. It has been reported that 1500 times higher concentration of antibiotics is required to 

treat biofilm, as compared to planktonic bacteria [6]. With time, the bacterial infection can 

spread to the kidneys, leading to serious consequences such as acute or chronic 

pyelonephritis [7].  

Since the discovery of penicillin in the 1940s, antibiotics have been the gold standard 

therapy against bacterial infections. Systemic administration of antibiotics is often applied 

in the treatment of nosocomial infections, especially catheter associated urinary tract 

infections (CAUTI). However, this method is often limited by the inefficacy of drug delivery 

to the target sites as well as the risks of potential systemic toxicity [8]. Moreover, with the 

increased occurrence of antibiotic resistant bacterial strains such as methicillin-resistant 

Staphylococcus aureus (MRSA), reliance on antibiotics is no longer viable [9]. Confronted 

by these challenges, it is important that extensive research efforts are focused on devising 

strategies to prevent and treat CAUTI, which forms the basis of this thesis.  
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The development of an antimicrobial coating on urinary catheters that can effectively kill 

invading uropathogens and efficiently prevent subsequent surface bacterial adherence 

merits further studies. Various antimicrobial coating approaches had been previously 

investigated, including impregnating the catheter with antibacterial compounds such as 

silver [6, 10-13] or antibiotics (e.g., gentamicin, vancomycin) [14, 15]. Although these 

catheters showed good antimicrobial activity in vitro, drawbacks such as high cytotoxicity, 

short-lived drug release rate and development of bacteria resistance limit their long-term 

usage [16, 17]. The need to find a potent, broad spectrum antimicrobial compound 

intensifies with the exponential increase in the development of antibiotic resistance in 

microbes. A promising alternative to antibiotics is antimicrobial peptides (AMPs) [18]. 

Natural AMPs form the first line of defence in an organism’s immune system to combat 

microbial infection. These peptides are produced endogenously and display excellent anti-

bacteria, anti-fungal [19, 20] and even anti-viral [21] traits. These antimicrobial properties, 

coupled with the peptide’s immunomodulatory action [22] and membrane targeting mode 

of action [23], make AMPs a superior class of antimicrobial agents.  

With an intensifying need for a safe and efficacious antimicrobial catheter coating and 

continual development of AMPs, this thesis seeks to investigate the use of AMPs as 

antimicrobial coating agents on silicone urinary catheters for treatment and/or prevention 

of CAUTI. However, to develop an effective AMP-based antimicrobial coating, there are a 

few challenges that need to be addressed. First, to serve as effective coating agents, the 

AMPs must meet several pre-requisites including broad-spectrum antimicrobial activity, 

biocompatibility and salt resistant properties. Many naturally occurring peptides, however, 

lack the ability to retain all these properties simultaneously. In particular, there are indeed 

very few AMPs that exhibit broad spectrum antimicrobial activity and salt resistance at the 

same time. Second, there is a dearth of research that focuses on the development of a 
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robust and readily scalable peptide immobilization platform. To date, most of the reported 

AMP tethering platforms require complex chemical treatment and processing steps, limiting 

their translatability onto commercial catheters. Third, a sustainable antibacterial agent 

delivery system that ensures sustained, localized and effective antimicrobial compound 

release is touted as the preferred CAUTI treatment method [24]. However, to date, limited 

research efforts have been dedicated towards the development of such AMP releasing 

platform which can be adopted for localized CAUTI treatment. Resolving these hurdles 

would facilitate the development of effective AMP-based urinary catheters for prevention 

and/or therapy of CAUTI, which forms the main objectives of this thesis.  

1.2. Aims and objectives 

This Ph.D. research has an overall aim which is to develop an AMP-based antimicrobial 

urinary catheters for prophylactic and/or therapeutic purposes against CAUTI. In order to 

achieve this, there are three specific objectives that should be met. The first objective is to 

systematically engineer a synthetic AMP which is resistant to physiological salt condition 

and possesses potent, broad spectrum antimicrobial activity. The synthetic peptide will 

serve as the model coating agent for tethering on silicone model platforms and 

subsequently, silicone urinary catheters. The second objective is to develop a robust AMP 

immobilization platform for proof-of-concept studies to investigate the impact of surface 

immobilization on AMPs’ antimicrobial activity. The third objective is to study the 

translatability of the AMP immobilization platform onto silicone urinary catheters. These 

platforms will be characterized with respect to AMP immobilization efficacy, antimicrobial 

performance and biocompatibility. To achieve these overall objectives, specific studies with 

focused aims were performed as follow:  
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 Peptide engineering studies to develop a potent, salt-resistant, and broad spectrum 

synthetic AMP, followed by molecular characterization studies of candidate 

peptide’s antimicrobial activity, conformational property and bactericidal mode of 

action.  

 Development of a peptide immobilization platform to covalently and non-covalently 

immobilize AMPs onto silicone urinary catheter surfaces.  

 Development of an AMP-based controlled release coating on urinary catheters for 

the treatment and prevention of CAUTI in longer term (two weeks to one month) 

catheterization.  

1.3. Motivation 

The motivation of this research is as follow:  

 The AMP engineering studies will contribute to new knowledge in rational strategies 

for designing potent, broad spectrum, and salt resistant synthetic peptides, which 

could serve as useful guide in the future design of AMPs for similar applications.  

 The development of AMP-functionalized urinary catheters is targeted to achieve a 

contact active surface which will facilitate the killing of microbes within surface 

proximity, and hence minimize or prevent bacterial adherence and subsequent 

biofilm development. The rational design of such a platform will open the way for 

potential development of AMP-based contact active coating for biomedical devices.  

 The development of an AMP controlled release coating platform which can be used 

on urinary catheters will provide an effective approach to combat CAUTI, which will 

facilitate the sustained release of AMPs for implant site sterilization and 

prophylactic measures against subsequent infection. The pioneering work on 
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controlled AMP release will open the way for the development of localized peptide 

delivery system for CAUTI therapy, which is particularly essential in long term  (two 

weeks to one month) catheterization.  

1.4. Thesis organization 

This thesis comprises six chapters. Chapter 1 presents the background, objectives and 

motivation of this research project. Chapter 2 presents a literature review on the structure 

and function of AMP, and discusses the factors to consider when employing AMPs as 

antimicrobial coating agents. The challenges of existing antimicrobial agents employed in 

medical devices are also discussed. Chapter 3 details the systematic engineering design 

of a de novo synthetic AMP with potent, salt resistant bactericidal action, followed by the 

development of a polymer brush surface immobilization platform for immobilization of the 

synthetic peptide on a model polydimethylsiloxane (PDMS) surface. Chapter 4 focuses on 

simplifying AMP immobilization procedures by utilizing a mussel-inspired polydopamine 

(PD)-based surface functionalization technique for AMP tethering on both PDMS and 

silicone urinary catheter surfaces. Chapter 5 reports the development of a localized AMP 

controlled release polymer coating for treatment and prevention of CAUTI in long term 

catheterized patients, who are subjected to catherization of two weeks to a month. Chapter 

6 presents the conclusions of this thesis and future directions of this work.  
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Chapter 2 Literature Review 

The discovery and development of antimicrobial peptides (AMPs) have revolutionized 

conventional microbial infection treatment. These short peptides are considered excellent 

alternative for resistance inducing antibiotics in treating nosocomial infections, especially 

for catheter associated urinary tract infection (CAUTI), which accounts for majority of these 

hospital acquired microbial problems. Although AMPs and CAUTI are extensively covered 

in numerous research studies and literature reviews, this chapter will mainly focus on three 

major areas; (i) CAUTI pathogenesis and clinical treatment methodologies, (ii) 

antimicrobial properties and therapeutic potential of AMPs for CAUTI therapy, and (iii) 

current development of AMP-based antimicrobial coating for urinary catheters and critical 

factors mitigating its efficacy. This chapter presents a comprehensive literature review for 

the application of AMPs in combating CAUTI. 

2.1. Catheter Associated Urinary Tract Infection (CAUTI) 

Urinary catheters are widely used in hospital and nursing home settings to help patients 

relieve potential urinary retention and urinary incontinence problems [25]. Catheterization 

can either be short term, less than 30 days, or long term, spanning up to few months. The 

duration of urinary catheterization is often dependent on the medical needs of the patients. 

Generally, indwelling catheters used in acute care facilities, such as hospitals, are usually 

short term, while chronic catheterizations are most common for residents of long term care 

facilities [26].  
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Foley indwelling urethral catheters, usually made of silicone or latex [27], represent one 

of the most commonly used urinary catheters in clinical settings. It is a closed sterile system 

comprising a flexible tube inserted through the urethral and held in place by an intra-

bladder balloon (Figure 2.1). Urine within the bladder is directed and drained out through 

the catheter lumen into a connecting collection bag.  

 

Figure 2.1. Foley indwelling urinary catheter (Reprinted from reference [28]). 

 

Very often, the excessive use of indwelling catheters has resulted in patients being at 

risk for urinary tract nosocomial infections. Such infections can be avoided if the use of 

indwelling catheters is properly regulated. Surveys indicated a significant reduction in 

nosocomial infection rates if catheter usage is minimized [3, 29]. Despite that, the use of 

urinary catheters in some situations is unavoidable and the development of related 

infections has become part and parcel of the treatment procedure. CAUTI is significant due 

to its high occurrence and elevated economic cost, as well as adverse effects on patients’ 

health. CAUTI is the commonest nosocomial infection worldwide, accounting for more than 
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1 million cases in United States and Europe annually [3], and poses a huge financial burden 

of approximately more than $1.6 billion [30]. CAUTI can have grave consequences on 

patients’ health, ranging from mild (fever, urethritis and cystitis) to severe (acute 

pyelonephritis, renal scaring, calculus formation and bacteremia). If left untreated, these 

infections can lead to urosepsis and even death [26].  

2.1.1. Pathogenesis of CAUTI 

Despite of the protection from the innate immune system, physiological mechanical 

safeguards and different environmental conditions, specific uropathogens are still capable 

of colonizing the urinary tract. Virulence factors (e.g. adhesion, aerobatin system, 

hemolysin and K capsule) are crucial to the pathogenesis of these microbes within the 

urinary tract [31, 32]. The insertion of an indwelling catheter into the urinary tract 

compromises the closed urinary system and increases susceptibility to such uropathogens. 

These microbes invade the urinary tract mainly via three main routes (Figure 2.2). (1) 

Uropathogens colonizing the distal urethra may get picked up at the tip of catheter and 

pushed into urinary tract or bladder during the insertion process. (2) The second means 

for uropathogen to enter the urinary system is via the extraluminal route. Organisms 

dwelling in the distal urethra ascend along the catheter-uretheral interface into the urinary 

tract. (3) Microbes can also enter the urinary system by intraluminal means, where bacteria 

present in the collection bag climb up the device intraluminal surface and into the bladder 

[29].  A survey by Tambyah et al. on the route of infection indicated that the extraluminal 

route is the most probable mechanism of infection, accounting for 48% of the 253 CAUTI 

cases surveyed. Intraluminal means and catheter insertion are responsible for 34% and 

18% of all the CAUTI induced, respectively [29, 33]. A separate in vivo study also 
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highlighted the prevalence of the extraluminal route for bacterial infection and colonization 

in catheterized animal model [34].  

 

Figure 2.2. Three main routes for uropathogen entry into catheterized urinary tract. (A) 
Microbes dwelling around the distal urethra are being pushed in during the catheter 
insertion process. (B) Microbes attach to the catheter extraluminal surface and ascend into 
the urinary tract. (C) Microbes colonizing the collection bag migrate up the intraluminal 
surface of the catheter into the bladder. (Reprinted from reference [29]). 

 

Upon gaining entry into the urinary system, uropathogens start attaching and colonizing 

the catheter surface and surrounding periurethral tissue. These microbes possess 

specialized bacterial adhesins that will ensure strong attachment onto target uroepithelial 

cell receptors and catheter surfaces [35]. Once firmly anchored onto target surfaces, the 

bacteria start to alter themselves phenotypically, expressing various virulence factors to 

fight against the harsh environmental stress imposed by the urinary system, such as high 
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osmolality and denaturing urea [36]. At the same time, these uropathogens produce 

exopolysaccharides that entrap the bacteria, serving as a robust protection against any 

antibiotic or host immune attack. These attached uropathogens then replicate and form 

microcolonies that eventually develop into massive biofilms. The shedding of daughter 

cells from actively growing cells and shearing of biofilm aggregates from the mature biofilm 

seed other sections, eventually colonizing the whole catheter or urinary tract [25].  

 

Figure 2.3. Pathogenesis of uropathogen attachment and biofilm development during 
CAUTI. (Reprinted from reference [25]) 

 

2.1.2. Microbiology of CAUTI 

A diverse variety of microbes, both gram-negative and gram-positive, are found to be 

associated with CAUTI (Figure 2.4). Makeup of the bacteria community depends hugely 

on the patient population and prior antibiotic exposure [37]. Escherichia coli (E. coli) is the 
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more representative CAUTI pathogen [26]. A recent  study on the diversity of bacteria 

isolated from long- and short-term catheterized patients exhibited that E. coli is the 

predominant microbe in CAUTI patients, making up 35% of the total bacteria population 

[38]. Other common CAUTI-linked gram negative bacteria species include Pseudomonas 

aeruginosa (P. aeruginosa), Enterobacter cloacae (E. cloacae) and Klebsiella pneumonia 

(K. pneumonia). Gram-positive microbes such as Staphylococcus aureus (S. aureus) and 

Enterococcus faecalis (E. faecalis) are also frequently associated with CAUTI. Yeast such 

as Candida albican (C. albican) are also found to be present in small quantities.  

 

Figure 2.4. Distribution map of bacteria isolated from catheterized patients. 
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2.2. Therapy and Prevention against CAUTI 

The occurrence of CAUTI can be managed by a dual-pronged approach, i.e., prevention 

and therapy. The prevention approach focuses on ways to reduce and/or avoid occurrence 

of CAUTI. In the unfortunate case when usage of catheter is necessary and CAUTI has 

been diagnosed, the therapy approach provides clinicians with treatment 

recommendations and/or guidelines. 

2.2.1. Prevention 

The occurrence of CAUTI can be reduced significantly if proper prevention measures 

were put in place. Studies reveal that 69% of CAUTI cases can be avoided with appropriate 

prevention strategies [3, 39]. The ideal and most effective method to reduce CAUTI is to 

avoid catheter usage, if possible. A study demonstrated that catheterization is unnecessary 

and can be avoided in 31% of the surveyed hospitalized patients. More stringent measures 

should be enforced to regulate and reduce the usage of indwelling urinary catheters. 

Reminder systems, if properly put in place, can help to alleviate the problem of 

unnecessary catheterization in healthcare settings. Physical reminders, such as face-to-

face notification, paper-based notices, have proved to significantly improve appropriate 

use of catheter and reduce CAUTI rate [40-42]. Virtual reminders involve installation of 

software or electronic devices to prompt doctors and nurses of timely catheter removal. A 

study by Blodgett et al. demonstrated a significant reduction in CAUTI rates with an efficient 

virtual reminder system in place [43].  

In the case when catheterization is required for measurement of urinary output or 

relieving obstructive uropathy, alternatives can be used to replace indwelling urethral 

catheterization. Percutaneous suprapubic urinary catheterization has been recommended 
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as a better alternative to urinary tract catheterization, with a higher level of comfort and 

lower incidence of CAUTI [3, 44, 45]. Intermittent catheterization, a procedure commonly 

used for patients with neurogenic bladder disorder, is another potential alternative to 

indwelling catheterization. In contrast to indwelling transurethral catheterization, 

intermittent catheterization exhibited a lower risk of CAUTI (12% in intermittent 

catheterization versus 39% in transurethral catheterization) [46]. Other potential 

substitutes, such as condom catheters [47], have also shown to effectively reduce risk of 

CAUTI. Proper catheter care is another essential prerequisite in preventing CAUTI. Aseptic 

condition during the initial insertion step and subsequent handling process can significantly 

lower the occurrence of CAUTI [48].  

In the case where long term indwelling catheterization is unavoidable, the selection of 

an antimicrobial catheter can help lower the possibility of developing CAUTI. Silver, 

antibiotics and AMPs have been suggested as bactericidal compounds that can confer 

antimicrobial property onto catheters to minimize infection risks. A detailed discussion on 

the efficacy and challenges of using these compounds are presented in Section 2.3.  

2.2.2. Therapy  

For patients with CAUTI, it is important to initiate treatment as soon as possible to 

prevent further complications which can negatively impact the patients’ health. In CAUTI 

patients where long term indwelling urinary catheter is deemed absolutely necessary, it is 

important to first remove any old infected catheters, and replace with a new one before 

initiating antibiotic or other treatment regiments [49, 50]. This will aid in accelerating the 

resolution of symptoms and lower risk of subsequent CAUTI episodes [50].  

Urine analysis should follow to help guide  the selection, dosage and duration of 

antibiotics regiment [51].  
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Table 2.1. Antibiotics and action of mechanism against respective bacteria strains  

Bacteria strains Recommended antibiotic Action of mechanism 

Gram-negative 
bacteria 

moxifloxacin [52], 
ampicillin [53], 

chloramphenicol [54], 
nalidixic acid [55] 

Permeabilize the protective outer 
and inner membrane, to inhibit 
and/or disrupt normal cellular 

functions 

Gram-positive 
bacteria 

vancomycin [56, 57], 
teicoplanin [56, 58], 
daptomycin [56, 57] 

Penetrating the thick 
peptidoglycan layer of the cell 

wall, targeting cytoplasmic 
materials and signaling pathways 

 

Each antibiotic has a different working mechanism, hence careful selection of drugs, 

based on bacteria population, is crucial to reduce any likelihood of antibiotic resistance 

development in bacteria (Table 2.1). Duration of antimicrobial therapy is another important 

factor that clinicians should take into account when handling CAUTI. Guidelines published 

by Infectious Diseases Society of America (IDSA) state that a seven-day antibiotic course 

should be prescribed to general CAUTI patients. In the case that patients show delayed 

response to the treatment, a prolonged fourteen-day antibiotic regiment should be 

implemented [49, 50].   

Since the discovery of penicillin almost 90 years ago, antibiotics has been the gold 

standard and sole remedy in the treatment of bacterial infections. However, with the 

abusive use of antibiotics in the last decade, the medical community has seen a drastic 

increase in development of bacterial resistance towards antibiotics due to rapid bacteria 

evolution, chromosomal changes and exchange of genetic material [59, 60]. The 

prominence of such antibiotic resistant bacteria has prompted an urgent search for new 

alternative treatments and control strategies for infectious diseases. Silver compounds and 

nanoparticles have been gaining recognition from scientific society as a replacement for 

antibiotics [61, 62]. These silver compounds are reported to demonstrate potent 
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antimicrobial activity against both gram-positive and gram-negative bacteria strains [10]. 

However, studies have suggested that administering silver compounds can also post 

adverse cytotoxic effect to living beings [63]. Another alternative to antibiotics is AMPs. 

These short peptide chains possess broad spectra activity against most microorganism 

including gram-positive and gram-negative bacteria, viruses and fungi. Their membrane 

perforating action of mechanism ensures a relatively low chance for resistance 

development. These peptides possess superb biocompatibility with eukaryotic cells due to 

the lack of electrostatic interaction between them. Development and utilization of AMPs as 

an alternative to conventional antibiotics will be elaborated further in Section 2.4.  

2.3. Antimicrobial coating on biomedical device 

For patients who require long term catheterization, other than careful management to 

maintain sterility of the indwelling catheter, another strategy to prevent occurrence of 

CAUTI will be the use of antimicrobial urinary catheters. Two commercially available 

antimicrobial catheters are the silver alloy coated latex and nitrofurazone impregnated 

silicone ones.  

2.3.1. Silver catheters  

Exploitation of silver as an antibacterial agent for developing antimicrobial catheters is 

well justified due to its excellent activities against a broad spectrum of microbes [64], 

including antibiotic resistant S. aureus [65], many prevalent gram negative uropathogens 

[10, 66] and the opportunistic yeast Candida albican [67]. The development of resistance 

against these metallic compounds also reportedly requires extensive mutational change in 

the bacterial genome, which is extremely rare [68]. Silver compounds, such as silver oxide, 

silver citrate and various silver alloy, have thus been developed as coatings for urinary 
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catheters in the hope of preventing and/or delaying the onset of CAUTI occurrence. Early 

studies demonstrated the efficacy of silver catheter in reducing the incidence of CAUTI [69-

72]. However, inconsistency in clinical potency, especially in patients requiring long term 

catheterization [73, 74], along with potential risk of argyrism [16] will limit its use in the 

medical settings. 

The first silver catheter was developed by coating catheter surface with a thin layer of 

silicone elastomer loaded with micronized silver oxide. A large scale survey by Riley et al., 

however, reported that the silver catheter, had not only failed to prevent CAUTI, but had 

resulted in a significant increase in the occurrence of bacteriuria [75]. With further research 

and development, Bard Medical developed the Bardex I.C. infection control foley catheter. 

The latex catheter is incorporated with silver alloy which is chemically attached to its 

surface, followed by a subsequent gold/palladium coating that acts as barrier to allow 

sustained release of the silver ions from both intraluminal and extraluminal surface [76]. 

An additional hydrogel is coated on top of the silver/gold coating to enhance its lubricity. 

There is a wide disparity in the clinical effectiveness of these silver-impregnated catheters. 

A review by Brosnahan et al. illustrated that these silver alloy catheters dramatically 

reduced the incidence of asymptomatic bacteriuria in catheterized patient [77]. On the 

other hand, a separate study showed that 14.29% of the 1165 patients with silver catheter 

developed CAUTI. Compared with the 16.15% CAUTI rate for patient with basic silicone 

catheters, no significant difference in CAUTI rate was observed for patients with silver 

catheters [78]. While there is a wide disparity in the results between various clinical trials, 

the general consensus is that the effectiveness of the silver catheter dwindles with 

increasing duration of catheterization. The balance of evidence highlights that silver 

catheters are more therapeutic in short term catheterized patients.  
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Alternative coatings, exploiting characteristics of silver, have been researched upon in 

the hope of developing a truly efficient silver-based antimicrobial catheter. Guggenbichler 

et al. developed a novel technology enabling homogeneous distribution of nanosilver 

particles throughout a polyurethane matrix. Release profile suggested that the silver-

loaded material exhibited a moderate, sustainable release kinetics for up to a year [79]. 

Kumon et al. also introduced an antimicrobial coating, consisting of a mix of lecithin, silver 

citrate and liquid silicone. The coating produced a hydrophilic surface with controlled 

released of silver ions. In vitro antimicrobial and anti-biofilm assay demonstrated potent 

resistance against microbe adhesion [80]. Although clinical trials of these silver loaded 

coatings have not been reported, these novel materials hold great potential to be translated 

for future development as antimicrobial catheters, if the cytotoxic challenge associated with 

silver catheters can be addressed.  

2.3.2. Antibiotic catheters 

In 1997, Darouiche et al. loaded a mix of antibiotics (minocycline and rifampicin) into 

urinary catheter material. The antibiotic-infused urinary catheter displayed significantly 

lower rates of infection for both in vitro and in vivo models. However, bactericidal efficacy 

of these antibiotic catheters deteriorated with extended catheterization [81, 82]. The 

lowered efficacy could be due to inadequacy of these antibiotics against gram-negative 

bacteria. With prolonged catheterization, gram-negative bacterial contamination is 

normally the predominant uropathogen population. These catheters were not optimized 

further due to the lack of long term efficiency.  

Nitrofurazone is a potent antibiotic, possessing a broad spectrum of bactericidal 

activities against both gram-positive and gram-negative bacteria. The superb antimicrobial 

activity and chemical resilient property makes it an ideal coating agent for urinary catheters. 
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Throughout the years, various types of nitrofurazone-impregnated urinary catheters have 

also been developed. These antibiotic-coated catheters have been illustrated to 

successfully prevent or delay the onset of CAUTI [83]. Rochester Medical Corporation 

(Stewartville, USA) developed antimicrobial catheters exploiting these outstanding 

properties. Using a proprietary process, both intraluminal and extraluminal surfaces of 

silicone catheters are layered with nitrofurazone-impregnated silicone. A preliminary in 

vitro study indicated that the modified catheter was broadly active against common UTI 

pathogens, inhibiting 75% of the urinary bacterial isolates [84]. A study by Maki et al. 

highlighted the effectiveness of the nitrofurazone-impregnated catheters under clinical 

settings. The rate of CAUTI in catheterized patients was reported to be lower at 2.4% for 

patients receiving nitrofurazone catheters compared to 6.9% in patients with normal 

silicone catheters [85]. Further studies into the nitrofurazone catheters revealed that these 

antibiotics-impregnated devices are more potent and sustainable in contrast to silver 

catheters [86]. However, inconsistent antimicrobial results were obtained when these 

antibiotic-infused catheters were tested under different clinical settings, especially when 

catheterization period was lengthened [72, 74]. A separate survey illustrated insignificant 

differences (P=0.22) in CAUTI rates between control and nitrofurazone catheterized 

patients for up to 7 days [85, 87]. Such inconsistencies in clinical results could be 

associated with nitrofurazone’s lack of bactericidal action against certain CAUTI-related 

bacterial strains, such as Proteus mirabilis, P. aeruginosa, Enterobactor sp. and Serratia 

sp. While the growth of other CAUTI-related bacteria was curbed by released nitrofurazone, 

these unaffected microbes continue to multiply and colonize, eventually compromising the 

indwelling antimicrobial catheter.  

The search for antibiotics-laden antimicrobial catheters has not ceased due to 

inconsistencies in clinical result. In 2003, Richard et al. developed an alternative 
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antimicrobial catheter by adding antiseptic chlorhexidine digluconate (CHG) to silicone 

elastomer and subsequently molded these material to form a urinary catheter via high 

pressure compression. These CHG-loaded catheters displayed good resistance against 

bacteria adhesion and colonization for prolonged periods of time without evoking any 

cytotoxicity. More recently, Fisher et al. developed a simple strategy to impregnate 

commercially available silicone catheters with a variety of antibiotics (rifampicin, 

sparfloxacin and triclosan). In vitro flow experiments show that these antimicrobial 

catheters were effective for up to 7 weeks, preventing surface colonization by common 

uropathogens [88]. Despite these promising preliminary results, the long term sustainability 

of antibiotics-laden catheters poses a huge question on the effects of their use on 

propagating resistance development in pathogens.   

2.3.3. AMP catheters  

AMPs have been touted as the next generation antibiotics. These short peptides 

possess unique physical and biochemical properties including rapid and broad spectrum 

bactericidal action, high biocompatibility, and low susceptibility to bacterial resistance 

development due to its membrane-targeting mode of action [89]. These properties make 

AMPs excellent antimicrobial coating agents for biomedical devices. However, to 

effectively exploit AMPs as coating agents, it is important to immobilize these peptides on 

targeted surfaces without compromising their conformational and functional integrity. An 

introduction of AMPs, their bactericidal mechanism and the applicability of these peptides 

as antimicrobial coating agent for medical devices, especially urinary catheters, will be 

discussed in the following sections of this chapter.  
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Table 2.2. Competitive advantages of AMP-based urinary catheter over current CAUTI 
treatment methodologies. 

Current CAUTI treatment AMP-based urinary catheter 

Resistance development 
Minimal chance of resistance 

development 

Unstainable antimicrobial performance Sustainable prolonged performance 

Bacteria specific Broad spectrum antimicrobial action 

Systemic cytotoxicity associated with 
systematic antibiotic therapy 

Localized treatment 

 

2.4. AMPs: functions and therapeutic potential 

AMPs are endogenous peptides inherently present within multi-cellular organisms. 

Formerly, in the nineteenth century, before the categorization of AMPs, it was noticed that 

certain antimicrobial compounds were present in secretions, blood and various lymphatic 

tissues. These compounds exhibited bactericidal properties against both gram-positive 

and gram-negative bacteria [90]. Upon exposure to invading microorganisms, these 

antimicrobial compounds would be induced to kill or retard the growth of these microbes, 

supporting the action of natural and adaptive immunity [91]. Further research efforts and 

improved separation techniques led to the isolation of certain peptides, which are 

responsible for the extensive antimicrobial actions, and thus the discovery of AMPs and 

birth of AMP research. Cecropins, magainins and defensins were among the first few 

AMPs to be isolated and purified [92-94]. Subsequently, the field of AMP research 
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expanded vastly. Up till now, more than 1220 different AMPs had been discovered, with 

extensive functions ranging from antibacterial to anticancer [95].   

2.5. Diversity of AMPs 

AMPs can generally be categorized into 5 broad categories (Table 2.3), based on 

distinctive features such as amino acid sequence and secondary structure [96]. The first 

subgroup consists of peptides that are anionic. This group of peptides is generally present 

in pneumonary extracts and cells [97]. These short peptides are proven to exhibit broad-

spectrum activities against both gram-positive and gram-negative bacteria [98, 99]. The 

second category of peptides is the cationic AMPs, which are generally short and deprived 

of cysteine residues. These peptides are unordered in aqueous solution, but adopt a 

distinctive alpha helical conformation in the presence of bacterial membrane mimicking 

sodium dodecyl sulphate (SDS) micelles [100]. Examples of such peptides include 

magainin [101] and LL-37 [102]. It has been hypothesized that the cationic charges 

enhance electrostatic interaction between the peptide and bacterial membrane, aiding its 

membrane targeted antimicrobial action. Another group consists of peptides that are rich 

in certain amino acids. Some examples include indolicidin, which is rich in tryptophan 

content [103], and prophenin, which contains high amounts of proline and phenylalanine 

[104]. Similar to the cationic peptides, these peptides lack cysteine residue. Depending on 

the inherent amino acid sequence and solvent environment, these peptides can adopt 

various conformations. The fourth subgroup of AMPs consists of peptides containing 

cysteine residues. These peptides form intra- or inter-chain disulfide bonds and generally 

adopt beta-sheet structure. A typical example  of such peptides is the defensins [93, 105]. 

β-defensin represents one of the largest groups of AMP in human and animals. These 

peptides are generally 36 – 42 amino acids long with 6 cysteine residues, linked by 3 
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intramolecular disulfide bonds. These peptides exhibit good antimicrobial characteristics 

against a broad spectrum of microbes.  

Table 2.3. Categorization of AMPs. 

Classes of AMPs Examples 

Anionic peptides without cysteine 
residue 

Maximin H5 [106]  

Cationic peptides without cysteine 
residue 

Cecropins [107], andropin [108], moricin 
[109], 

melittin [101], LL37 [102] 

Cationic peptide without cysteine 
residue, but with high content of 

specific amino acids 

Indolicidin [103], prophenin [104], 
PR-39 [110] 

Peptides with cysteine residues β-defensin [111], drosomycin [112] 

 

2.6. Mechanism of action of AMPs 

With the rapid discovery of new and more potent AMPs, extensive effort had also been 

directed to evaluate the killing kinetics and mode of action of these peptides. Such 

information is crucial for the design and development of more effective AMPs. 

Killing kinetic assays were employed to estimate the speed of bactericidal action of the 

target peptide. Speed of AMP mediated killing can vary with peptides, which is presumably 

due to the different mechanisms of action. Some peptides initiate their antimicrobial action 

seconds within exposure. Novispirin G10, a synthetic peptide, kills bacteria within 2 

minutes [113]. On the other hand, there exist peptides that mediate their cell killing at a 

relatively slower rate. Killing kinetic assay conducted on cecropin P1 demonstrated that it 

requires approximately 20 minutes to exert its bactericidal effect [114].  
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Despite the differences in microbe killing rate or specific antimicrobial action, all AMPs 

generally undergo similar steps to induce the required bactericidal effect (Figure 2.5). Prior 

to any antimicrobial action, the peptides must first be attracted to the bacteria membrane 

surface. A well-known mechanism for such attraction is via electrostatic interactions, where 

cationic peptides are attracted to oppositely charged phospholipids present in 

lipopolysaccharides of gram-negative bacteria, and teichoic acids on surface of gram-

positive bacteria [91]. A study by Ouhara et al. reported that bacteria strains with higher 

net negative charge are more susceptible to peptide-mediated killing compared to 

counterparts which possessed a lower net negative charge [115]. This observation 

illustrates the importance of electrostatic interaction for initial interaction between peptide 

and its respective bacteria target. Hydrophobic interaction, between the hydrophobic 

regions of the AMP and zwitterionic phospholipids of the bacterial phospholipid bilayer, is  

also hypothesized to play an important role in the attachment and subsequent partitioning 

of AMP to bacterial membrane [116]. Such hydrophobic interaction is important for peptide 

attachment to bacterial membrane surface, especially for anionic or weakly cationic 

peptides. Regardless of the peptide genre, the hydrophobic interaction is crucial for 

subsequent permeabilization into and disruption of the bacterial phospholipid bilayer, as 

per hypothesized in the three models introduced in the next section.   

Upon closing in and traversing through the capsular polysaccharides surrounding the 

respective bacterial species, the peptides subsequently interact with the outer membrane 

(in gram-negative bacteria) / cytoplasmic membrane (in gram-positive bacteria). These 

membranes are composed of phospholipids arranged in a bilayer conformation. In general, 

peptides bind to the lipid bilayer in 2 distinct states, S- and I-states [117]. At low peptide to 

lipid ratio (P/L), the peptides would be adsorbed into the lipid head group of the membrane 

phospholipid, stretching and thinning the lipid bilayer (S-state) [118]. With increasing 
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peptide attachment to surface, beyond a critical P/L, the peptide transit to the I-state, where 

the peptides align perpendicularly and permeabilize the lipid bilayer, disrupting the orderly 

arrangement of the phospholipids. Three different models have been proposed to simulate 

the mechanisms of membrane permeabilization, i.e. the barrel stave, carpet and torroidal 

pore models (Figure 2.5).  

 

Figure 2.5. Mechanism of action of AMPs. 
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In the barrel stave model (Figure 2.6), peptides align vertically in a bundle within the 

phospholipid bilayer. In the middle of the bundle is a central lumen. It had been suggested 

that the central lumen provides the avenue for escape of cytoplasmic material, which 

eventually leads to killing of the microbe. One typical peptide that adopts the barrel stave 

model of membrane permeabilization is alamethicin [119-121]. In the alamethicin barrel 

stave model, the hydrophobic region of the peptides face the hydrophobic core of the lipid 

bilayer, while hydrophilic regions face the central lumen, forming a hydrophilic channel in 

the membrane phospholipid bilayer. Cytoplasmic contents were gradually leached out to 

the external environment, leading to death of the microbe.   

 

Figure 2.6. Barrel-stave model of AMP (Reprinted and adapted by permission from 
Macmillan Publishers Ltd: Nature Reviews Microbiology [91], copyright 2005). 
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Another model that is suggested for AMP mediated killing is the carpet model (Figure 

2.7). In this model, the peptide is attracted to the oppositely charged membrane surface, 

via electrostatic interaction. These peptides cover the phospholipid bilayer surface at 

various sites. Upon reaching a critical concentration, the peptides would form transient 

holes in the membrane, disrupting the orderly lipid bilayer in a detergent-like manner. 

Subsequently, the membrane disintegrates into numerous micelles, killing the target 

microorganism [121, 122]. Some peptides that are hypothesized to adopt the carpet model 

mechanism include ovispirin [123], dermaseptin [124], cecropin [125] and LL-37 [126].  

 

Figure 2.7. Carpet model of AMP (Reprinted and adapted by permission from Macmillan 
Publishers Ltd: Nature Reviews Microbiology [91], copyright 2005). 
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The last mechanism of action adopted by AMPs is the torroidal pore model (Figure 2.8). 

In this model, the peptides form helices and penetrate into the phospholipid bilayer. Peptide 

penetration causes the lipids to bend inwards, resulting in the formation of a water core to 

be present in the bilayer, lined by both the peptides and the polar head group of the 

phospholipid [91]. Osmotic pressure from external environment and leakage of cytoplasmic 

materials through the hydrophilic pore eventually kills the target bacteria. Magainin, an 

AMP isolated from African clawed frog Xenopus laevis, is well known to exhibit such 

torroidal pore membrane permeabilization mechanism [127].  

 

Figure 2.8. Torroidal pore model of AMP (Reprinted and adapted by permission from 
Macmillan Publishers Ltd: Nature Reviews Microbiology [91], copyright 2005). 
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The three models provide researchers with a general outlook to the action of mechanism 

of AMPs but detailed structure-function relationship of AMPs remains poorly understood 

and affects our ability to take full advantage of these potent peptides. Further and more in-

depth research efforts have to be dedicated to understanding the peptide’s mechanism of 

action along with development of analytical tools to guide structure-function studies. To aid 

in evaluating the mode of action of AMPs, various high resolution analytical techniques 

had been utilized including Nuclear magnetic resonance (NMR) spectroscopy, 

fluorescence and Circular Dichroism (CD) spectroscopy [91]. Solid state NMR-

spectroscopy can provide molecular insights into the secondary conformation, alignment 

and insertion of the peptide with respect to the phospholipid bilayers. CD is commonly used 

to determine the secondary structure adopted by AMP under various solvent environments.  

 2.7. Engineering AMPs for improved functionality 

Natural AMPs are often confronted with inherent limitations such as susceptibility to high 

physiological salt concentration (150 mM NaCl) which can adversely affect an AMP’s 

antimicrobial potency due to charge shielding effect, degradation by protease and limited 

biocompatibility. Performance of these AMPs can be enhanced by synthetically 

engineering the original amino acid sequence to improve specific peptide properties. Some 

common modification strategies include N-terminal acetylation, C-terminal amidation, D-

amino acids incorporation and cyclization [128].  

2.7.1. N-terminal acetylation and C-terminal amidation 

N-terminal acetylation and C-terminal amidation are two of the commonest chemical 

modifications in AMP engineering. While C-terminal amidation helps to increase overall net 

charge of the AMPs, enhancing electrostatic attraction to negative bacteria membrane [129, 
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130]; N-terminal acetylation acts to improve peptide stability, by preventing N-terminal 

degradation [131, 132].  Strandberg et al. investigated the influence of C-terminal 

amidation on antimicrobial activity of AMPs. Minimum inhibitory concentration (MIC) of 

candidate AMPs (PGLa, MSI-103 and MAP) reduced drastically upon amidation [129]. A 

structural study indicated that amidation stabilizes the amphiphilic helical conformation of 

AMP, hence enhancing association and partitioning of the peptides into the bacterial 

membrane, allowing a higher concentration of AMP attachment at the interface [133]. In a 

separate study by Brinkenhoff et al., stability of immunogenic peptide Mart127-35 against 

degradative endo- and exopeptidase was markedly enhanced with N-terminal acetylation 

[132].  

2.7.2. Hybridisation of AMPs 

Through appropriate substitution and addition of certain moieties to the natural AMP 

sequence, a peptide’s antimicrobial efficiency and biocompatibility can be significantly 

improved. Some examples of hybridized AMPs include CA(1-13)M(1-13) and Me-D. CA(1-

13)M(1-13) is a synthetic AMP, derived from hydridisation of cecropin A and melittin. The 

variant peptide displayed better bactericidal potency and broader spectrum of activities, in 

contrast to both the parent peptides [134]. In a separate study, Xu et al. integrated the anti-

biofilm amino acid sequence FV7 (FRIRVRV) into AMP RR16. The resultant R-F-V16 

demonstrated superb antimicrobial action against both gram-positive and gram-negative 

bacteria as well as good anti-biofilm property [135]. It is shown that by integrating the active 

regions of various AMPs, the hybrid analogs possessed the combined benefits from each 

fragments.  
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2.7.3. Incorporation of unusual amino acids and/or amino acid sequences 

Me-D, a melittin diastereomer comprising D-amino acids and leucine zipper moieties, 

displayed 8-fold lower hemolytic activity in contrast to melittin [136].  Another advantage of 

peptidomimetics is that these peptides are more resistant to proteolytic degradation. 

P113D, a derivative of histadine, was reported to be less susceptible to proteolysis by 

common enzymes, but retained similar antimicrobial potency as the parent peptide [137]. 

D-amino acid substitution has also been reported to improve AMP’s bactericidal activity 

and biocompatibility [138, 139]. A systematic study of D-amino acid substitution on AMP 

revealed that replacement with these unusual amino acids induced certain localized 

change in chirality and/or secondary conformation, affecting its interaction with target 

bacterial membrane and serum protein [140]. Such structural alteration might be the 

underlying cause for the observed change in the modified peptide’s performance. 

2.7.4. Molecular dynamic simulations for rational peptide design 

Molecular dynamic simulations has been commonly employed to elucidate an AMP’s 

mode of antibacterial mechanism. However, it can also serve as an invaluable tool for 

peptide design and engineering. Upon better understanding the peptide template’s 

interaction with bacterial and/or eukaryotic membrane, rationale engineering strategies can 

be taken to optimize subsequent variant’s antimicrobial performance and/or cytotoxicity.  

In 2009, Tsai et al. utilized coupling molecular dynamic simulations to develop an 

indolicidin analogue, which possessed improved antimicrobial potency and enhanced 

biocompatibility, with cytoxicity against erythrocyte cells dropping to only 10% of the parent 

AMPs’ [141].  
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2.7.5. Phage display library screening for identification of potent AMPs.  

Other than specific engineering strategies that were mentioned earlier, it is also 

essential that extensive efforts are being diverted into developing strategies which are able 

to systematically and efficiently screen large library of random peptide sequences for 

potent synthetic AMPs. A powerful tool for such purpose phage display library screening 

[142, 143]. Briefly, phage library displaying random peptide sequences, being fused to its 

coat protein, was exposed to whole cells of E. coli that were immobilized to the bottom of 

96 well plates. Unbound phages were removed and peptide sequences that illustrated 

enhanced bacterial binding capabilities were isolated. Multiple rounds of such biopanning 

process were conducted to narrow down and finally select the peptide sequence with the 

highest bacterial membrane binding efficacy. In a recent study, Shilpakala et al., using a 

12-mer phage display library screening, to identify a novel AMP that demonstrated 

proficient bacterial binding capability [144]. Antimicrobial assay results show that the 12-

mer peptide is bactericidal against Gram-negative organisms, with superior membrane 

interaction and permeabilization properties. The peptide has also been illustrated to be 

highly biocompatible, with negligible cytotoxicity against eukaryotic erythrocyte cells.  

The above-mentioned engineering methods represent some of the more common 

strategies to modify AMPs, in a bid to improve antimicrobial potency, conformational 

stability and biocompatibility. Other ways include enhancing amphipathicity, increasing 

hydrophobicity and peptide cyclization. The list is non-exhaustive. With the abundance of 

such modification methodologies, numerous synthetic peptides, with superior physical and 

biochemical properties, are being developed. In this research project, some of these 

modification strategies will be adopted and optimized to synthesize a de-novo synthetic 

AMP as antimicrobial coating agent for biomedical devices. 
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2.8. Covalent Immobilization of AMPs 

Covalent immobilization of AMPs onto biomedical device surfaces has been suggested 

as a possible strategy to tackle the problem of nosocomial infection. By tethering 

bactericidal AMP onto silicon surface, scientists hope to generate a contact active, 

antimicrobial surface where microbes will be killed upon interaction with the peptide-lined 

surface. Moreover, covalent immobilization of AMP has been shown to minimize peptide 

leaching, enhance bactericidal activity and provide long-term antimicrobial protection for 

the target surface [145, 146]. Various studies have been conducted in the past decade to 

develop an AMP-based antimicrobial surface (Table 2.4).  
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Table 2.4. Published AMP immobilization studies (Reprinted from reference [147], Acta 
Biomaterialia, 7, Costa F, Carvalho IF, Montelaro RC, Gomes P, Martins MCL., Covalent 
immobilization of antimicrobial peptides (AMPs) onto biomaterial surfaces, 1431-40, 
Copyright 2011, with permission from Elsevier.) 

 AMP Substrate AMP immobilization strategy 
Microorganism 

assessed 

[148] 

Magainin II 
and related 
synthetic 

amphiphilic 
peptides 

Polyamide 
resin (pepsin 

K) 

Directly synthesized on 
polyamide resin, after 
immobilization through their C-
terminal amino acids. 
•AMP orientation was controlled. 
•Short spacer with 2- or 6-
carbon chains was used. 
•Stability to heat was studied. 
•No AMP release was observed. 

E. coli, S. aureus, 
K. pneumoniae, 

B. subtilis, C. 
albicans, A. niger 

and P. 
aeruginosa 

[149] Magainin I 

Non-fouling 
copolymer 

brushes based 
on different 
percentages 

of:2-(2-
methoxyethoxy

)ethyl 
methacrylate 

(MEO2MA)/hy
droxyl-

terminated 
oligo(ethylene 

glycol) 
methacrylate 
(HOEGMA) 

Peptide immobilized by its C-
terminal amino acid. The 
process consisted of a previous 
incorporation of a cysteine 
residue on the C-terminal of 
magainin, to be reacted with the 
polymeric brushes via PMPI (N-
(p-maleimidophenyl)isocyanate). 
•AMP orientation was controlled. 
•Brushes were used as spacers. 
•Different AMPs densities was 
tested. 

L. ivanovii and B. 
cereus 

[150] Magainin I 

Mixed 
OH/COOH-
terminated 

self-assembled 
monolayers 

(SAMs) 

Immobilization by the free AMP 
amines after activation of the 
COOH groups of the SAM with 
NHS/EDC 
•AMP orientation was not 
controlled. 
•No spacers. 
•No AMP release was observed. 

L. ivanovii, 
Enterococcus 
faecalis and S. 

aureus 

[145] 

Magainin-
derived 

MK5E and 
KLAL 

PEGylated 
TentaGel S, 
HypoGel 400 
and HypoGel 

200 resin 
beads 

C-terminally immobilized 
peptides were achieved by 
standard solid-phase peptide 
synthesis and Fmoc (9-
fluorenylmethoxycarbonyl)-
chemistryN-terminal and side-
chain immobilization were 
achieved by thioalkylation and 
oxime formation. 

E. coli and B. 
subtilis  
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•AMP orientation was controlled. 
•Different AMPs densities were 
tested. 
•Effect of PEGylated spacers 
was tested. 
•The hemolytic effect was 
assayed. 

[151] Melimine 
Commercial 

contact lenses 
(etafilcon A) 

Immobilization by the free AMP 
amines using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimi
de. 
•AMP orientation was not 
controlled. 
•No spacers. 

P. aeruginosa, S. 
aureus and S. 
pneumoniae  

[152] Melimine 
Glass 

coverslips 

Immobilization through the free 
AMP amines using two different 
strategies. 
•Using EDC after previous 
activation of the OH groups of 
the glass surface with 4-
azidobenzoic acid (ABA) and 
irradiation with UV-light (320 
nm). 
•As above but using 4-fluoro-3-
nitrophenyl azide (FNA) instead 
of ABA. 
•AMP orientation was not 
controlled. 
•No spacers. 
•Different AMP densities were 
tested. 

S. aureus and P. 
aeruginosa 

[153] 
Cathelin 

LL37 

Silanized 
titanium 

surfaces: 
Using 

glycidyloxypro
pyl 

triethoxysilane 
(epoxy 

silane)3-
aminopropyl 

triethoxysilane(
amino silane) 

•N-maleimidopropionic acid 
succinimide ester. 
•R-N-hydroxysuccinimidyl-ö-
maleimidyl-PEG. 
•Effect of AMP orientation was 
tested. 
•Effect of PEGylated spacers 
was tested. 
•Different AMPs densities were 
tested. 

E. coli 

 

A study published in 1995 by Haynie et al. represents one of the first few attempts to 

covalently graft AMPs onto target surface [148]. Naturally occurring Magainin II and several 



37 

 

synthetic AMPs were covalently grafted onto polyamide resin surfaces. These AMP-

immobilized resins displayed good antimicrobial activity against all tested microbes. The 

result from the study verified the possibility of an AMP-based antimicrobial coating, and 

initiated a new wave of research for a more efficient peptide immobilization platform. 

Numerous studies started to surface, promoting various efficient strategies for peptide 

grafting. In 2008, Wilcox et al. successfully translated these immobilization strategies onto 

biomedical devices for clinical applications [151]. In that study, melimine, a synthetic AMP, 

was covalently immobilized onto contact lens surfaces. The peptides were tethered onto 

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide activated contact lens surface via covalent 

coupling with free peptide amines. The AMP-linked lens showed significant bactericidal 

property, with >70% inhibition in bacterial growth. More recently, SESB2V was immobilized 

onto titanium artificial cornea skirt [154]. Both in vitro and in vivo antimicrobial assays 

showed promising results, with lower incidence and lesser extent of infection on AMP-

grafted implants than untreated controls. These studies demonstrated the viability and 

clinical potential of an AMP-based antimicrobial coating for preventing nosocomial 

infections.  

Along with the platform development, various investigational studies were also 

conducted to examine important factors mitigating the efficiency of peptide immobilization. 

Based on the result from the respective studies, several crucial activity modulating 

parameters that directly affect the efficacy of peptide tethering and immobilized peptide 

functionality can be identified. Some of these factors include chemical coupling strategies, 

spacer specificities, immobilized AMP density and peptide orientation upon tethering.  
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2.8.1. AMP chemical coupling strategies 

Peptide immobilization strategies can differ with various external factors such as amino 

acid sequence, AMP orientation, presence of spacer and spacer specificities. 

Immobilization can be carried out in a random manner or through specific means.  

Random peptide immobilization normally involves reacting free amine groups along the 

peptide length with exposed surface carboxyls (or vice versa, i.e. reacting carboxyls from 

peptide with surface amines) to form strong amide bonds. The presence of multiple free 

amine (or carboxyl) groups along the peptide length meant that the AMP can be attached 

onto the carboxyl (or amine) functionalized surface at any point, hence the lack of 

specificity. The antimicrobial potency of these randomly immobilized AMPs are usually 

compromised. In an early study to investigate the effect of immobilization specificity on 

tethered AMP antimicrobial potency, LL37 was grafted onto titanium surface via random 

and specific strategies [153]. In contrast to specifically grafted AMPs which demonstrated 

strong microbe inhibition, randomly immobilized LL37 lost its antimicrobial activity with no 

significant killing observed.  

Alternatively and ideally, peptide immobilization can be conducted in a specific manner. 

Specifically bounded AMPs are preferred over random immobilization as the former 

tethering platform can be designed to ensure maintenance of peptide structural motifs 

known to be relevant for activity, and to allow better exposure and flexibility that can closely 

mimic behavior of the AMP in soluble state [147].   

A straightforward way to ensure specific immobilization of peptides is to synthesize them 

directly onto the targeted surface. Briefly, the surface is functionalized with an initiator from 

which selectively protected amino acids can be incorporated in a stepwise manner, via 

Fmoc/Bu strategy. Upon assembling the desired amino acid sequence, de-protection 
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treatment is eventually performed to activate the peptide.  In a 2009 study by Bagheri et 

al., AMPs (KLAL and MK5E) were constructed directly on PEG functionalized resin bead 

surfaces [145]. Resin-bound peptides exhibited good bactericidal functionality, with strong 

antimicrobial activity against both gram-positive and gram-negative bacteria. Several other 

studies using similar peptide immobilization method also showed promising results [148, 

155]. Despite the optimistic outcome, such immobilization method suffers from several 

drawbacks such as process complexity, limited application and discounted antimicrobial 

efficiency.  

A promising alternative to building the peptide directly onto the surface is to covalently 

attach AMPs onto the target surface. In order to achieve this, the peptides have to be 

incorporated with a specific functional group at a selected position. This peptide can then 

be chemoselectively tethered onto the appropriately functionalized compatible surface. 
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Figure 2.9 illustrates various chemical coupling strategies for controlled covalent grafting 

of peptides onto respective functionalized surfaces.   

An easy and commonly used site-specific AMP coupling strategy involves developing 

self-assembly monolayer (SAM) of reactive compounds on suitable surface. The free end 

of the SAM film is normally functionalized with certain reactive chemical groups (e.g. 

maleimide, aldehyde and isothiocynate) for subsequent peptide coupling. Humblot et al. 

reported a novel method to functionalize gold surface with mixed thiolated SAMs, on which 

Magainin I was covalently grafted on through sulfhydryl chemistry. The Magainin I-

immobilized surface demonstrated significant antibacterial activity against tested gram-

positive bacteria [150]. In a separate study, cysteine-terminated cecropin P1 was 

chemically immobilized onto a silane-EG4-maleimide SAM. These cecropin-immobilized 

surfaces showed potent killing efficiency against E. coli [156]. 

In recent years, the use of polymer brushes for covalent AMP-surface grafting has 

gained significant attention. Polymer brushes consist of ultrathin assemblies of multiple 

polymer chains that have one end tethered to the respective substrate surface. The free 

ends of these polymer chains are usually functionalized with a specific chemical group (e.g. 

epoxide and thiols), to which peptides can bind via specific chemical bonding such as 

sulfhydryl chemistry. These polymer brushes can be easily fabricated on different surfaces 

[157]. Polymer brush properties, such as high mechanical robustness, negligible 

cytotoxicity, increased immobilization sites and potent anti-biofilm functionalities, play a 

vital role in ascertaining their potential application in surface AMP attachment. In a recently 

published study, synthetic peptides RK1 and RK2 were grafted onto the allyl glycidyl ether 

(AGE) polymer brush [158]. The immobilization platform was applied to both model PDMS 

and silicone catheter surfaces. These peptide-coated surfaces demonstrated excellent 

bactericidal activities against both bacteria and fungi.   
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Polydopamine (PD)-based coating represents another attractive approach that can be 

easily adopted for AMP grafting. Since being reported in 2007, the use of PD has 

revolutionized the way surface functionalization was done [159]. Instead of the 

conventional cumbersome and complicated process of activation and functionalization, 

substrate surfaces, both organic and inorganic can be easily, easily functionalized with 

active amine and/or catechol group through a simple immersion step [159, 160]. The 

functionalized surface can then be used for grafting with various chemical compounds or 

biological moieties with complementary active groups. Lee et al. successfully immobilized 

cell-adhesive RGD-containing peptides and basic fibroblast growth factor onto 

polydopamine deposited poly(lactic acid-co-ε-caprolactone) [161]. The immobilization of 

respective bioactive molecules synergistically accelerated adhesion, migration, 

proliferation and differentiation of human umbilical vein endothelial cells. In a separate 

experiment, Yang et al. reported the immobilization of ECM-derived adhesion peptides and 

neurotrophic growth factors onto PD-functionalized polystyrene and poly(lactic-co-glycolic 

acid) substrates. The growth factor or peptide-immobilized substrates demonstrated 

excellent efficacy in enhancing differentiation and proliferation of human neural stem cells 

[160].  Results from these studies demonstrate that bioactive molecules, such as peptides 

and proteins, can be efficiently grafted onto PD-functionalized surface and such 

immobilization does not affect the functionality of the respective molecules. However, no 

similar studies have been conducted to attach AMPs onto PD-functionalized surface.   The 

plausibility for the use of PD-functionalized surface for AMP attachment will be further 

explored in Chapter 4 of the thesis.  

Various other coupling strategies, such as click-chemistry based approaches, have 

been investigated for covalent AMP immobilization. However, the various drawbacks 

associated with these alternate approaches limited their application for AMP tethering. 
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SAM and polymer brush remain the two mainstream methodologies for covalent AMP 

attachment.  
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Figure 2.9. Chemical coupling strategies for covalent AMP attachment (Reprinted from 
reference [89], Biotechnology Advances, 29, Onaizi SA, Leong SSJ., Tethering 
antimicrobial peptides: Current status and potential challenges, 67-74, Copyright 2011, 
with permission from Elsevier).  

 

2.8.2. Effect of spacer 

The inclusion of a spacer as part of the peptide coupling strategy has been the subject 

of much discussion. To date, most of the AMP immobilization platforms published were 

incorporated with a spacer [145, 148, 149, 153, 155, 162]. In most cases, the spacer is a 

polyethylene glycol (PEG) molecule, size averaging around 4000 Da. The use of a PEG 

spacer boasts many benefits such as improved anti-biofilm properties [6], enhanced 

peptide conformational functionality with reduced surface steric hindrance and better 

peptide penetrability due to increased reach with a long spacer. In fact, various studies 

examining the effect of PEG spacer demonstrated that inclusion of spacer is pivotal to 

preservation of immobilized AMP’s bactericidal potency [145, 153, 155, 162]. For example, 

it was reported that ‘PEG spacer’-bound LL37 demonstrated good antimicrobial activities 

against inoculated E. coli [153]. On the other hand, LL37 that was directly attached to the 

titanium surface showed negligible bacteria killing. It was suggested that the long flexible 

PEG spacer provided the AMP with the necessary lateral mobility for it to permeate 

bacterial membrane. In a separate study, Bagheri et al. [145] varied PEG chain length in 

an attempt to investigate the effect of spacer length on bactericidal activity of KLAL and 

MK5E peptides. The result showed a proportionate improvement in antimicrobial potency 

of the immobilized peptide with increased spacer length. This result further confirmed the 

importance of a long, flexible spacer on immobilized peptides’ antimicrobial action.  

There is also an opposing school of thought, proposing the redundancy of spacers and 

the disadvantage of an additional spacer incorporation step, which is detrimental to the 
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efficiency of peptide immobilization, resulting in a lower concentration of AMP covalently 

grafted onto the surface. In 1995, Haynie et al. [148] observed no difference in antimicrobial 

activity when AMPs were separately conjugated to resin surfaces via two- and six-carbon 

chain linker. In a more recent study, Li et al. [158] reported direct immobilization of an 

arginine-, tryptophan-rich peptide onto polymer brush ends without spacer. The 

immobilized AMP retained its potent and broad spectrum activity. The density of 

immobilized peptide is thought to be the determining factor in antimicrobial performance of 

immobilized peptides in these studies.  

Comparing and drawing a definite conclusion from these studies, is nonetheless difficult 

due to difference in the AMP sequences and hence structure-activity relationship, substrate 

materials and immobilization chemistries, which may have an influence on the role of 

spacers.  

2.8.3. Immobilized peptide concentration  

The importance of immobilized peptide density on surface bactericidal property is also 

an important area of study. Peptide surface concentration is usually reliant on the 

accessibility of AMP’s reactive groups and the type of chemical coupling strategies used. 

Despite concrete evidence suggesting the importance of immobilized peptide density, 

various reports showed that it may not be the most critical parameter in dictating surface 

antimicrobial potency. In studies by Gabriel et al. [153] and Glinel et al. [149], surface 

biocidal activity was observed to be independent of the amount of peptide grafted. Bagheri 

et al. [145] conducted a study to evaluate the effect of varying peptide density and spacer 

span on immobilized AMP’s bactericidal property. Results from the study demonstrated 

that peptide density is second fiddle in impacting antimicrobial activity. The study indicated 
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that an increase in peptide loading was insufficient to compensate for the loss in activity 

due to shrinkage in spacer length and distortion in peptide conformation [145].  

Albeit these studies disputing the influence of peptide loading on dictating immobilized 

AMP antimicrobial activity, other reports had provided evidence that the effect of peptide 

density should not be marginalized. Chen et al. [152] investigated the effect of immobilized 

melimine concentration on bactericidal activity when immobilized via two different coupling 

strategies. The result demonstrated a proportional relationship between immobilized 

peptide density and AMP’s antibacterial property. This is especially true for the 4-

azidobenzoic acid tethering platform, where a more profound bactericidal activity can be 

observed with higher concentration of grafted peptide [152]. Hilpert et al. [163] developed 

an alternative peptide immobilization platform, tethering biotinylated peptides onto 

streptavidin-coated surfaces. Antimicrobial activity of the AMP grafted surface was found 

to be concentration dependent, with an increase in microbe killing observed with increasing 

tethered peptide concentration. In a recent effort by Basu et al. [164], Polybia-MPI was 

immobilized onto silicone substrate using allyl glycidyl ether (AGE) based polymerization 

chemistry. The Polybia-MPI tethered surface displayed concentration dependent 

antimicrobial activity, where surface bactericidal potency improved as a function of 

increasing immobilized peptide concentration.   

The difference in these reported results makes it hard to draw a clear-cut conclusion on 

the significance of immobilized peptide concentration on antimicrobial activity. Despite 

inconsistencies between the studies’ finding, it can be concluded that immobilized peptide 

density is one of few key factors in determining antimicrobial potency, especially when the 

grafted AMP concentration is low, below a certain critical threshold value.  
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2.8.4. Immobilized peptide orientation 

AMPs kill bacteria by first attaching to the microbe membrane through electrostatic 

interaction, followed by disruption of the phospholipid layers through various penetrative 

and/or lysis modes. Peptide structural studies have exhibited that AMPs generally change 

and adopt a more structured conformation (i.e., α-helical or β-sheet) upon interaction with 

bacterial membrane [165, 166]. It is well-established that such conformational changes are 

crucial to the peptides’ antimicrobial action [167].  In the case of immobilized AMPs, it is 

essential to maintain the conformational integrity and flexibility of these peptides. 

AMPs can be immobilized onto substrate surfaces at various position (i.e. at C-terminal, 

N-terminal or along the peptide chain length), depending on the coupling strategy and 

location of functional group along the peptide length. Common positions for surface 

attachment include N-, C-terminal and/or N-side chain. Variation in grafting positions has 

been shown to bear significant impact on the peptide’s orientation and flexibility, hence 

affecting its antimicrobial activity [145, 153, 162, 168]. Reports by Gabriel et al. [153] and 

Steven et al. [162] compare the differences in antimicrobial efficiency of peptides grafted 

via N-terminally and N-side chain. Results from both studies demonstrated consensus 

results, with only N-terminally attached peptides retaining their antimicrobial activity. N-

terminal conjugation offers the peptide extra mobility and flexibility for structural alterations, 

which is critical for bacteria membrane interaction and subsequent pore formation [153]. 

On the other hand, Lys ε-amino group tethering seemed to have a deleterious effect on 

the AMP’s bactericidal activity, probably due to the active site being occupied for surface 

immobilization, hindering the formation of intramolecular bonds and preventing proper 

assembly of necessary peptide configuration. In a separate study, Bagheri et al. [145] 

compared the antimicrobial properties of C-terminal, N-terminal and N-side-chain 
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immobilized peptides. N-terminally grafted AMPs were the most potent, followed by N-side-

chain tethering. C-terminally attached peptides have the highest MIC values. Li et al. [168] 

conducted a comprehensive study to investigate the difference in orientation between C- 

and N-terminally immobilized peptides. Analysis with sum frequency generation vibrational 

spectroscopy and molecular simulation illustrated that AMP immobilized through the N-

terminus was perpendicularly oriented with respect to substrate surface, while C-terminally 

grafted peptide adopted a parallel orientation. It was suggested that the “standing up” 

orientation of N-terminally grafted AMP offered lesser steric hindrance for peptide folding 

and higher exposure for bacterial interaction, hence a quicker and more potent 

antimicrobial action [168].  

Other than the position of peptide immobilization, other factors such as amino acid 

sequence and coupling strategies, are also crucial in determining immobilized peptide 

structure.  

2.9. AMP controlled release coating  

AMPs can also be immobilized onto solid surfaces through physical means. It normally 

involves physically loading these peptides into polymeric and/or matrix systems, which 

upon implanting, gradually release the AMPs into the surrounding environment for 

sterilization of implanted site and as prophylactic measurement against subsequent 

bacterial infection. Table 2.5 illustrates some of the commonly applied peptide 

encapsulation strategies and the different modes of release [169]. However, there is no 

one ideal encapsulation system or release mechanism. More often than not, the choice of 

encapsulation system is largely dependent on the targeted application and release 

mechanism. Conventional controlled release platforms often rely on a combination of 

several mechanisms. An ideal AMP release profile should exhibit high initial release rate 
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within 24 h upon implantation, for initial site sterilization while the immune system is 

compromised. This should be followed with a slow, sustained release as prophylactic 

measurement against possible subsequent bacterial infection [170].  

Table 2.5. Peptide encapsulation methodology and subsequent release mechanism [169]. 

Peptide encapsulation 
methodology 

Peptide release mechanism 

Emulsion polymerization Bulk and surface erosion 

Interfacial polymerization Diffusion mechanism 

Solvent evaporation Osmotic pressure 

Salting out  

Coacervation  

Layer-by-layer technology  

Solvent displacement  

 

Shukla et al. incorporated an AMP, ponericin G1, into polyelectrolyte multilayer matrices, 

composed of poly(β-amino ester), alginic acid, chondroitin sulfate and dextran sulfate [171]. 

Peptide release profiling indicated sustained release of the peptide up to 10 days, 

accompanied by effective inhibition of S. aureus growth during the period of release. On 

top of that, the peptide-rich coating demonstrated potent anti-biofilm property, resisting 

possible bacterial attachment. In a separate study, Nisin, a common food preservative, 

was loaded into a polyethylene polymer film. The AMP loaded film demonstrated prolonged 
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bactericidal activity, successfully curbing Brochothrix thermosphacta growth for up to 21 

days [172]. Recently, Kazemzadeh-Narbat et al. reported the use of a calcium phosphate-

POPC dual layer assembly to achieve prolonged AMP release on titanium implant. The 

dual layer system illustrated sustained AMP release up to 7 days. The released peptide 

retained superb, broad-spectrum antimicrobial activity, effectively inhibiting both S. aureus 

and P. aeruginosa growth [170].  

Despite achieving sustained peptide release profile and superb antimicrobial potency, 

there are several drawbacks that are often associated with the current controlled release 

platforms. For example, AMPs encapsulated deeper within the matrix system normally lack 

direct contact with the surrounding bulk and might not be effectively released at significant 

concentration [89]. To address this problem, manipulation to factors such as diffusion 

pathway tortuosity [173] and assembly thickness [174], are needed to ease the release of 

these deeply encapsulated AMPs. However, such changes are often complex and hard to 

implement. There is also the problem of short term release, in which AMP release is non-

sustainable. This could be due to binding of bacteria onto the superficial layer of the 

assembly, blocking subsequent diffusion of peptides from within the matrix [89]. Moreover, 

the long term stability and biocompatibility of such polymeric and/or matrix assembly 

remain to be better understood. There have been studies reporting the release of cytotoxic 

by-products upon biodegradation of some polymers. For example, poly(lactic-co-glycolic 

acid) (PLGA) produces acidic by-products upon degradation [175]. In order to better design 

an optimal, sustainable and controlled AMP release platform for antimicrobial coating, the 

aforementioned considerations would have to be carefully taken into account. 
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2.10. Current challenges in AMP functionalization of 

urinary catheters: a summary 

The regular usage of indwelling medical devices in hospital settings has seen a steep 

rise in the frequency of nosocomial infection occurrence, of which, CAUTI accounts for the 

majority. Currently, the only treatment option involves systemic administration of antibiotics. 

However, due to the large extent of uncontrolled antibiotics use and constant evolution of 

multi-resistant bacteria strains, CAUTI has become increasingly difficult to treat. There is 

an urgent need for the development of an alternative antimicrobial compound that possess 

potent, broad-spectrum bactericidal action with good biocompatibility and minimum risk of 

evoking resistance development.  

A proposed method to effectively prevent the development of CAUTI would be to 

develop an antimicrobial coating for urinary catheter surfaces which can provide efficient 

and broad-spectrum protection against possible uropathogen colonization. This forms the 

basis of this Ph.D. thesis. Many different antimicrobial coatings have been developed 

including those of antibiotics and metallic compounds. As reviewed in this chapter, these 

coatings still suffer from drawbacks such as risk of bacterial resistance development, low 

biocompatibility and short term efficiency. Generally, two different types of antimicrobial 

coatings are recommended. The first type of coating can be achieved by covalently 

attaching AMPs onto urinary catheter material to create a contact active surface. The 

biocidal surface is designed to kill any microbes in close proximity, preventing bacterial 

adherence and subsequent biofilm development. Despite the emergence of numerous 

grafting platforms, there has yet to be a simple, efficient and robust platform that can be 

easily translated onto biomedical devices.  
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The second type of antimicrobial coating can be designed to facilitate peptide release. 

Upon implantation, this coating is expected to release the encapsulated antibacterial 

compound in a controlled and sustained manner, inhibiting growth of planktonic bacteria 

and simultaneously providing a prophylactic measurement against subsequent bacterial 

infection. There is an apparent dearth in the development of an efficient controlled release 

platform for alternative antimicrobial compounds other than silver and antibiotics, which 

have been associated with argyrosis and antibiotic resistance development, respectively. 

Moreover, literature also suggests that many of the existing release platforms do not satisfy 

the ideal release profile. An ideal delivery system should display high initial release during 

post-implantation period (~24 h) which is critical for site sterilization, followed by sustained 

and significant release for at least 14 days to render it effective for use in long term 

catheterization. Most of the suggested delivery system release the loaded antimicrobial 

compound within a short time period.  

This thesis aims to develop an AMP-based antimicrobial coating for urinary catheter 

which is both contact active and able to release the peptides in a sustained manner for 

improved efficacy to treat CAUTI in long term catheterized patients.  
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Chapter 3 Engineering arginine-, 

tryptophan-rich peptide and its 

immobilization on a silicone surface to 

confer antimicrobial and anti-biofilm 

activity1 

Confronted by the need to establish an antimicrobial therapy with minimum risk of 

antibiotic resistant bacteria development, this thesis focuses on utilizing AMPs as the 

candidate antimicrobial agent. The use of AMPs is strongly justified by its membrane-

penetrating antimicrobial action which is hypothesized to curtail possibility of bacteria 

mutation towards resistance development. However, in order for AMPs to serve as an 

effective therapeutic and coating agent, the peptides must satisfy certain pre-requisites 

including broad spectrum bactericidal activity, excellent biocompatibility and stability under 

physiological condition. To date, most naturally occurring AMPs lack the ability to retain all 

these properties simultaneously [176, 177], and peptide engineering to improve these 

properties could be necessary. Moreover, to effectively utilize AMPs as an antimicrobial 

coating agent, an efficient and robust immobilization platform is necessary. Most of the 

immobilization platform presented in literature is either too complicated requiring numerous 

1A version of Chapter 3 has been published. This chapter is adapted from “Lim K.Y., Chua 
R.R.Y., Saravanan R., Basu A., Mishra B., Tambyah P.A., Ho B., Leong S.S.J., 2013, 
Immobilization studies of an engineered arginine-tryptophan rich peptide on a silicone 
surface with antimicrobial and anti-biofilm activity, ACS Applied Materials and Interfaces 5; 
13: 6412–6422”. Copyright (2013) American Chemical Society. 
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complex chemical reactions or incompatible for application onto inert silicone materials, 

limiting translatability onto medical devices. 

Royal Jelly, a yellowish-white, viscous secretion produced by the honeybees, serves as 

the principal food source for the queen honeybees. Despite it being a highly nutritious food 

source, the royal jelly is generally free of microbial contaminations that is commonly found 

in other related bee hive related products. An early study revealed the presence of a 51-

mer antimicrobial polypeptide, royalisin, which can account for the antimicrobial properties 

of the royal jelly [178]. However, the modest concentration and narrow spectrum of 

antimicrobial action meant that this royalisin is unlikely to be the sole antimicrobial agent 

accounting for all the biocidal properties of royal jelly. It should be working in tandem with 

some other antimicrobial agents. In 2004, Renato et al. managed to isolate and 

characterise a family of short peptides, Jelleines, from the royal jelly [179]. Three out of the 

four Jelleine peptides demonstrated good, broad-spectrum bactericidal activities against 

both Gram-negative and Gram-positive bacteria, and also against yeasts. Out of which, 

Jelleine I exhibited the best antimicrobial potency with MICs kept below 20 μg/mL against 

a broad spectrum of bacteria. On top of that, the short peptide sequence (8 amino acids) 

and lack of cysteine residues within the intrinsic sequences aid to lower cost as well as 

synthesis process complexity. These intrinsic properties render Jelleine I a suitable AMP 

candidate template for further engineering.  

This chapter reports a study conducted to develop a de-novo synthetic AMP through 

rational modification strategies from the candidate AMP template, Jelleine I. The final 

engineered arginine-, tryptophan-rich peptide (CWR11) exhibited potent antimicrobial 

activities against gram-negative and gram-positive uropathogen strains, and possessed 

excellent salt resistance properties. A tethering platform was developed in a subsequent 

study to covalently graft CWR11 onto polymethylsiloxane (PDMS), creating a contact 
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active antimicrobial surface on the model silicone platform. Various surface 

characterization techniques were performed to verify and elucidate coating properties. 

Antimicrobial activity and anti-biofilm property of the AMP-grafted surface was evaluated 

against prevalent uropathogens, i.e., Escherichia coli, Staphylococcus aureus and 

Pseudomonas aeruginosa. Biocompatibility of the coating was investigated against human 

aorta smooth muscle cells. The results of this chapter have been published [180]. 

3.1. Materials and methods 

3.1.1. Materials 

Wild type Jelleine I and engineered peptide variants were chemically synthesized by GL 

Biochem (Shanghai, China) at a purity of >90%. Chemicals were procured from Sigma 

Aldrich, unless otherwise specified. Bacterial strains used in this study were Escherichia 

coli (ATCC 8739 and UTI 89) (E. coli), Staphylococcus aureus (ATCC 6538) (S. aureus) 

and green fluorescence protein-expressing Pseudomonas aeruginosa (PAO1) (GFP-P. 

aeruginosa). 

3.1.2. Peptide concentration determination 

Peptide was dissolved in distilled water and the peptide concentration was quantified 

by absorbance using the Beer-Lambert law. Molar absorption coefficient (ε) of the peptide 

was determined based on an empirical formula developed by Pace et al [181]. 

𝜀 (280𝑛𝑚) = 5500 (# 𝑇𝑟𝑝) + 1490 (#𝑇𝑦𝑟) + 125 (#𝐶𝑦𝑠)   [Equation 3.1]  

Absorbance measurements of the peptide solutions were performed using a UV/Vis 

spectrophotometer (Boeco S-22, Germany). 
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3.1.3. Minimum Inhibitory Concentration (MIC) assay  

MICs of CWR11 were performed against E. coli, S. aureus and GFP-P. aeruginosa by 

using a standard broth microdilution assay [182]. Briefly, wells of a 96 well microplate were 

filled with 50.0 μL CWR11 peptide at different concentrations (1.6 μg/mL to 50.0 μg/mL). 

50.0 μL of 106 CFU/mL bacterial suspension were then added to each well to obtain a final 

bacterial concentration of 5 x 105 CFU/mL. The microplate was incubated at 37.0oC for 16 

h. 5.0 μL of the cell suspension from each well was plated on Mueller Hinton (MH) agar 

plate. MIC was determined to be the peptide concentration at which no colony could be 

observed on the agar plate.  

3.1.4. Circular Dichroism (CD) spectroscopy 

CD analysis of the peptides was performed using the Chirascan Circular Dichroism 

Spectrometer (Applied Photophysics Limited, UK). Briefly, the CD spectra of CWR11 were 

generated in three environments, (i) deionized water, (ii) phosphate buffered saline (PBS) 

solution, and (iii) 20 mM sodium dodecyl sulfate (SDS) solution. Each spectrum was 

obtained over a wavelength range from 190 to 260 nm with an interval of 0.5 nm, at 1.0 

nm s-1 speed and 1.0 nm bandwidth. Three scans were conducted and averaged to obtain 

each spectrum, which was presented in terms of molar ellipticity (degrees·cm2·mol-1). 

Baseline scans were obtained for the respective buffer and micelle solutions only, and 

subtracted from the respective CD spectra generated in the presence of the peptide. All 

spectra were recorded at a fixed peptide concentration of 300 μM. Peptide secondary 

structure compositions under different physicochemical environments were determined by 

spectra deconvolution using the CDNN software.  
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3.1.5. Membrane permeabilisation studies 

3.1.5.1. Field Emission Scanning Electron Microscopy (FESEM) 

The peptide, at pre-determined MIC concentration, was incubated with E. coli, S. aureus 

and GFP-P. aeruginosa for 1 h at 37.0oC. After incubation, the bacteria cells were fixed 

with 2.5% glutaraldehyde and incubated for 16 h in 10 mM sodium phosphate buffer (pH 

7.0) on glass sides (24 × 50 mm). The glass slides were rinsed with 10 mM phosphate 

buffer (pH 7.0) and dehydrated through a graded ethanol series (25 – 100%). The slides 

were dried under constant airflow for 15 min, and sputtered with platinum for 100 s at 10 

mA. The bacterial membrane morphologies were imaged with FESEM (JEOL field electron 

microscope, Jsm-6700F, Japan). 

3.1.5.2. 1-N-phenylnapthylamine (NPN) uptake assay  

The extent of peptide-induced outer membrane permeabilisation was determined by the 

NPN uptake assay [183]. Briefly, E. coli strains were grown overnight, re-inoculated and 

grown to an optical density at 600 nm (OD600) of 0.5. Bacterial cells were washed thrice 

with 10 mM PBS solution (pH 7.0), before re-suspension in the same buffer to attain an 

OD600 of 0.5. 1.0 mL of the bacterial suspension was added to various concentrations of 

peptide (0-14 μM), followed by 20.0 μL of 0.5 mM NPN solution to attain a final NPN 

concentration of 10 μM. Florescence measurements of the samples were performed using 

a fluorescence spectrophotometer (Perkin Elmer LS5, USA) at an excitation wavelength of 

350 nm, emission wavelength of 420 nm, and slit width of 5.0 nm. Fluorescence 

measurements were taken in triplicates and averaged.  
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3.1.5.3. Propidium iodide (PI) fluorescence assay  

The membrane permeabilization ability of the peptide CWR11 was investigated by 

fluorescence measurements of DNA-binding PI. E. coli cells were grown overnight in 

Mueller Hinton (MH) medium and sub-cultured in fresh medium to an OD600 of 0.5. Cells 

were harvested and subjected to 3 times washing with 10 mM PBS (pH 7.0). Washed 

bacterial cells were re-suspended in 10 mM PBS (pH 7.0) to obtain a final concentration of 

1 x 108 CFU/mL. 1.0 mL of the E. coli cells was withdrawn and mixed with 20.0 µL of PI 

(1.0 μg/mL). The bacterial suspension was then added with sequential peptide 

concentrations ranging from 1/8 to 1X MIC. Fluorescence measurements were measured 

using a fluorescence spectrophotometer (Perkin Elmer LS5, USA) with excitation and 

emission wavelength set at 520 nm and 620 nm, respectively.  

3.1.6. CWR11 immobilization on polydimethylsiloxane (PDMS) slides 

3.1.6.1. Synthesis of PDMS slides  

PDMS polymer was synthesized using a kit (184 elastomer kit, Dow Corning, US), 

according to the manual’s instructions in 90 mm petri dishes and subsequently cut into 1.0 

× 1.0 cm slides for peptide immobilization studies.  

3.1.6.2. Plasma and Ultraviolet (UV) polymerization of PDMS slides with allyl 

glycidyl ether (AGE) 

AGE brush polymerization on PDMS slides was performed using continuous surface 

plasma activation, followed by UV radiation with AGE monomer. Briefly, 1 cm2 PDMS slides 

were rinsed with acetone to remove any impurities on the surfaces, and subjected to argon 

plasma treatment for surface activation. Plasma activation was conducted using the March 
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PX-500 Plasma treatment system (Nordson, USA). Continuous plasma was performed at 

300 W for 10 min in the presence of inert argon gas. The activated PDMS slides were 

successively immersed in 100% (v/v) AGE, and subjected to UV radiation for 60 min. The 

AGE-tethered slides (PDMS-AGE) were washed with distilled water (3 times, 5 min each 

time with 5.0 mL distilled water).  

3.1.6.3. Attachment of PEG spacer to PDMS-AGE slide 

Maleimide-PEG-Amine heterobifunctional polyethylene glycol (PEG)spacer (NH2-PEG-

Mal) (3.4kDa) was purchased from Nanocs (USA). NH2-PEG-Mal was dissolved in 

deionized water to a final concentration of 5.0 mg/mL. The activated surface of PDMS-

AGE slides were covered with the PEG solution and incubated at 25.0oC for 16 h. The 

PEG-grafted PDMS slides (PDMS-AGE-PEG) were then washed in deionized water (3 

times, 5 min each time with 5.0 mL deionized water) to remove unattached PEG linker. 

3.1.6.4. Crosslinking of CWR11 to chemically modified PDMS surface via sulfhydryl 

chemistry  

Peptide crosslinking was performed using the sulfhydryl chemistry between the 

peptide’s thiol moiety and maleimide group derived from the PEG-functionalized PDMS 

slides based on a reported protocol [184]. Briefly, the PDMS-AGE-PEG slides were 

immersed in 2.0 mg/mL peptide solution and the reaction was allowed to occur at 25.0oC 

for 16 h. After incubation, the peptide-tethered PDMS slides (PDMS-AGE-PEG-CWR11) 

were rinsed thoroughly with 10 mM PBS (5 times, 5 min each time with 5.0 mL of 10 mM 

PBS), followed by deionised water (5 times, 5 min each time with 5.0 mL deionized water) 

to remove any unbound peptides. The slides were dried in a nitrogen stream and stored at 

-20.0oC for future use.  
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3.1.7. Surface characterization of CWR11-immobilized PDMS slides 

3.1.7.1. Contact angle measurement  

Static water contact angle measurements of the respective PDMS samples (PDMS, 

PDMS-AGE, PDMS-AGE-PEG and PDMS-AGE-PEG-CWR11) were performed with a 

dynamic contact angle analyzer (Fta 200, Fta, U.K.). 5.0 μL water droplet was introduced 

onto the respective PDMS surfaces and digital images were taken with high magnification 

imaging lens (Navitar, USA). Contact angle quantitation was performed using the Fta32 

software.  

3.1.7.2. X-ray photoelectron spectroscopy (XPS)  

XPS analysis was performed to determine the elemental atomic percentage on the 

peptide-immobilized PDMS slide surface. High-resolution spectra of carbon, nitrogen, 

oxygen and silicon elements were obtained individually using an X-ray photoelectron 

spectrometer (Axis-ULTRA, Kratos) installed with A1 Kα source (10.0 mA, 15.0 kV), and 

analyzed to determine the respective elemental ratio.   

3.1.7.3. Energy Dispersive X-ray Spectroscopy (EDS) 

Attachment and distribution of peptides immobilized on the PDMS surface was analyzed 

using EDS (FESEM, JEOL field electron microscope, Jsm-6700F, Japan). The elemental 

content was quantified using the Analysis Station software.  
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3.1.7.4. Attenuated Total Reflectance – Fourier Transform Infrared (ATR-FTIR) 

spectroscopy  

Peptide-immobilized PDMS samples were subjected to ATR-FTIR analysis to verify the 

presence of amide bonds on the surface. The spectrum was recorded on a Thermo Nicolet 

5700 FT-IR spectrometer (Thermo Fisher Scientific, USA) equipped with a Diamond ATR 

accessory unit on which PDMS-AGE-PEG-CWR11 and PDMS-AGE-PEG slides were 

placed upon. Each spectrum was recorded at 25.0oC from 400 cm-1 to 4000 cm-1 over 32 

scans.  

3.1.7.5. Peptide concentration determination by sulfosuccinimidyl-4-o-(4,4-

dimethoxytrityl) butyrate (sulfo-SDTB) spectrophotometric assay 

Immobilized peptide concentration was determined using the Sulfo-SDTB 

spectrophotometric assay (Bioworld, USA) according to the suppliers’ instruction manual. 

Briefly, 3.0 mg of Sulfo-SDTB was dissolved in 1.0 mL of dimethylformamide (DMF), and 

topped up to 50.0 mL with sodium bicarbonate solution (pH 8.5). To the peptide-

immobilized samples, 1.0 mL of the Sulfo-SDTB solution and 1.0 mL of sodium bicarbonate 

was added, and incubated for an hour at 25oC.  The samples were subsequently washed 

twice in 5.0 mL of distilled water, and immersed in 2.0 mL of perchloric acid for 30 min. 

Upon incubation, 500 μL of the perchloric acid was removed and absorbance at 498 nm 

was measured.  The amount of amine groups on the surface of each sample was quantified 

using Beer-Lambert law (Equation 3.1) with an extinction coefficient of 70 000 M-1cm-1. The 

amount of peptides immobilized on each sample was calculated by calibration against the 

predicted number of amines per peptide.  
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3.1.8. CWR11-immobilized PDMS slide surface antimicrobial assay 

The surface antimicrobial activity of the PDMS-AGE-PEG-CWR11 slides was 

determined using an adapted ISO protocol 22196 [185]. Briefly, E. coli bacterial strains 

were cultivated in MH medium, 16 h at 37.0oC. The overnight bacterial suspension was 

then sub-cultured in fresh medium and grown to OD600 0.5 (mid-log phase), then further 

diluted to a final concentration of 1 x 106 CFU/mL. 50.0 μL of the bacterial suspension was 

then spread over each PDMS-AGE-PEG-CWR11 slide. The inoculated slides were 

incubated at 37.0oC for 3 h, under 70 rpm shaking conditions. 5.0 μL of the inoculum was 

withdrawn from each PDMS slide and plated for colony counts. The same PDMS slide, 

with the remaining inoculum, was then immersed in 2.0 mL of fresh MH medium and 

incubated at 37.0 oC, 250 rpm for 18 h to verify the antimicrobial activity of the slides. The 

protocol was repeated in triplicate for E. coli, S. aureus and GFP-P. aeruginosa.  

3.1.9. Stability determination of immobilized peptides  

To determine the stability of the PDMS-immobilized peptides, a leaching assay was 

conducted using a reported protocol [184]. Peptide-immobilized PDMS slides were 

immersed in distilled H2O for 1 to 3 days. Peptide stability was investigated by surface 

antibacterial assay as described in Section 3.1.8.  

3.1.10. Anti-biofilm activity of peptide-immobilized PDMS slides 

3.1.10.1. Gram crystal violet viability assay 

Each PDMS slide was rinsed with 70% ethanol (v/v) and dried. The PDMS-AGE-PEG-

CWR11 slides were secured to the bottom of the wells, in a 24-well plate. 1 × 108 CFU 

GFP-P. aeruginosa, in 1 mL of biofilm promoting medium (BPM). was added to each well. 
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BPM with no bacteria was used as control. After 24 h at 37°C incubation, planktonic 

bacteria were removed and the wells together with the PMDS–AGE-PEG-CWR11 slides 

were washed 5 times with deionized water. 1.2 mL of 0.1% crystal violet stain was added 

to the wells and incubated for 15 min at 25.0oC, followed by washing with distilled water. 

The wells and PDMS slides were dried in a 37.0°C incubator. The crystal violet stain on 

PDMS slides were solubilized in 200 µL 30% acetic acid (v/v) for 15 min. 100 µL of 

solubilized crystal violet was added to 100 µL of 30% acetic acid in wells of 96-well plate, 

and the amount of solubilized crystal violet was measured by their absorbance at 550 nm.  

3.1.10.2. Live/dead biofilm staining  

Overnight E. coli culture was diluted in MH broth to a final concentration of 1 × 108 

CFU/mL. PDMS-AGE-PEG-CWR11, PDMS-AGE-PEG and PDMS slides were immersed 

in 2.0 mL bacteria suspension for 5 days to ensure complete biofilm formation. After 5 days, 

planktonic bacteria were removed by briefly rinsing the respective slides with PBS. The 

slides were then dried and stained with a LIVE/DEAD kit (Invitrogen Molecular Probes, 

USA) according to the manufacturer’s instructions. The samples were examined with a 

LSM710 META confocal microscope (Carl Zeiss, Germany). For detection of SYTO 9 

(green channel), the excitation wavelength was set at 488 nm. For PI detection (red 

channel), the 561 nm excitation wavelength was utilized. Images at both excitation 

wavelengths were captured, and processed using the Zen 2009 software.   

3.1.11. Cytotoxicity assay 

3.1.11.1. Hemolytic assay 

The hemolytic activities of the immobilized peptides against human erythrocyte cells 

were studied using a method adapted from Shai et al [186]. Fresh human red blood cells 
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(hRBC) were rinsed and washed thrice with PBS, centrifuged for 10 min at 900 g and re-

suspended in PBS to a final erythrocyte concentration of 5.0% (v/v). The peptide-

immobilized and untreated PDMS slides were each immersed in 2.0 mL hRBC solution 

and incubated for 1 h at 37.0oC, with agitation at 100 rpm. Upon incubation, the samples 

were centrifuged at 1500 g for 5 min. Hemoglobin release was measured by absorbance 

measurement of the supernatant at 540 nm. Controls for 0% hemolysis and 100% 

hemolysis were obtained by suspending hRBC in PBS and 1% Triton X respectively.  

3.1.11.2. Cell viability assay 

Methyl tetrazolium (MTT) assay was also performed to determine cell viability and 

proliferation capability of human aorta smooth muscle cells (SMCs), CC-2571 (Lonza, USA) 

on the peptide-immobilized slides. The PDMS-AGE-PEG-CWR11 slides were cut into 5 

mm diameter disks and placed in 70% ethanol for 24 h for sterilization, followed by 

incubation in PBS for 16 h in 96-wells culture plate. Smooth muscle cells (0.5×105 cells/cm2) 

and culture medium were then added to the respective wells containing the slides. The 

cells were allowed to grow for 7 days, coupled with culture medium change every 2 days. 

On day 1, 2 and 7, mammalian cell culture from the wells containing peptide-treated and 

untreated PDMS slides were withdrawn and placed in a 96 well tissue culture polystyrene 

plate. MTT solution (5 mg/ml, 100 µL) was incubated with the respective mammalian cell 

culture at 37°C for 4 h, followed by addition of 200 µL dimethyl sulfoxide (DMSO) addition 

and shaking for 30 min. Absorbance measurement at 490 nm was conducted using a 

microplate spectrophotometer (Bio-Rad, USA). Viability of smooth muscle cells upon 7 

days of incubation with peptide-immobilized and control PDMS slides, was examined with 

the LIVE/DEAD Assay. Cells were stained with LIVE/DEAD Assay reagent (Invitrogen, 
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USA) and incubated at 25°C for 45 min. Morphology of the cells was observed with an 

inverted optical microscope (Zeiss, Germany).   

3.1.12. Statistical analysis  

All experiments were conducted in triplicates [except crystal violet staining of biofilm 

(duplicates)]. Mean and standard deviations, as indicated by respective error bars, were 

calculated for all repeated measurements. Statistical analysis was performed with SPSS 

for Mac software version 21.  

3.2. Results and discussion 

The first study involved identifying a naturally occurring peptide that shows good 

potential to serve as a template for peptide modification. Jelleine I, an AMP naturally 

present in royal jelly of honeybees, Apis mellifera, was chosen as the candidate peptide 

for engineering studies because of its short peptide sequence, which is advantageous in 

easing synthesis, as well as relatively low MIC values against both gram-positive and 

gram-negative bacteria. Jelleine I does not contain any cysteine residues within its amino 

acid sequence which also simplifies chemical synthesis [187]. These intrinsic properties 

render Jelleine I a suitable candidate template for further engineering.  

3.2.1. Jelleine I engineering studies for improved antimicrobial potency 

Jelleine I was first engineered to systematically vary hydrophobicity, charge and 

amphipathicity properties (Table 3.1).  

Table 3.1. Variant peptides from first round of peptide modification. 
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Peptide Sequence 
Net 

Charge 
Hydrophilicity Modification 

Jelleine I,  
J0 

PFKISIHL 1.1 -0.6 - 

J1 PFKIISHL 1.1 -0.6 
Positional change of 

amino acids 

J2 IFKIISHL 1.1 -0.9 
Positional change and 
substitution of amino 

acids 

J3 PFKRISHL 2.1 0 
Positional change and 
substitution of amino 

acids 

J4 WFKIISHL 1.1 -1.1 
Positional change and 
substitution of amino 

acids 

J5 PFKIWSHL 1.1 -0.8 
Positional change and 
substitution of amino 

acids 

J6 PFKWWSHL 1.1 -1 
Positional change and 
substitution of amino 

acids 

J7 PFKWWSHW 1.1 -1.2 
Positional change and 
substitution of amino 

acids 

J8 PFKIIRHL 2.1 -0.3 
Positional change and 
substitution of amino 

acids 

J9 PFIKILHR 2.1 -0.3 
Positional change and 
substitution of amino 

acids 

J10 PFRKILHR 3.1 0.3 
Positional change and 
substitution of amino 

acids 

J11 WFWKWWRR 3 -0.9 
Positional change and 
substitution of amino 

acids 

J12 IFIKIIRR 0.3 -0.1 
Positional change and 
substitution of amino 

acids 

J13 RFWKWWRR 0.4 -0.1 
Positional change and 
substitution of amino 

acids 
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Microbroth dilution assays were conducted on the variant peptides to determine MICs 

of the respective variant peptides against E. coli (data not shown). Out of 13 variants, J11 

possessed the lowest MIC value, i.e. 14.3 ± 1.5 μg/mL. Based on the antimicrobial assay 

results, J11 was chosen as the candidate for next round of modification.  

The second round of modification involved optimizing electrostatic charge of candidate 

peptide J11, by adding arginine residues at the C-terminal. Table 3.2 displays the peptide 

variants generated from modification of J11.  

Table 3.2. Variant peptide from second round of peptide modification. 

Peptide Sequence 
Net 

Charge 
Hydrophilicity Modification 

J11a1 WFWKWWRRR +4 -0.9 
Amino acid 

addition 

J11a2 WFWKWWRRRR +5 -0.9 
Amino acid 

addition 

J11a3 WFWKWWRRRRR +6 -0.9 
Amino acid 

addition 

 

Similarly, a round of MIC assay was conducted to determine the variant peptide with 

superior antimicrobial activity. The second round of MIC determination assay illustrated 

that J11a3 was the most bactericidal with a low MIC of 7.0 ± 1.6 μg/mL (data not shown).  

Based on this result, J11a3 was chosen as the candidate peptide for the next round of 

modification.  

The third round of modification involved amidation of candidate peptide J11a3 at the C-

terminal. The hydroxyl group (-OH) of the C-terminal carboxylic acid group (-COOH) was 

amidated to form a primary amine (-NH2) group. The amidation reaction increased the net 
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charge of the peptide to +7, which is hypothesized to improve electrostatic interaction 

between the peptide and bacterial membrane.  

Table 3.3. Variant peptide from third round of peptide modification. 

Peptide Sequence 
Net 

Charge 
Hydrophilicity Modification 

J11a31 
(WR11) 

WFWKWWRRRRR-NH2 +7 -0.9 
Amidation at 
C-terminal 

 

A third round of antimicrobial assay was conducted to investigate the effect of amidation 

on the bactericidal property of J11a3. Indeed, with enhanced electrostatic interaction, AMP 

is better able to initiate membrane attachment and hence improve antimicrobial action. MIC 

of J11a31 (WR11) for E. coli was further improved to 6.1 ± 1.1 μg/mL. The low MIC of 

J11a31 against E. coli makes it a potential candidate for structure-activity and 

immobilization studies. J11a31 will be referred to as WR11 from this point on, where WR 

signifies the tryptophan- and arginine-rich nature of the peptide and 11 represents the 

number of amino acid residues present in the peptide sequence. 

Several cycles of systematic amino acid addition and/or substitution of arginine and 

tryptophan residues were performed on the wild type Jelleine-I peptide to generate a de-

novo arginine-, tryptophan-rich peptide (WR11) with an optimal peptide charge to 

hydrophobic ratio, which is expected to lead to maximum antimicrobial potency. 

Tryptophan was chosen to modulate the peptide’s hydrophobicity due to its preference for 

membrane-water interfacial region [188], which is likely to augment the insertion of peptide 

into the hydrophobic core of the phospholipid bilayer membrane. Substitution with arginine 

residues was aimed to enhance electrostatic interaction with the negatively charged 

bacterial membrane. In contrast to lysine, arginine side chains are able to form hydrogen 
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bonds with surrounding water molecules while engaged in cation-π interaction with 

tryptophan [189, 190]. This cation-π interaction with tryptophan, coupled with formation of 

multiple hydrogen bonds with water molecules makes the entry of arginine residues into 

the hydrophobic bilayer more energetically favourable. The most potent engineered variant, 

WR11, possessed a net charge of +7, which is contributed by the high arginine content 

and amidation of the C-terminal. WR11 exhibited significantly lower MIC toward three 

species of tested uropathogens compared to the parent peptide. 

3.2.2. Antimicrobial activity and structural studies of soluble WR11  

The MICs of WR11 against three target uropathogens were determined by performing  

standard broth microdilution assays [182]. Table 3.4 shows that the engineered peptide 

(WR11) possessed low MICs of 3.1 μM, 1.7 μM and 4.6 μM toward E. coli, S. aureus and 

GFP-P. aeruginosa, respectively. The peptide was particularly potent against gram-

positive S. aureus with a MIC of 1.7 μM, a microbe prevalent in community- and hospital-

acquired infections, possessing strong resistance against conventional antibiotics and 

even natural AMPs, such as defensin [191]. Such superior activity merits the use of WR11 

for the development of an antimicrobial coating agent for biomedical devices.  

With the aim to subsequently immobilize the peptide on a surface via specific sufhydryl 

coupling, cysteine was added to both the N- and C-terminals of WR11. WR11 engineered 

with an N-terminal cysteine (CWR11) displayed improved antimicrobial activities compared 

to cysteine engineered at the C-terminal (data not shown), and was selected as the 

candidate peptide for further immobilization studies. In comparison with WR11, CWR11 

possessed a slightly higher MIC. Addition of 150 mM NaCl also slightly inhibited the 

antimicrobial activity of CWR11, as reflected by a slight increase in MIC values to 7.3 μM, 

4.7 μM and 8.7 μM against the respective uropathogens, probably due to salt-induced 
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charge shielding effects (Figure S.1). However, CWR11 MIC values remained below 10.0 

μM and demonstrated retained antimicrobial potency even in the presence of salt. These 

properties still render CWR11 superior in contrast to many AMPs, which lose antimicrobial 

activity in physiological salt concentration [102, 192, 193].  

Table 3.4. MICs of wild type peptide, WR11, and CWR11 against three bacterial strains 
(E. coli, S. aureus, GFP-P. aeruginosa) [187]. 

Minimum Inhibitory Concentration (μM) 

 

Jelleine I 

 

WR11 

 

CWR11 

   

No NaCl 

 
150 mM 

NaCl 

E. coli 2.6  3.1±0.6  5.2±0.5  7.3±0.0 

S. aureus 10.5  1.7±0.0  2.5±0.0  4.7±0.9 

GFP-P. aeruginosa 10.5  4.6±0.2  5.5±0.0  8.7±1.2 

 

Secondary structure analysis of CWR11 by CD spectroscopy suggests that CWR11 

adopts a mixed α-helix and β-sheet conformation in deionized water (Figure 3.1), with 2 

weak trough and shouldering observed at 202 nm and 215 nm respectively, as well as a 

peak at 190 nm. In PBS, the troughs shifted to 205 nm and 222 nm, while in the presence 

of 20 mM SDS, a further shift of the trough and shouldering to 207 nm and 218 nm was 

observed, with increased intensity. Spectra deconvolution indicated an enhanced peptide 

helicity in the presence of PBS and membrane mimicking SDS, where an estimated 

increase in helicity from 40.9% (in deionized water) to 96.2% and 98.4% in PBS and 20 

mM SDS, respectively, was attained. Secondary structure enhancement in the presence 
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of phospholipid mimicking molecules is commonly observed in most naturally occurring α-

helical AMPs, which has been hypothesized to be attributed to increased electrostatic 

interaction between the peptide and micelle [167, 194, 195]. In the presence of PBS, 

CWR11 also showed high α-helicity. It is hypothesized that electrostatic repulsion between 

the positive charges is reduced in the presence of salt, leading to increased interchain 

hydrophobic interaction. As such, the high α-helicity observed could be attributed to the 

cumulative effect of helix formation due to interchain interactions. A study by Enrique et al. 

showed similar enhancement in ellipticity in the presence of 1.4 M salt [196]. 

 

Figure 3.1. The CD spectra of CWR11 peptide in (- -) deionised water, (….) PBS buffer 
and (—) 20 mM SDS. Peptide concentrations are fixed at 300 μM. 
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3.2.3. Membrane permeabilisation studies  

The effect of CWR11 on bacteria membrane morphological change was studied by field 

emission scanning electron microscopy (FESEM). Figure 3.2 shows the electron 

microscopy images of CWR11-treated and untreated bacteria cells. Heavily crinkled outer 

membrane coupled with formation of bulbous structures on the peptide-treated cells 

confirmed the membrane disruption ability of CWR11.  

 

Figure 3.2. In vitro characterization of CWR11 membrane disruption potential. FESEM 
images of CWR11 induced disruption of E. coli, GFP-P. aeruginosa and S. aureus (top 
panels) and untreated controls (bottom panel). 

 

The outer membrane perturbation ability of CWR11 was further confirmed by the NPN 

uptake assay. NPN is a chemical compound that fluoresces weakly in aqueous 

environment, but in the presence of hydrophobic condition, gives off a strong fluorescence 

with excitation at 350 nm [197]. Figure 3.3 shows an increase in NPN fluorescence with 

increasing CWR11 concentrations, when incubated with E. coli. At a peptide concentration 

above 10 μM, there was no increase in fluorescence with further increase in peptide 

concentration, indicating that all the available surface area of the cell membrane had been 

permeabilized by the peptide.  
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Figure 3.3. Outer membrane permeabilisation studies by NPN fluorescence assay. 

 

The membrane permeabilisation ability of CWR11 was also assayed by studying DNA 

binding of PI [198]. Upon binding to DNA, PI fluoresces strongly at an excitation wavelength 

of 520 nm. Figure 3.4 shows that beyond ¼ MIC, the PI fluorescence reading increases 

with increasing peptide concentration, which indicates the cytoplasmic membrane 

disruption ability of CWR11, leading to diffusion of PI into the bacteria’s cytoplasm, 

enabling interaction with the bacteria DNA.  
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Figure 3.4. DNA intercalation with PI dye to study membrane permeabilisation effect of 
CWR11. 

 

FESEM morphology analysis, coupled with results from the NPN uptake and PI leakage 

assay, suggest the potent membrane perturbing ability of CWR11. The membrane 

perturbing mechanism of action is commonly observed in many AMPs, for example 

cecropins, magainins, and melittins [199]. It is widely hypothesized that such membrane-

targeting mode of action enhanced the broad-spectrum antimicrobial action of AMPs.  

The excellent antimicrobial characteristics and salt-tolerant properties of CWR11 merit 

further studies to evaluate the peptide’s potential as an antimicrobial coating agent on 

biomedical devices. Due to the high occurrence of nosocomial bacterial infection in various 

biomedical devices including stents and catheters [200, 201], there is an urgent need for 

the development of antimicrobial surfaces, which is both bactericidal and anti-biofilm. AMP 
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immobilization on biomedical device surfaces promises to improve antimicrobial 

functionalities of these devices, without easily evoking antibiotic resistance in pathogens, 

which forms the basis of our immobilization studies.  

3.2.4. CWR11 immobilization on PDMS surface and surface characterization 

by contact angle, ATR-FTIR, EDS, XPS analyses and Sulfo-SDTB 

spectrophotometric assay 

Most biomedical implantables are made of silicone polymeric materials [202], with 

PDMS being one of the most widely used material for permanent or short term implantation 

[203].  In view of this, an immobilization platform using PDMS was developed for the 

CWR11 immobilization studies.  

Immobilization methods reported in the literature often involve multiple reaction steps, 

with extensive use of a variety of chemicals [145, 153, 204]. To circumvent problems 

associated with process complexity and specificity, we developed an immobilization 

platform comprising of plasma-based polymerization reaction, coupled with the use of a 

heterobifunctional PEG spacer (NH2-PEG-Mal) (Figure 3.5). The maleimide group 

attached at the end of each PEG chain ensures specificity of peptide-derived cysteine 

attachment, and minimizes non-specific reactions between the peptide and polymer brush. 

Figure 3.5 illustrates the process of peptide immobilization. The first step of the 

immobilization process utilized continuous plasma to activate the PDMS surface with 

radicals that are highly reactive to specific chemical groups [205]. Following surface 

activation, the PDMS was immersed in 100% (v/v) AGE monomer solution, and exposed 

to UV to impart reactive epoxide groups onto the PDMS surface. This treatment yields 

extensive polymer brush formation on the PDMS surfaces, with epoxide groups exposed 

at the end of each chain, which were then reacted with the amine group from the 
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heterobifunctional PEG moiety (NH2-PEG-Mal). The epoxide-amine addition reaction is 

fairly reactive, with a reported activation energy of ~ 63 KJ/mol [206]. Completion of this 

reaction would lead to formation of AGE polymer brushes with long PEG spacers, and 

maleimide groups exposed at the end of each chain (PDMS-AGE-PEG). The diffusional 

and conformational flexibility provided to the peptide by the relatively long PEG spacer 

(323 nm) [207], is expected to enhance peptide reach and improve peptide-bacterial 

interaction. Lastly, specific sulfhydryl coupling between maleimide groups of PEG spacer 

and cysteines of CWR11 facilitated the immobilization of CWR11 to the polymer brushes.  

 

Figure 3.5. Tethering chemistry schematic of CWR11 peptide to PDMS surface. 

 

Various assays were conducted to characterize the peptide-immobilized PDMS surface, 

and verified the successful tethering of CWR11 onto the polymer brush. 
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Contact angle measurements were performed to assess the change in surface 

hydrophilicity of the AMP-immobilized PDMS slides (Table 3.5). PDMS is inherently 

hydrophobic [208] as shown by a high contact angle of 106o. Plasma activation and 

polymerization of AGE onto the PDMS surface drastically enhanced the hydrophilicity of 

the PDMS surface, as shown by a reduction in contact angle to 43o. Subsequent 

attachment of PEG moieties and peptide slightly increased surface hydrophobicity, as 

indicated by an increase in contact angle by 8o and 13o, respectively, which is attributed to 

the hydrophobic carbon backbone of the PEG and peptide. This result is comparable to 

that reported by Gao et al [209], where a final contact angle of ~60o was attained upon 

peptide immobilization. 

Table 3.5. Contact angle measurement of deionised water on respective treated and 
untreated PDMS surfaces. 

 Contact angle (o) 

PDMS 105.76 ± 5.62 

PDMS-AGE 42.96 ± 5.10 

PDMS-AGE-PEG 54.20 ± 0.72 

PDMS-AGE-PEG-CWR11 67.01 ± 0.98 

 

Figure 3.6 shows the ATR-FTIR spectra obtained for PDMS-AGE-PEG-CWR11 and 

PDMS-AGE-PEG. For PDMS-AGE-PEG-CWR11, peaks were observed at 1653 cm-1 and 

1558 cm-1 representative of amide I and amide II bands. These peaks were absent in the 

PDMS-AGE-PEG samples. The presence of these bands confirms successful peptide 
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immobilization on the slides. This agrees with previous studies on characterizing 

attachment of peptides onto activated surfaces. For example, covalent immobilization of 

laminin onto treated chitosan surfaces was also verified by the presence of absorption 

bands at 1665 cm-1 and 1543 cm-1 [210].  
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Figure 3.6. ATR-FTIR spectrum for determination of amide bonds in PDMS-AGE-PEG 
(grey) and PDMS-AGE-PEG-CWR11 (black) slides. 
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XPS analysis is a highly sensitive tool to determine atomic percentages of elements on 

surfaces [185]. Measurement of nitrogen atomic percentages could provide qualitative and 

quantitative indications of the success of PEG and peptide attachment to the PDMS 

surfaces. The XPS spectrum indicates the appearance of peaks at 400 eV (representative 

of nitrogen atoms) for both PDMS-AGE-PEG and PDMS-AGE-PEG-CWR11 samples 

(Figure 3.7), albeit at different intensity. The N1s peak for PDMS-AGE-PEG corresponded 

to 1.1% atomic N content while that in PDMS-AGE-PEG-CWR11 corresponded to 6.1%. 

XPS analysis of PDMS-AGE-PEG confirmed the presence of nitrogen, which originated 

from the amine derived from the PEG chain. Upon immobilization of CWR11, the nitrogen 

content increased due to the relatively higher amounts of the amine groups present in the 

peptide, contributed mainly by arginine residues.  
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Figure 3.7. XPS analysis of PDMS samples at different tethering stages. High-resolution 
XPS spectra of N1s region for PDMS (A), PDMS-AGE (B), PDMS-AGE-PEG (C) and 
PDMS-AGE-PEG-CWR11 (D). 
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EDS was employed to further confirm peptide immobilization by sulfur content 

measurement. Based on the library from the Analysis Station software, a peak specific to 

sulfur was identified for the sample, which was absent for the other control samples, i.e. 

PDMS, PDMS-AGE and PDMS-AGE-PEG slides (data not shown). A quantification 

analysis of the sulfur atomic percentage indicates that ~1.1% of sulfur was present on 

PDMS-AGE-PEG-CWR11 (Table 3.6).  

Table 3.6. EDX analysis of sulfur percentage on PDMS-AGE-PEG-CWR11 slides. 

 Sulfur atomic composition (%) 

PDMS 0.00 ± 0.00 

PDMS-AGE 0.00 ± 0.00 

PDMS-AGE-PEG 0.00 ± 0.00 

PDMS-AGE-PEG-CWR11 1.05 ± 0.25 

 

Sulfo-SDTB was used to quantify the amount of free amine groups on the peptide-

immobilized PDMS surface. Under acidic condition, 4,4-o-dimethoxytrityl ions would be 

released from the surface-bound sulfo-SDTB, which is determined by absorbance 

measurement at 498 nm [211]. Using this method, an immobilized peptide concentration 

of 0.8 ± 0.2 μg of CWR11 per cm2 of PDMS slides was verified. This concentration agrees 

well with other AMP immobilization studies reported using different coupling strategies [153, 

212]. In comparison with conventional grafting methods, which requires large amount of 

different chemicals and complex reaction steps [204, 209], this platform provides a simpler 

avenue for site-specific immobilization of peptides that involves 3 simple reaction steps, 



85 

 

while yielding similar peptide grafting efficiency. With the use of a simple heterobifunctional 

PEG spacer, it enables the direct immobilization of cysteine-terminated peptides onto AGE 

polymer brushes, bypassing cumbersome chemical modification steps.  

3.2.5. Antimicrobial activity determination of CWR11-immobilized PDMS  

The antimicrobial property of the peptide-immobilized PDMS slides was quantitatively 

assessed via a protocol adapted from ISO 22961 [213]. Table 3.7 shows that no viable 

bacterial colony was observed on the agar plate, highlighting the bactericidal potency of 

peptide-immobilized PDMS slides. Absorbance measurement of the peptide-immobilized 

surface treated bacterial inoculum showed corresponding results. The CWR11-

immobilized slides inhibited bacteria growth (99.9% inhibition) while the control (PDMS-

AGE-PEG) slide supported bacteria growth (Figure 3.8). This confirms that the 

antimicrobial activity of the peptide was retained upon immobilization. This observation 

was consistent for all 3 bacterial strains, demonstrating broad spectrum action of the AMP 

coating.  

Table 3.7. Antimicrobial activity of CWR11-immobilized PDMS slides against E. coli, S. 
aureus and GFP-P. aeruginosa. CFU counts after incubating 106 CFU/mL of respective 
bacterial suspension with PDMS-AGE-PEG-CWR11 slides. 

E. coli S. aureus P. aeruginosa 

CFU 
count 
(CFU) 

Inhibition 
(%) 

CFU 
Count 
(CFU) 

Inhibition 
(%) 

CFU 
Count 
(CFU) 

Inhibition 
(%) 

0 ± 0 99.9 ± 0.0 0 ± 0 99.9 ± 0.0 0 ± 0 99.9 ± 0.0 
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Figure 3.8. Antimicrobial activity of CWR11-immobilized PDMS slides against E. coli, S. 
aureus and P. aeruginosa. Optical density reading of fresh MH medium after overnight 
incubation with PDMS slides containing remaining bacterial suspension after performing 
CFU counts. * indicates p<0.05 in comparison to untreated PDMS controls. 

 

3.2.6. Stability of CWR11-immobilized PDMS slides 

To investigate the stability of immobilized CWR11, PDMS-AGE-PEG-CWR11 slides 

were subjected to soft cleaning condition (i.e. overnight immersion in water), followed by 

surface antimicrobial assay. Figure 3.9 shows the colony counts obtained after immersion 

of PDMS-AGE-PEG-CWR11 in distilled water, which indicated that the slides retained 

antimicrobial potency and completely inhibited E. coli growth up to at least 3 days. Such 

stability is crucial, especially if this platform is to be applied onto biomedical devices, used 

in long term implantation.  
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Figure 3.9. The antibacterial activity determination of PDMS-AGE-PEG-CWR11 after 
immersion in deionised water for 1 to 3 days by CFU count with the respective samples. * 
indicates p<0.05 in comparison to untreated PDMS controls. 

 

3.2.7. Anti-biofilm determination of immobilized CWR11  

Biofilm formation is another important aspect of nosocomial infection that needs to be 

addressed. It is well known that biofilms are difficult to eradicate and play a crucial role in 

bacteria resistance development [89]. Hence, it is essential that the peptide-immobilized 

surface should not only be antimicrobial but also anti-biofilm. Using crystal violet staining 

to determine biofilm formation on surfaces [214], it was observed that the PDMS-AGE-

PEG-CWR11 slides showed a much lower crystal violet staining intensity in contrast to the 

negative control, PDMS (Figure 3.10). An optical density measurement of the crystal violet 

solution shows a significant reduction in biofilm formation on PDMS-AGE-PEG-CWR11 



88 

 

compared to the control slide (Figure 3.11), which suggests the potent anti-biofilm 

capability of the peptide-tethered surface.  

 

Figure 3.10. Assessment of biofilm formation via crystal violet staining. Treated and 
untreated PDMS samples and controls stained with crystal violet upon incubation with 
GFP-P. aeruginosa for 24 h, to allow substantial biofilm formation. 

 

 

Figure 3.11. Assessment of biofilm formation via crystal violet staining. Optical density 
measurement of the crystal violet solution. * indicates p<0.05 in comparison to untreated 
PDMS controls. 
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Figure 3.12 shows the confocal microscopy image of E. coli biofilm, stained with 

LIVE/DEAD dyes. The high fluorescence observed on the unmodified PDMS slides 

indicated that a large number of cells attached on the slide surface. Corresponding PI 

staining showed that most of the cells are viable, indicating the presence of extensive 

biofilm on the untreated PDMS surface. Reduced cell attachment was observed for the 

PDMS-AGE-PEG slides, which is expected, given the anti-adhesion properties of PEG [6]. 

The PDMS-AGE-PEG-CWR11 slides almost completely eradicated cell attachment, where 

hardly neither viable nor dead cells could be observed on the slide surface.  
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Figure 3.12. E. coli biofilm formation after 5 days of growth on CWR11-immobilized and 
untreated PDMS slides. The biofilms were stained with LIVE/DEAD assay and imaged with 
confocal laser scanning microscopy. Staining of untreated PDMS slides with Syto 9 (A) 
and PI (B), PDMS-AGE-PEG slides with Syto 9 (C) and PI (D), and PDMS-AGE-PEG-
CWR11 with Syto 9 (E) and PI (F).   

 

Both crystal violet staining and LIVE/DEAD staining results demonstrate that the 

CWR11-immobilized PDMS slide surfaces did not support bacterial cell attachment, and 

hence prevented the formation of biofilm. The increase in surface hydrophilicity upon 

modification of the PDMS surface with PEG spacers and peptides is believed to contribute 

to the observed anti-biofilm property. Such anti-biofilm property makes the peptide-loaded 

surface a superior choice compared to other antibiotic loading techniques, which is not 
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only relatively ineffective in overcoming bacteria biofilm formation [215], but has a high 

tendency to promote antibiotic resistance development.  

3.2.8. Cytotoxicity assay of immobilized CWR11  

Cytotoxicity is of utmost importance for biomedical implants. Conventional antimicrobial 

materials such as silver ions are not widely utilized for surface coating despite its potent 

bactericidal property, due to its high cytotoxicity at moderate concentration [216]. To 

determine the cytotoxicity of the peptide-immobilized surface, PDMS-AGE-PEG-CWR11 

samples were subjected to hemolytic and MTT assays. 

PDMS-AGE-PEG-CWR11 slides incubated in 2.0 mL 5.0% erythrocyte solution showed 

no statistical difference in hemolytic activity compared to the untreated PDMS control 

(Figure 3.13). No significant hemolytic activity (~3.0% ) was detected from the immobilized 

peptides after an hour of incubation with red blood cells, which indicated that the amount 

of peptide impregnated on the PDMS slides were not toxic to red blood cells. This result is 

comparable to that reported by other biocompatible antimicrobial surfaces [145, 163].  
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Figure 3.13. Cytotoxicity assay for CWR11-immobilized PDMS slides against hRBCs. 

 

The cytotoxicity of PDMS-AGE-PEG-CWR11 slides against mammalian SMCs was 

determined using the MTT assay. The peptide-immobilized PDMS slide displayed 

negligible toxicity to mammalian cells. On incubation with PDMS-AGE-PEG-CWR11 slide, 

the SMCs continued to grow, as indicated by an increase in MTT absorbance from day 1 

to day 7 (Figure 3.14). LIVE/DEAD assay of the mammalian cells exposed to PDMS-AGE-

PEG-CWR11 showed that majority of the mammalian cells remained viable up to 7 days 

of incubation with the slide (Figure 3.15). No statistical difference in MTT absorbance was 

observed between the untreated PDMS control and the peptide-immobilized slides.  
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Figure 3.14. Cytotoxicity assay for CWR11-immobilized PDMS slides against mammalian 
smooth muscle cells. 

 

 

Figure 3.15. LIVE/DEAD staining of mammalian smooth muscle cells incubated with 
untreated PDMS (above) and peptide -immobilized PDMS samples (below).  
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The immobilized AMP displayed good selectivity towards prokaryotic cell membrane, 

with diminished ability to disrupt membranes composed of eukaryotic membrane 

components. This trend is commonly seen in many AMPs. A possible suggestion for this 

observation could be due to the difference in the membrane integrity and structure of these 

two membranes types. The bacterial outer cell membrane (made up of negatively charged 

phophatidylglycerol) possessed a much higher net negative charge, as compared to 

mammalian cells (made up of zwitterionic phosphatidylcholine and sphingomyelin), hence, 

improving electrostatic affinities of AMP towards the former [217]. Additionally, mammalian 

cell’s phospholipid bilayer is well decorated with cholesterol, which acts to stabilize and 

maintain the membrane integrity. The presence of such membrane-stabilizing agents may 

interfere with the antimicrobial action of the AMPs, rendering short peptides ineffective in 

permeabilizing mammalian cell membrane [218].   

The CWR11-immobilized slides showed good selectivity toward bacteria cells and not 

mammalian cells, opening the way for the use of this AMP immobilization platform on 

biomedical device relevant surface for antimicrobial functionalization. 

3.3. Conclusion 

In this study, a novel arginine and tryptophan-rich peptide, CWR11, with potent 

bactericidal properties and salt resistant traits, was successfully engineered. An 

immobilization platform was developed to tether the peptide onto a PDMS surface using a 

robust three-step covalent immobilization procedure. Surface characterization assays such 

as XPS and ATR-FTIR confirmed the viability of the chemical tethering protocol, with strong 

indications of successful peptide grafting onto the target surface. The peptide-impregnated 

surface showed potent, wide spectrum antimicrobial and anti-biofilm characteristics, 
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coupled with excellent biocompatibility properties. These results now open the way for use 

of engineered CWR11 peptide as a potential implant peptide candidate.  

The involvement of plasma and UV treatment makes it difficult, however, to implement 

such strategy onto both the intraluminal and extraluminal surfaces of urinary catheters. 

Additionally, prolonged exposure to degradative UV radiation and subjection to multiple 

reaction steps involving harsh chemicals might have detrimental effect on catheter material, 

eventually leading to the device failure. Hence, further optimization to the immobilization 

platform is necessary to improve the efficacy and translatability of the AMP tethering 

platform, which forms the basis for the work reported in Chapter 4.  
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Chapter 4 Development of a catheter 

functionalized by a polydopamine-peptide 

coating with antimicrobial and anti-

biofilm properties2  

Chapter 3 reports the development of a synthetic AMP, CWR11, with potent broad 

spectrum antimicrobial activities and relatively high salt resistance, which showed huge 

potential as an antimicrobial coating candidate for urinary catheters. An immobilization 

platform was concurrently developed to covalently graft this arginine-, tryptophan-rich 

peptide onto a model PDMS surface. Although the peptide tethering platform showed good 

surface antimicrobial activities, there are several drawbacks associated with the AGE 

polymer brush immobilization strategy. For example, the requirement for surface plasma 

activation and subsequent UV radiation limits the applicability of the platform to only flat 

surfaces. Additionally, exposure to strong plasma treatment and prolonged chemical 

treatments can often compromise material integrity, leading to premature failure of 

biomedical devices.  

This chapter aims to develop an AMP-based coating platform that eliminates the need 

for complex reaction steps and use of degradative radiation techniques that may lower 

peptide immobilization efficacy and compromise material integrity. Bioinspired 

2A version of Chapter 4 has been published. This chapter is adapted and reprinted from 
“Lim K.Y., Chua RRY, Ho B, Tambyah PA, Hadinoto K, Leong SSJ., 2015, Development 
of a catheter functionalized by a polydopamine peptide coating with antimicrobial and 
antibiofilm properties, Acta Biomaterialia;15:127-38”, with permission from Elsevier. 

”. Copyright (2013) American Chemical Society. 
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polydopamine (PD)-based surface functionalization is an attractive approach that can be 

easily adopted for AMP grafting. The development of a simple surface functionalization 

dip-coating technique using mussel-derived dopamine molecules was recently reported 

[159]. Upon prolonged immersion in nucleophillic buffer, dopamine molecules polymerize 

to form a thin PD film, decorated with active functional groups (amine and catechol), on 

substrate surfaces [159, 160]. The reactive catechol groups exposed on the PD coating 

can form strong chemical bonding with commonly found thiol or amine groups, through 

simple Michael’s addition. These advantages merit the use of a PD coating for AMP 

immobilization on catheter surfaces, which is investigated in this chapter.  

. AMP immobilization was conducted via a simple 2-step reaction scheme, (i) surface 

activation with PD polymerisation and (ii) attachment of CWR11 onto the PD-activated 

polymer surface. The resulting peptide-grafted PDMS surface demonstrated excellent 

antimicrobial and anti-biofilm properties. Upon translation onto urinary catheter surfaces, 

the AMP-coated catheter surface exhibited good bactericidal potency, comparable to 

commercial Dover silver coated catheters. The stability of the CWR11 coating was also 

verified under varying aqueous environments, over extended time periods. The findings of 

this chapter have been published in Acta Biomaterialia [8]. 

4.1. Materials and Methods 

4.1.1. Materials 

Synthetic peptides and chemicals were purchased from local and international vendors 

as per detailed in Chapter 3 (Section 3.1.1). E. coli, GFP-P. aeruginosa and S. aureus 

were used for surface antimicrobial and anti-biofilm assays. Additionally, Dover silver-



98 

 

coated catheters were purchased from Covidien Private Limited (Singapore), and used as 

positive control for catheter antimicrobial assay.  

4.1.2. Synthesis of CWR11-tethered PDMS slides 

4.1.2.1. Synthesis of Polydimethylsiloxane (PDMS) slides 

1.0 cm2 square PDMS slides, for subsequent peptide immobilization, were synthesized 

using the same method as described in Section 3.1.6.1.   

4.1.2.2. Coating of PDMS slides with polydopamine (PD)  

A layer of PD was coated on a PDMS slide. Each PDMS slide was immersed in 1.0 mL 

of dopamine solution (5.0 mg/mL, in 50 mM Tris-HCl, pH 8.8), and the polymerization 

reaction allowed to occur for 72 h at 25oC. The PD-coated slides were rinsed in copious 

amount of deionized water to remove any unattached dopamine molecules.  

4.1.2.3. Immobilization of CWR11 

CWR11 was attached onto the PD-coated PDMS slides (PDMS-PD). The PD-coated 

slides were immersed in CWR11 peptide solution (2.0 mg/mL in 50 mM Tris buffer, pH 8.8) 

for 72 h at 25oC. The peptide-immobilized slides (PDMS-PD-CWR11) were washed with 

copious amount of water to remove any unbounded AMP.  

CWR11 contains numerous tryptophan amino acid residues, which absorb strongly at 

280 nm. Peptide concentration was quantified using the OD600 absorbance measurement, 

based on an empirical formula (Equation 3.1) developed by Pace et al. [181], as detailed 

in Section 3.1.2. 
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The absorbance of the CWR11 peptide solution before and after surface immobilization 

was measured at 280 nm using Nanodrop 2000c (Thermo Scientific, USA). The 

immobilized peptide concentration was estimated by subtracting the quantity of CWR11 in 

the AMP solution after immobilization from that before.  

4.1.3. Surface characterization of PDMS-PD-CWR11 

4.1.3.1. Contact angle measurement 

Surface wettability property of PDMS-PD-CWR11 and control slides (PDMS and PDMS-

PD) was determined using static contact angle measurement, as described in Section 

3.1.7.1. 

4.1.3.2. Atomic Force Microscopy (AFM) 

Surface morphology and roughness of the PDMS samples (i.e. PDMS, PDMS-PD and 

PDMS-PD-CWR11) were analyzed using atomic force microscopy (AFM) (Asylum 

Research, Santa Barbara, CA). A monolithic silicon non-contact high resonance frequency 

cantilever (NCST type, Nanoworld, Switzerland) was employed to image surface 

morphology during non-contact tapping mode. Scan rates were set at 1 Hz with data 

resolution of 256 pixels x 256 pixels. Area of scanning per sample was fixed at 1.5 μm x 

1.5 μm. Surface morphology imaging and roughness analysis were conducted using the 

Igor Pro MFP-3D software.  

4.1.3.3. Attenuated total reflectance fourier transform infrared (ATR-FTIR) 

spectroscopy  

The presence of amide bonds on PDMS-PD-CWR11 and control PDMS-PD surfaces 

was verified using ATR-FTIR spectroscopy as described in Section 3.1.7.4.  
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4.1.3.4. X-ray photoelectron spectroscopy (XPS) 

Survey and high resolution surface elemental scanning and quantification was analyzed 

by XPS using a Thermo Scientific Theta Probe. Methodology of XPS scanning was similar 

to that described in Section 3.1.7.2.  

4.1.4. Surface antimicrobial activity and bacterial attachment assays 

4.1.4.1. Surface antimicrobial activity of PDMS-PD-CWR11 slides 

The surface antimicrobial activity of the PDMS-PD-CWR11 slides against three target 

uropathogens were assayed using an established protocol [180], as described in Section 

3.1.8.  

4.1.4.2. Bacterial attachment assay on peptide-immobilized PDMS slides  

Anti-biofilm property of the PDMS-PD-CWR11 surface was determined using a reported 

bacteria adherent protocol [219], identical to that detailed in Section 3.1.10.1. Confocal 

microscopy (FV1200, Olympus, Japan)  and fluorescence   spectroscopy (Infinite 200, 

Tecan, Switzerland) was conducted to qualitatively and quantitatively determine the degree 

of bacteria attachment on the respective surfaces.  

Biofilm or bacterial growth of GFP-P. aeruginosa strain on PDMS slides was processed 

and viewed under a scanning electron microscope (JEOL, JSM 5600LV). Briefly, PDMS 

slides were incubated with GFP-P. aeruginosa (1 × 106 CFU/mL) in BPM for 24 h at 37°C. 

The slides were washed once with PBS to remove loosely adherent bacteria and fixed in 

2 % glutaraldehyde overnight at 4°C. After fixation, the slides were treated with Osmium 

(OsO4) for 30 min and washed 2 times (5 min each) with PBS. The slides were dehydrated 

through an ethanol series of 25 % - 50 % - 75 % - 95 % (each for 15 min) and 3 changes 
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of 100 % ethanol, each for 20 min, followed by critical point drying with CO2 (Balzers critical 

point dryer, CPD 030). The slides were then coated with gold (BAL-TEC sputter coater) 

and kept in a 40°C oven before viewing.     

4.1.5. CWR11 immobilization on silicone Foley catheter  

Silicone Elastomer-coated Foley catheters (123616A, Bard, Covington, GA, USA) were 

cut into small segments of 1.0 cm in length (outer diameter = 0.6 cm; inner diameter = 0.2 

cm) for peptide immobilization studies. CWR11 was immobilized onto the catheter surface 

using a similar protocol as described in Section 4.1.2, with minor adaptations. Briefly, the 

catheter samples were immersed in dopamine solution (5.0 mg/mL, in 50 mM Tris-HCl 

buffer, pH 8.8), for 72 h at 25oC. The PD-coated catheters (Cat-PD) were rinsed thoroughly 

with deionized water and then immersed in a solution of CWR11 (2.0 mg/mL in 50 mM 

Tris-HCl buffer, pH 8.8) for 72 h at 25oC. The peptide-immobilized catheters (Cat-PD-

CWR11) were subsequently washed thoroughly with deionized water, dried in a nitrogen 

stream.  

4.1.6. Surface antimicrobial and stability assays for CWR11-immobilized 

catheter samples 

4.1.6.1. Catheter surface antimicrobial assay  

CWR11-immobilized and respective control catheters were subjected to surface 

antimicrobial assay, as described in Section 3.1.8 and 4.1.4.1, with minor adaptation. 

Briefly, overnight E. coli culture was sub-cultured in fresh MH medium for 3 h to reach mid-

log phase and appropriately diluted to a final concentration of 1 x 106 CFU/mL. 50.0 μL of 

bacteria suspension was injected into the intraluminal section of the catheter samples, and 

incubated at 25oC for 3 h. After incubation, 10.0 μL of the inoculant was withdrawn for 
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colony forming unit (CFU) counting, while the remaining bacterial suspension, along with 

the catheter sample, was immersed in fresh medium and incubated overnight (37oC, 16 – 

20 h) for optical density measurement. The protocol was repeated in triplicate for E. coli, 

S. aureus and GFP-P. aeruginosa. 

4.1.6.2. Catheter stability assay  

To assess the long-term stability of the peptide-immobilized catheters, a leaching assay 

[180, 220], as described in Section 3.1.9, was conducted. Briefly, the Cat-PD-CWR11 

samples were immersed in deionized water for 1, 3, 7, 14, 21 and 30 days and subjected 

to antimicrobial assay (Section 4.1.6.1). The effect of different aqueous environments on 

the antimicrobial performance of Cat-PD-CWR11 was also studied. The catheter samples 

were incubated in deionized water, PBS, air, synthetic urine (Surine) and urine for 3 days, 

and subjected to antimicrobial assay, as described in Section 4.1.6.1. Urine and Surine 

samples were analyzed and specifications are shown in Table 4.1.  

Table 4.1. pH, albumin content and osmolarity of urine and synthetic urine samples. 

 Urine Surine 

pH 6.2 8.2 

Albumin content (mg/L) <5.0 <5.0 
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4.1.7. Cytotoxicity assay   

4.1.7.1. Cell viability assay using MTT  

The PDMS-PD-CWR11 samples were also tested for their biocompatibility and toxicity 

to 3T3 fibroblast and SV-HUC-1 uroepithelial cells, as described in Section 3.1.11.2, with 

minor adjustments to the reported protocol. 3T3 cells were cultured in DMEM 

supplemented with 5% fetal bovine serum (Hyclone) while SV-HUC-1 cells were cultured 

in F-12K medium (Sigma) supplemented with 10% fetal bovine serum (Hyclone). Cells, at 

a concentration of ~5×104/well for 3T3 cells and 4×105/well for SV-HUC-1, were seeded in 

a 24-well plate and incubated at 37°C in a humidified atmosphere of 5% CO2 overnight 

(~16 h) before PDMS samples (1 cm × 1 cm) were introduced. PDMS samples were added 

such that the PDMS-PD-CWR11 surfaces were at close proximity, but not pressed together, 

to the respective cells. The cultures were incubated for 24 h, after which the PDMS slides 

were removed and adhering cells were washed once with PBS, followed by addition of 1× 

MTT reagent (0.5 mg/mL, 500 µL) and incubated at 37 °C for 1 h. The MTT reagent was 

then removed, and the cells were washed once with PBS, followed by cell lysis with 100% 

DMSO (500 µL). Violet formazan crystals were allowed to dissolve in DMSO, with gentle 

agitation on a rocker for 30 min. Optical absorbance of the samples was measured at 

570nm. 

In addition, live/dead staining of SV-HUC-1 cells was carried out. Briefly, the cells were 

labeled with green fluorescent CFSE dye (Molecular Probes) before treatment with the 

respective PDMS samples. The cells were then washed with PBS and incubated with 1 

µg/mL propidium iodide (PI) in F-12K medium, at 37 °C for 15 min. Subsequently, the cells 

were washed 5× with PBS, fixed at -20°C with methanol for 4 min and kept in PBS, 4°C, 

before viewing under confocal microscopy (Olympus FV1000).  
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4.1.7.2. Hemocompatibility assay 

The hemolytic activities of the PDMS-PD-CWR11 and Cat-PD-CWR11 samples against 

erythrocyte cells were studied via a method established by Shai et al. [221], as described 

in Section 3.1.11.1.   

4.1.8. Statistical analysis   

All experiments were conducted in triplicate, with average and standard deviation 

calculated for all measurements. Statistical analysis was conducted using the SPSS 

software (Mac, version 21, IBM, Rochester NY, USA), as described in Section 3.1.12. 
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4.2. Results and discussion 

4.2.1. Synthesis of CWR11-immobilized PDMS surface    

Synthetic AMP, CWR11, which has potent and broad spectrum antimicrobial activity 

[180], was used as the model peptide in this study. CWR11 retained its bactericidal 

property upon attachment to the PDMS surface, thus fulfilling an important pre-requisite as 

a coating agent. This chapter reports the studies performed to develop a simple and readily 

scalable 2-step dip-coating method for CWR11 immobilization onto PDMS substrate 

surface, and subsequently Foley urinary catheter, with the overall aim to develop a 

CWR11-based antimicrobial coating for silicone catheters, which involves a simple and 

scalable synthesis platform. 

Figure 4.1A shows the schematic of the peptide immobilization chemistry. The PDMS 

slide was coated with a thin layer of PD, achieved by dip coating in an alkaline dopamine 

solution. A thin film of CWR11 was then bound to the PD-coated surface upon incubation 

of the samples with the peptide solution. Representative slides of untreated PDMS, PDMS-

PD and PDMS-PD-CWR11 samples are shown in Figure 4.1C. A characteristic brown 

coloration observed on the PDMS-PD sample suggested complete polymerization of 

dopamine molecules onto the polymer surface [222].  
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Figure 4.1. (A) Schematic of CWR11 tethering process on a PDMS surface. The PDMS 
substrate was first functionalized with a layer of polydopamine, followed by CWR11 
attachment. (B) AMPs were attached to the surface via Michael addition / Schiff base 
reaction of the CWR11’s inherent thiol (left) or/and amine group (middle) with exposed 
catechol functionalities and physical adsorption (right). (C) PDMS samples at different 
stages of the 2-step immobilization process. 

 

Due to its robust chemistry, PD-mediated surface coating method has been widely 

utilized in a variety of applications such as stem cell engineering [160, 223], protein 

immobilization [224], DNA microarrays [225] and water membrane technologies [226]. 
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Dopamine, a small molecule consisting of catechol and amine functionalities, polymerizes 

under mild alkaline condition to form a thin adherent film of PD on any type of organic or 

inorganic materials [159, 160, 227]. In an oxidising environment, the dopamine-

hydrochloride molecules undergo covalent-oxidative polymerization and physical self-

assembly of dopamine and its oxidative product, 5,6-dihydroxyindole (DHI), to form the PD 

layer. With increased exposure to alkaline conditions, the reaction equilibrium is shifted 

towards the covalent oxidative polymerization reaction, disrupting the self-assembled 

(Dopamine)2/DHI physical trimer to form more Dopamine-DHI-DHI trimeric conjugate [227]. 

The co-existence of catechol and amine groups on the trimeric conjugate allows it to 

adhere to surfaces via multiple covalent bond formation [228, 229]. The brown precipitate 

observed on the PDMS-PD surface (Figure 4.1C) is attributed to the combined effect of 

covalent bond-forming oxidation reaction and oxidized product adherence to the PDMS 

surface. Moreover, due to the nature of dopamine molecule and manner of polymerization, 

catechol moieties are abundantly exposed on the PD coating. These catechol groups are 

oxidized to reactive o-quinone functional groups  under alkaline condition, which offer 

convenient sites for covalent grafting of nucleophilic biomolecules via Michael addition 

and/or Schiff base reaction [159].  

Despite the known capacity of PD coating to effectively immobilize bioactive molecules, 

the use of PD-functionalized polymer surfaces for AMP attachment remains relatively 

unexplored. In this study, we demonstrated a facile PD-based strategy for efficient 

immobilization of CWR11 onto inert silicon-based polymer, which imparts the target 

substrate surface with potent bactericidal properties.  

The PDMS substrate surface was first functionalized with a thin layer of PD. Following 

PD coating, the samples were exposed to a concentrated CWR11 peptide solution, under 

oxidizing condition, for attachment of the AMP, via both covalent and physical adsorption 
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means [159] (Figure 4.1B). The abundance of reactive o-quinone groups and the 

hydrophilic nature of the PD film surface present an ideal platform for covalent and/or non-

covalent CWR11 attachment [230-233].  

4.2.2.    PDMS-PD-CWR11 surface characterization  

Changes in surface wettability of the PD-AMP-functionalized PDMS slides were 

assessed by water contact angle measurements [160]. PDMS is inherently hydrophobic, 

with a high contact angle of 104.0 ± 1.2o (Figure 4.2A) [234]. Functionalization of PDMS 

with PD greatly enhanced the hydrophilicity of the polymer, decreasing the contact angle 

to 66.7 ± 2.5o. Peptide immobilization did not significantly alter the contact angle of the 

PDMS-PD surface. A drastic enhancement in surface hydrophilicity was observed upon 

functionalizing the PDMS surface with PD, which is attributed to the presence of polar 

catechol and amine functional groups on the coating. The improvement in wettability of 

hydrophobic surfaces by PD coating is a well-established observation [160, 235]. 

Subsequent CWR11 immobilization did not significantly alter the contact angle. This 

behavior agrees with observations reported in previous studies that involved the grafting 

of growth factors and peptides onto PD-coated polystyrene (PS) and poly(lactic-co-glycolic 

acid) (PLGA) surfaces [160]. 

The surface morphology and roughness of PDMS, PDMS-PD and PDMS-PD-CWR11 

samples were analyzed by AFM. The unmodified PDMS substrate possessed a smooth 

morphology (Figure 4.2B), with surface roughness of 521.7 ± 413.5 pm. PD polymerization 

on PDMS surface increased the surface roughness to 1.0 ± 0.8 nm. Attachment of CWR11 

peptides onto the PD-coated surface further increased the surface roughness to 2.6 ± 2.0 

nm. The sharp increment in surface roughness (by 2 nm) further verified peptide 

attachment.  
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To verify that the peptides were attached to the PD-functionalized polymer surface, 

ATR-FTIR analysis of the PDMS-PD-CWR11 samples was conducted to confirm the 

presence of amide bonds. Distinct peaks were observed at 1533 cm-1 and 1645 cm-1, which 

are representative of amide I and II bands [210], respectively (Figure 4.2C). These 

characteristic peaks were absent in the PDMS-PD control samples.  

 

Figure 4.2. Surface characterization of PDMS-PD-CWR11 slides. (A) Contact angle 
measurements of deionized water on CWR11-immobilized and control PDMS surfaces. (B) 
AFM analysis of unmodified (left), PD-coated (middle) and CWR11-immobilized PDMS 
substrates. (C) ATR-FTIR spectrum for PDMS-PD-CWR11 (black) and PDMS-PD (grey) 
samples. 
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Surface elemental composition was investigated using XPS (Figure 4.3). The spectra 

revealed an increase in nitrogen/carbon (N/C) ratio for PDMS-PD sample (0.04 ± 0.00) 

compared to the unmodified PDMS (0.00 ± 0.00), which is attributed to the presence of 

amine group in the dopamine molecule [159]. A further increment in N/C ratio (0.13 ± 0.01) 

was observed with the immobilization of CWR11, which is due to the presence of multiple 

arginine amino acids in the peptide sequence. A high resolution XPS surface scan 

conducted for the samples showed that a small amount of sulfur was detected only on the 

PDMS-PD-CWR11 sample surface (Figure 4.3B). Analysis of the spectrum revealed a 

doublet at 163 eV, corresponding to carbon-linked sulfur group. The sulfur originated from 

the thiol group, derived from N-terminal cysteine residue of the peptide, which was 

attached to the PD-treated surface. This further confirmed the successful attachment of 

CWR11 onto the PD-modified PDMS surface. An additional doublet at binding energy of 

168 eV, caused by oxidized sulfur species, was also present [236]. The alkaline Tris 

medium provides an oxidizing environment in which some of the thiol groups were oxidized, 

hence accounting for the peak at 168 eV.   
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Figure 4.3. Surface characterization of PDMS-PD-CWR11 slides. (A) XPS survey spectra 
of PDMS, PDMS-PD and PDMS-PD-CWR11 samples for C, N, O and Si element. High 
resolution XP spectra of (B) PDMS-PD-CWR11 and (C) control (PDMS-PD) (C) slides for 
S2p detection. Dotted line represent fitted peaks, representing the charged conditions of 
the respective sulfur atoms, by deconvoluting the high resolution scanning spectrum.  
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Identification of characteristic amide bands in ATR-FTIR (Figure 4.2C), detection of 

higher surface nitrogen atomic percentage (Figure 4.3A) and the presence of sulfur atoms 

(Figure 4.3B) by XPS on peptide-immobilized surface also verified the successful grafting 

of CWR11 onto the PD-functionalized surface. These results agree with previously 

reported characterization of peptide attachment on PD-functionalized surfaces [237].  

Compared to previously reported surface coupling methods, which require extensive 

surface modifications and complex reaction steps [153, 204, 238], this strategy offers a 

much simpler strategy for attaching peptides onto PDMS surfaces, where only two simple 

dip-coating steps are involved. Efficiency of peptide immobilization is comparable with 

similar studies that used multi-step immobilization platforms [153, 164, 239], with an 

estimated 3.41 ± 0.76 μg (1.78 ± 0.40 x 10-3 μmoles) of CWR11 tethered per cm2 of PDMS 

surface, as estimated by absorbance measurement (data not shown). 

4.2.3.    Antimicrobial activity of CWR11-immobilized PDMS surface  

To determine the antimicrobial performance of the PDMS samples, PDMS-PD-CWR11, 

PDMS-PD and unmodified PDMS surfaces were inoculated with 5.0 x 104 CFU of E. coli 

and incubated for 3 h. The inoculated bacteria suspensions were then subjected to bacteria 

CFU count. No visible colony was observed on the agar plate for culture from PDMS-PD-

CWR11, while significant bacteria growth was observed for the unmodified and PD-coated 

controls (Figure 4.4A). This result indicates that attachment of CWR11 had conferred the 

PD-coated PDMS surface with potent bactericidal property. When the surface antimicrobial 

assays were repeated with S. aureus and GFP-P. aeruginosa, it was observed that PDMS-

PD-CWR11 was effectively bactericidal against these UTI-relevant bacteria (Figure 4.4B). 

This result clearly shows that CWR11 retained its potent, broad-spectrum antimicrobial 

property upon attachment to the PD-functionalized surface.  
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Figure 4.4. Surface antimicrobial activities of CWR11-immobilized PDMS slides. (A) 
Antibacterial activity of PDMS-PD-CWR11 and uncoated controls. (B) Antimicrobial activity 
of CWR11-immobilized PDMS slides against E. coli, S. aureus and P. aeruginosa. Optical 
density measurements (OD600) of overnight MH medium were taken as an indication of 
bacterial growth. Negative control experiment was carried out using MH medium only. * 
indicates p<0.05 in comparison to untreated PDMS controls. 

 

Many established immobilization strategies utilize long spacers such as polyethylene 

glycol (PEG) to covalently link the AMP to activated surface [145, 180, 238]. A study by 

Bagheri et al. suggested the importance of spacer in reducing steric hindrance imposed 
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upon the immobilized peptides [145]. However, in this immobilization study, CWR11 

peptides were directly attached onto PD-activated surface. Surface antimicrobial assays 

demonstrated that the attached AMP retained its potent bactericidal properties, even in the 

absence of a long spacer. Similar observations were reported in earlier studies. Kai Hilpert 

et al. investigated the tethered bactericidal activities of some 9-, 12- and 13-mer peptides, 

using CAPE linker and streptavidin/biotin coupling chemistry [163]. The AMPs were directly 

attached onto the respective surfaces and demonstrated potent bactericidal properties 

against bacteria and fungi. In another recent study, covalent linkage of polybia-MPI to 

surface-functionalized polymer brushes without using long spacers did not compromise the 

antimicrobial property of the peptide [164]. The results from these studies suggest that the 

use of long spacers is not required to retain immobilized peptide activity, but the outcome 

may vary with peptide sequence, surface concentration, substrate surface, as well as the 

surface coupling chemistry [89, 150, 163, 240, 241]. By simplifying the peptide 

immobilization platform, the loss of peptides can be reduced and the PDMS surface-

immobilized CWR11 concentration can be enhanced compared to multi-step 

immobilization platforms [180], which will increase the economic competitiveness of 

product development.   

4.2.4.    Anti-fouling property of CWR11-immobilized PDMS surface  

Combating bacterial colonization and biofilm formation on biomedical devices has been 

a challenge for the medical community for several decades and it is essential that 

indwelling biomedical devices should possess certain degree of anti-biofilm property. Anti-

fouling capacity was investigated by seeding GFP-P. aeruginosa, along with the CWR11-

immobilized PDMS slides, in a biofilm-promoting medium, followed by 24 h incubation to 

allow cell attachment, before planktonic cells were eventually washed away. The 
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attachment of GFP-P. aeruginosa was determined by SEM and confocal microscopy 

imaging, and the amount of biofilm on the surface was quantitatively assayed using 

fluorescence spectroscopy. SEM images of the sample surfaces showed that the 

unmodified PDMS surface supported attachment of a large amounts of bacteria (Figure 

4.5A). A slight decrease in cell attachment was observed for the PDMS-PD surface while 

bacteria attachment on the PDMS-PD-CWR11 surface was significantly reduced.  

GFP expression facilitates the quantification of biofilm establishment on the surfaces 

using confocal microscopy. Confocal laser imaging of the sample surfaces demonstrated 

results that were consistent with those of SEM imaging (Figure 4.5B). Extensive biofilm 

formation was observed on the surface of the PDMS and PDMS-PD slides, while PDMS-

PD-CWR11 slides showed a significantly reduced attachment on its surface significantly. 

Reduced biofilm formation on PDMS-PD-CWR11 compared to the control slides 

demonstrated the anti-biofilm potency of the peptide-immobilized surface.  
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Figure 4.5. Anti-biofilm assessment of CWR11-immobilized slides. Treated and untreated 
PDMS samples were incubated with GFP-P. aeruginosa for 24 h, in biofilm-promoting 
environment. (A) SEM images and (B) confocal microscopy images of the PDMS-PD-
CRW11 samples and the respective controls. (C) Fluorescence spectrometric 
measurements of PDMS-PD-CRW11 and control PDMS slides to quantitate biofilm 
formation on the respective surfaces. * indicates p<0.05 in comparison to untreated PDMS 
controls. 

 

The PD coating alone was observed to have a minimal effect in preventing microbial 

adherence, which agrees with earlier reports that PD coating generally supports cell 

attachment [6, 159]. Conjugation of CWR11 on PD-functionalized PDMS prevented the 
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attachment of GFP-P. aeruginosa under biofilm-promoting environment, which indicates 

that the surface-immobilized CWR11 retained its membranolytic property. The highly 

bactericidal surface-immobilized CWR11 could have eliminated the bacteria before they 

could colonize the surface, thus preventing biofilm formation, and increases the 

‘antimicrobial life span’ of the CWR11-immobilized surface.   

4.2.5. Immobilization of CWR11 onto Foley catheter surfaces     

The same peptide tethering platform was extended to immobilize CWR11 on 

commercially available Foley urinary catheters. The urinary catheter was first coated with 

a layer of PD (Cat-PD), followed by CWR11 attachment (Cat-PD-CWR11). The use of dip-

coating in the immobilization process allowed both the intra- and extra-luminal surfaces of 

the catheter to be readily grafted with CWR11.  

4.2.6. Antimicrobial performance and stability of CWR11-immobilized 

catheter     

The antimicrobial performance of the CWR11-immobilized catheter was verified by 

introducing 5 x 104 CFU of bacteria, in a 50 μL suspension, to the intraluminal section of 

the sample. The catheter was incubated at room temperature (25oC) for 3 h before being 

immersed in fresh medium for overnight culture. CFU count of the samples indicated that 

no bacterial growth was evident for the Cat-PD-CWR11 sample, whereas significant 

bacterial growth was observed in the control catheter (Figure 4.6A). The same results were 

obtained when the samples were subjected to OD600 measurement. Similar to the CWR11-

immobilized PDMS samples, the peptide-immobilized catheter displayed potent 

bactericidal property against a broad spectrum of UTI-relevant bacteria, including gram-

negative E. coli and GFP-P. aeruginosa, and gram-positive S. aureus. 
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The ability of the immobilized peptides to retain its activity in different environments was 

determined by exposing the Cat-PD-CWR11 samples to air, water, PBS, synthetic urine 

and urine for 3 days, followed by subjecting the samples to antimicrobial assays. The CFU 

determination result indicated that the CWR11-immobilized catheters retained its 

bactericidal property in all the environments tested (Figure 4.6B). 

To investigate the long-term stability of the CWR11-immobilized catheters, Cat-PD-

CWR11 were subjected to soft cleaning conditions for an extended period of time. OD600 

measurements demonstrated that the samples retained excellent antimicrobial potency up 

to 21 days, completely inhibiting E. coli growth (Figure 4.6C). The prolonged stability of the 

AMP-coated surface suggests minimal peptide degradation [242].  

The antimicrobial performance of Cat-PD-CWR11 was compared against commercially 

available Dover silver-coated catheters. Our results show that the Dover silver-coated 

catheter slightly outperformed Cat-PD-CWR11 in terms of inhibitory activity (Figure 4.6B 

and C). This could be due to the controlled release functionality of the Dover silver-coated 

catheters where the sustained, controlled release of silver ions effectively targets both 

planktonic and adherent bacteria [71]. In contrast, the tethered peptides on the Cat-PD-

CWR11 surfaces may not be effective against planktonic bacteria that are not in proximity 

to the catheter surface, resulting in slightly higher bacteria growth upon overnight 

incubation. This will be addressed in the studies reported in the next chapter of this thesis. 
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Figure 4.6. Antimicrobial behaviour of CWR11-immobilized catheter samples. (A) 
Antimicrobial activities of CWR11-immobilized catheter samples against E. coli, S. aureus 
and P. aeruginosa. (B) Antimicrobial activity of AMP-immobilized catheter after 3 days of 
incubation in various environments. (C) Stability of the CWR11-immobilized catheters 
compared to untreated and Silver Dover catheter over 30 days. * indicates p<0.05 in 
comparison to untreated catheter controls. 
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4.2.7. Cytotoxicity 

Cytotoxicity of the peptide-immobilized samples needs to be evaluated since the PD 

and PD-CWR11 films are designed for indwelling urinary catheters. The effect of CWR11-

immobilized slides on uroepithelial cell viability was tested using the MTT assay. The 

viability of cells in close proximity with CWR11-immobilized slides was higher than 95% 

and comparable with the control slides (i.e. PDMS and PDMS-PD) (Figure 4.7A). Live-

dead staining of the cells were conducted and viewed under a confocal microscope. Viable 

cells were stained green while dead cells were identified by an additional red PI dye. PI is 

a high affinity DNA-binding dye that enters dead cells because of their compromised 

plasma membrane, giving a bright red nuclear staining, but is excluded from live cells with 

intact plasma membrane. Cells remained largely viable when placed in close proximity with 

PDMS-PD-CWR11 for 24 h, with negligible amount of PI staining detected (Figure 4.7B). 

Together, the MTT assays and live/dead staining showed that PD-CWR11 coating was not 

cytotoxic, but highly compatible with uroepithelial cells.  

To evaluate the hemocompatibility of the PDMS-PD-CWR11 slide and Cat-PD-CWR11, 

the samples were tested for hemolytic tendency against hRBCs. Figure 4.7C shows the 

rate of hemolysis of the peptide-immobilized samples, compared to the controls. The 

unmodified and PD-coated controls showed negligible cytotoxicity while the hemolytic 

activities were slightly higher for the CWR11-immobilized samples (2.67 ± 0.28% for 

PDMS-PD-CWR11; 1.61 ± 0.35% for Cat-PD-CWR11). However, in accordance to clinical 

standards stipulated by ISO 10993 (Biological evaluation of medical devices), these values 

lie within the acceptable cytotoxicity levels determined for medical devices [243]. 
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Figure 4.7. (A) Quantitative analysis of SV-HUC1 uroepithelial cells viability per cm2 of 
peptide immobilized surface on PDMS-PD-CWR11 samples using MTT assay. (B) Live-
dead fluorescence imaging of SV-HUC1 cells incubated with PDMS-PD-CWR11 slides, 
methanol-permeabilized cells and in the absence of PDMS slides (no PDMS). Shown are 
nuclei (blue); cytoplasm (green) and propidium iodide (PI)-stained dead cells (red). (C) 
Hemocompatibility assay of CWR11-immobilized PDMS slides and catheters against 
human erythrocyte cells. 

 

4.3. Conclusion 

In summary, a 2-step polydopamine-based surface immobilization strategy was 

developed for conjugation of a synthetic AMP, CWR11, onto model PDMS and 

commercially available Foley catheter. The facile immobilization platform provides a non-

destructive and efficient avenue to attach CWR11 onto relevant biomedical devices. 

Compared to the AGE polymer brush-based platform developed in Chapter 3, this platform 

involves a much simpler immobilization process with improved AMP immobilization efficacy, 

which is readily scalable. The peptide-grafted polymer substrates demonstrated potent 

antimicrobial and anti-biofilm properties against relevant UTI causing bacteria, with 

excellent stability and biocompatibility. Overall, this CWR11 immobilization strategy 
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demonstrated excellent functionality and good potential for clinical application, which can 

be readily extended to other biomedical devices.  

As expected of contact active antimicrobial coating, the two AMP immobilization 

platforms developed in Chapters 3 and 4 offer antimicrobial protection against bacteria that 

exist within close enough proximity to the surface. More often than not, however, planktonic 

bacteria that do not come into contact with the surface-tethered AMPs will continue to grow 

and multiply, leading to rapid bacteria proliferation that will eventually overwhelm the 

surface-immobilized AMP, resulting in the failure of the antimicrobial coating. To address 

this problem, a matrix-based coating with AMP controlled release functionality is 

hypothesized to be able to improve the long term efficacy of the AMP-based coating. An 

ideal release platform should exhibit high initial release for sterilization of the implant site, 

followed by sustained and prolonged release for prophylactic measure against possible 

bacterial infection. The need for an efficient, AMP controlled release coating motivates the 

initiation for development of a matrix-based platform for sustained peptide release, which 

forms the aim of the next chapter in this thesis.  
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Chapter 5 Dual layer coating for 

controlled release of antimicrobial 

peptides for prevention of CAUTI 

By utilizing coupling strategies such as AGE polymer brush (Chapter 3) and PD-based 

(Chapter 4) grafting platforms, proof-of-concept demonstration that AMPs can be grafted 

onto model PDMS and commercial urinary catheter surfaces to render these surfaces 

contact active was achieved. The AMP-immobilized surfaces exhibited potent, broad-

spectrum antimicrobial action against uropathogens such as E. coli, P. aeruginosa and S. 

aureus. These surfaces also demonstrated excellent anti-biofilm properties and good 

biocompatibility with hRBCs and uroepithelial cells. However, despite the effective 

bactericidal functionalities, these contact active surfaces are only effective against 

microbes that lie within close proximity to the PDMS or catheter surfaces. Planktonic 

bacteria colonies that are reasonably distant from the surfaces cannot be efficiently 

targeted and hence can continue to proliferate. Upon prolonged catheter indwelling, the 

rapidly proliferating planktonic bacteria will eventually dominate and gradually reduce the 

efficacy of the contact active AMP-immobilized surface, eventually rendering it impotent.  

To address this problem, this chapter aims to develop an AMP-based controlled release 

coating that can target both bacteria near the catheter surface as well as planktonic 

bacteria to curb their growth at the initial stage. To achieve this, the coating should possess 

a site sterilization function, inhibiting and/or killing any planktonic bacteria immediately 

upon implantation to prevent subsequent exponential growth. Systemic administration of 

antibiotics is often utilized to target such planktonic bacteria growth. However, this method 
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is impeded by the inefficiency of drug delivery to the target site as well as potential systemic 

toxicity [8], especially in the case of CAUTI. The use of antibiotics which can induce 

antibiotic resistant pathogen development is also undesirable. A targeted antibacterial 

agent delivery system, that ensures sustained, localized and specific drug release is touted 

as the preferred treatment method [24]. An optimal depot formulation should exhibit high 

initial release of antimicrobial compound during the early post-implantation period while the 

immune system is weakened or compromised. A slow and sustained release profile should 

follow for prophylactic treatment [170, 244].  

Biodegradable, matrix-based polymers have facilitated controlled release of 

antibacterial drugs in microparticle- and implant-based depot formulations [245-247]. 

These polymers degrade and metabolize naturally in vivo to non-toxic by-products [248]. 

Poly-ε-caprolactone (PCL), in particular, has been frequently featured for drug delivery 

[247], tissue engineering [223] and medical device coating applications [249]. The excellent 

biocompatibility and gradual biodegradability of PCL renders it one of the most suitable 

biomaterials for controlled drug release application. Chang et al. showed that by 

encapsulating antibiotic (gentamycin) in PCL, it is possible to retain sustained drug release 

for up to 14 days [250]. In contrast to other polymers such as polylactic acid, polyglycolic 

acid and poly(lactic-co-glycolic acid), PCL possesses superior rheological properties and 

solid morphology due to increased crystallinity and hydrophobicity [251], thus allowing 

easier handling of the polymer. Additionally, PCL degradation is more gradual and 

produces non-toxic carbon dioxide and water as by-products. These properties merit the 

use of PCL as an AMP-encapsulating layer for this study.  

In 2008, Artem et al., through the use of peptide array technology and Artificial Neural 

Networks, a powerful machine learning technique to create quantitative in-silico models of 

antibiotic activities, developed an arginine-, tryptophan-rich 9-mer synthetic peptide, 
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HHC36 [252].  The synthetic AMP possessed potent, broad spectrum antimicrobial activity 

with excellent biocompatibility against mammalian cells. A further conformational study on 

HHC36 reveals that the arginine-, tryptophan-rich peptide adopted a turn conformation in 

aqueous buffer and folds instinctively in the presence of bacterial membrane mimicry to 

adopt an enhanced turned configuration. Further examination with isothermal titration 

calorimetry and acrylamide fluorescence quenching demonstrated preferential attachment 

of HHC36 towards negatively charge membrane surface, accounting for the excellent 

selectivity of the synthetic peptide [253]. The short amino acid sequence (9 amino acids), 

abundance of tryptophans (four tryptophan residues) and lack of cysteine also aids to 

ensure ease of identification as well as reduce synthesis process complexity. These 

properties make HHC36 an ideal candidate agent for controlled release antimicrobial 

coating. In fact, since being reported in 2009, HHC36 has been selected as the choice 

agent for delivery in a variety of controlled release studies [170, 254, 255]. For these similar 

reasons, HHC36 was chosen as the candidate AMP for the current controlled release study.  

Specifically, this chapter reports the development of a platform comprising a layer-by-

layer assembly of thin films to facilitate the sustained release of arginine-, tryptophan-rich  

HHC36. To achieve a coating that can facilitate sustained AMP release, PCL films, 

impregnated with HHC36, were surface-coated with a thin 1-palmitoyl-2-oleoyl-sn-glycero-

3-phosphocholine (POPC) film to modulate the release of HHC36. POPC is a major 

component of the eukaryotic cell membrane and offers significant resistance against 

bacteria growth [170], while showing excellent biocompatibility. Synthesis of the coating, 

efficacy of the AMP release profile and antimicrobial functionality of the PCL-POPC coating 

were studied. The coating was subsequently applied on commercial silicone catheters to 

examine its short and long term antimicrobial and anti-biofilm against UTI-relevant bacterial 

strains. 
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5.1. Materials and methods 

5.1.1. Materials  

Synthetic peptides HHC36 (KRWWKWWRR) and CHHC36 (CKRWWKWWRR), 

chemicals and silver Dover control catheters were purchased from local and international 

vendors as detailed in Section 3.1.1. E. coli, GFP-P. aeruginosa and S. aureus (as 

described in Section 3.1.1) were used for subsequent antimicrobial and anti-biofilm assays. 

5.1.2. Processing of HHC36-impregnated PCL-POPC film (PCL(P)-POPC(P)) 

in 96-well plate 

PCL coating in 96-well plate was prepared using a drop-and-dry technique. 10% (w/v) 

PCL solution was prepared by dissolving 0.5 g PCL pellet in 5.0 mL 2,2,2-trifluoroethanol 

(TFE). 5.0 mg AMP were subsequently loaded into 500 µL 10% (w/V) PCL solution and 

mixed thoroughly by vortexing. 100 µL of the HHC36-rich PCL solution was pipetted into 

each well and dried at 25oC for 24 h to form a single layer HHC36-impregnated PCL film 

(PCL(P)).   

POPC (Avanti Polar Lipids Inc., USA) was dissolved in ethanol (500 μL) to obtain a final 

concentration of 26 mM POPC. 100 µL of the POPC solution was pipetted onto the PCL(P) 

surface, and dried under atmospheric condition at room temperature (25oC, 24 h). During 

the drying process, a portion of the total loaded AMPs from the basal PCL layer diffuses 

out and gets trapped within the newly formed POPC superficial layer forming the dual layer 

AMP-rich PCL-POPC coating (PCL(P)-POPC(P)).  
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5.1.3. Coating surface characterization  

5.1.3.1. Scanning electron microscope (SEM) 

Surface morphologies of PCL(P) and PCL(P)-POPC(P) coating were processed and 

viewed under a SEM (JSM6390LA, JEOL, Japan). Briefly, sample coatings were sputter-

coated with a thin layer of platinum (JFC-1600, JEOL, Japan) and kept in a 40oC oven 

before viewing.   

5.1.3.2. Energy dispersive X-ray spectroscopy (EDS) 

Coating morphology and surface elemental distribution were studied using EDS as 

described in Section 3.1.7.3.  

5.1.3.3. Attenuated total reflectance fourier transform infrared (ATR-FTIR) 

spectroscopy  

Coating of POPC film and impregnation of AMP into the PCL(P)-POPC(P) coating were 

verified using ATR-FTIR spectroscopy. Methodology for ATR-FTIR analysis was 

elaborated in Section 3.1.7.4.  

5.1.4. AMP release profile  

In vitro AMP release kinetics of the PCL(P)-POPC(P) coating were measured by 

absorbance measurement at 280 nm using Nanodrop 1000c (Thermo Scientific, USA). 

PCL(P)-POPC(P) coating in each well was immersed with 200 µL of PBS solution and 

incubated at 25oC. After 24 h incubation, the PBS solution was withdrawn and sampled for 

peptide release, and the well was replenished with fresh PBS. The PBS withdrawal and 

refreshing process was conducted at regular time points (i.e. day 1, 3, 5, 8, 11, 14, 21 and 
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30). The AMP content was analyzed by absorbance measurement to assess the peptide 

cumulative release rate over 30 days at regular time intervals. A series of HHC36 standards 

from 4 µg/mL to 1000 µg/mL were used for calibration purpose.  

5.1.5. Released peptide conformation and functionality  

5.1.5.1. CD spectroscopy  

Far UV spectroscopy analysis of the released and native HHC36 in (i) PBS (pH 7.4) and 

(ii) 10 mM SDS was performed using CD analysis, as detailed in Section 3.1.4. 

5.1.5.2. Fluorescence emission spectroscopy  

Fluorescence emissions of released and native HHC36 were measured with a 

fluorescence spectrometer (LS5, Perkin Elmer, USA) at 25oC using a quartz cuvette of 0.5 

cm pathlength. Emission spectra were recorded between 300 nm and 500 nm, with 

excitation at 280 nm. Excitation and emission slit widths were set to 5.0 nm. Sample 

conditions were similar to those described for CD analysis (Section 5.1.5.1).  

5.1.5.3. PCL(P)-POPC(P) coating antimicrobial assays  

PCL(P)-POPC(P) coated wells were subjected to antimicrobial assay as described in 

Section 3.1.8, with minor adaptations. Briefly, E. coli culture was sub-cultured in Luria broth 

(LB) medium to mid-log phase and further diluted to provide a final bacterium density of ~1 

x 106 CFU/mL. 50 µL of the bacterial suspension, along with 150 µL of fresh LB medium, 

was added to PCL(P)-POPC(P) coated wells and incubated at 25oC for 24 h. Bacterial 

growth in the resulting suspension was assayed through CFU enumeration, as described 

in Section 3.1.8. Long term antimicrobial activity of the coating was investigated. Briefly, 

PCL(P)-POPC(P) coated wells were subjected to 10 consecutive cycles of antimicrobial 
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assay as described above. CFU of overnight bacteria suspensions were enumerated, after 

every cycle of antimicrobial assay, as an indication of bacterial growth. 

5.1.6. PCL(P)-POPC(P) coating on silicone Foley catheter 

Silicone Foley catheter (16 Fr, Multigate, Australia) were cut into 1.0 cm segments for 

PCL(P)-POPC(P) coating. The coating process was conducted via a simple dip-and-dry 

method, similar to that as described in Section 5.1.2. Briefly, the catheter samples were 

immersed in 10% (w/v) PCL solution containing 10.0 mg/mL HHC36, in TFE solvent for 10 

s. Catheter segments were withdrawn and left to dry under room temperature (25oC) for 

24 h. The single layer AMP-laden PCL-coated catheter (Cat-PCL(P)) was then dipped into 

a POPC solution (26 µM POPC in ethanol) for 10 s. Coated catheter samples were 

withdrawn and dried overnight at 25oC for 24 h. The dual layer coated catheters (Cat-

PCL(P)-POPC(P)) were kept at 4oC for future experiments.  

5.1.7. Antimicrobial and anti-biofilm assay for Cat-PCL(P)-POPC(P) 

5.1.7.1. Antimicrobial assay against planktonic bacteria  

Cat-PCL(P)-POPC(P) and uncoated control catheters were subjected to antimicrobial 

assay against planktonic  E. coli, S. aureus and GFP-P. aeruginosa. Overnight bacterial 

suspension was sub-cultured in LB medium to mid-log phase and further diluted to provide 

a final bacterium density of ~1 x 106 CFU/mL. 50 µL of the bacterial suspension, along with 

450 µL of fresh LB medium, was added to 2.0 mL microtubes containing the catheter 

samples and incubated at 25oC for 24 h. OD600 of the resulting bacterial suspension was 

measured subsequently as an indication of bacteria growth. The assay was repeated in 

triplicate for E. coli, S. aureus and GFP-P. aeruginosa. Long term antimicrobial 

performance of the coated catheters was evaluated in a similar fashion. Briefly, catheter 
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samples were subjected to 5 consecutive cycles of antimicrobial assays as described 

above. OD600 measurements of overnight bacteria suspensions were recorded, after every 

cycle of antimicrobial assay, as an indication of bacterial growth. Bacteria adherence on 

the respective catheter surfaces, when subjected to prolonged and repeated bacteria 

exposure, was examined using an anti-biofilm assay described in Section 5.1.7.2.  

5.1.7.2. Anti-biofilm assay against planktonic bacteria 

The anti-biofilm property of the Cat-PCL(P)-POPC(P) and control catheters was 

evaluated by a bacterial adherence assay [256]. The catheter samples were immersed into 

microtubes, containing ~2.0 x 107 CFU E. coli in nutrient rich LB medium. The samples 

were incubated at 37oC overnight (24 h) to promote biofilm development. After incubation, 

catheter samples were removed, rinsed thrice and re-immersed into 1 mL of fresh PBS 

solution. Adherent bacteria cells were then removed from the catheter surface by 

sonication (10 min) followed by vortexing (5 min). Viable bacterial counts were assessed 

by serial dilution on MH plates.  

5.1.7.3. Determination of biofilm and bacteria growth using SEM  

Biofilm or bacterial growth of GFP-P. aeruginosa on 1 cm catheter segments was 

viewed under a scanning electron microscope (JSM 5600LV, JEOL, Japan) using a similar 

methodology as detailed in Section 4.1.4.2. Briefly, catheters were incubated with GFP-P. 

aeruginosa (5 × 107 CFU/ml) in biofilm promoting medium (BPM) for 48 h at 37°C. The 

catheters were washed three times with PBS to remove loosely adherent bacteria and 

divided longitudinally into halves. Samples were fixed in 2% glutaraldehyde for 24 h at 4°C. 

After fixation, the catheters were treated with osmium (OsO4) for 30 min and washed twice 

(5 min each) with PBS. The catheters were dehydrated through an ethanol series of 25–
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50–75–95% (each for 15 min) and three changes of 100% ethanol (each for 20 min), 

followed by critical point drying with CO2 (CPD 030, Balzers critical point dryer, 

Liechtenstein). The catheters were then coated with gold (BAL-TEC sputter coater, USA) 

and incubated in an oven at 40 °C before viewing.  

5.1.8. Biocompatibility assays 

5.1.8.1. Hemocompatibility assay 

Cytotoxicity of Cat-PCL(P)-POPC(P) samples against hRBC was investigated using a 

hemolytic assay established by Shai et al. [257]. Detailed methodology was described in 

Section 4.1.7.2.  

5.1.8.2. Uroepithelial cell viability assay 

Cat-PCL(P)-POPC(P) and untreated control catheter samples were tested for 

cytotoxicity against a SV-HUC-1 uroepithelial cells by MTT assay  as described in Section 

4.1.7.1.  
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5.2 Results and discussion  

In view of the need to develop an alternative CAUTI therapy that is independent of 

antibiotics while having improved efficacy and economics feasibility for longer term 

catheterization, this chapter reports the development of a catheter coating platform for 

sustained release of AMPs. An ideal controlled release platform for CAUTI treatment 

should (1) not promote the development of multiple antibiotic resistance, (2) possess 

controlled and sustained release kinetics, and (3) display good biocompatibility with 

surrounding uroepithelial cells [170]. With these pre-requisites in mind, a layer-by-layer 

coating composed of PCL and POPC, for the delivery of a model AMP, HHC36 was 

developed. HHC36 is also an arginine-, tryptophan-rich synthetic AMP with proven 

antimicrobial action against both gram-negative and gram-positive bacterial strains [252], 

which merits its use in this study. Compared to CWR11, HHC36 showed favorable 

antimicrobial capability against the uropathogens of our interest (Table 5.1). The potent 

bactericidal property is crucial to sustain the antimicrobial action of the controlled release 

coating for an extended period of time, especially during the later phase where AMP 

release becomes thin. 
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Table 5.1. Reported MIC of HHC36 [252] and CWR11 against tested uropathogens. 

Minimum Inhibitory Concentration (µM) 

 CWR11  HHC36 

E. coli 5.2 ± 0.5  4.05 ± 1.91 

S. aureus 5.5 ± 0.0  3.74 ± 3.92 

GFP-P. aeruginosa 2.5 ± 0.0  2.15 ± 1.06 

 

Figure 5.1A shows the schematic of the proposed dual layer PCL(P)-POPC(P) 

controlled release coating; a layer of biodegradable PCL, impregnated with high 

concentration of HHC36, was layered with a thin film of POPC, which acts as a diffusion 

boundary layer to modulate HHC36 release. The synthesis process which involved two 

simple drip-and-dry processes is shown in Figure 5.1B.  
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Figure 5.1. (A) Schematic of HHC36-impregnated PCL-POPC coating process. PCL 
formed the basal layer while a thin film of POPC was coated on top as a boundary for 
peptide diffusion. AMPs were loaded into both layers. AMP release was recorded daily for 
an extended period of 14 days. (B) Schematic of dual layer PCL(P)-POPC(P) controlled 
release coating. HHC36 was abundantly impregnated in both layers. Upon exposure to 
aqueous medium, HHC36 is released in a controlled and sustained manner.  

 

PCL is a biodegradable polymer with excellent physical properties. Due to its slow 

degradation rate and excellent permeability, PCL makes an apt candidate material for 

sustained delivery of therapeutic agent over prolonged period [258, 259]. It is a semi-

crystalline polymer with regular structure, accounting for its superior mechanical toughness 
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[260], which enables easy handling. Unlike commonly used polymers, such as poly(D,L-

lactic-co-glycolic acid), PCL does not produce acidic by-products upon degradation. This, 

along with its excellent mechanical properties and good permeability, renders PCL an 

attractive controlled release polymer for biomedical application. A layer of POPC was 

coated onto the surface of PCL. POPC, a close mimic of eukaryotic membrane 

phospholipid, acts as a diffusion barrier to enhance sustainability of peptide release. The 

use of POPC as an efficient boundary to enhance release kinetics has been demonstrated 

in a recent study by Kazemzadeh-Narbat et al. [170]. 

Specifically, PCL matrix encapsulated with HHC36 was prepared by dissolving PCL and 

AMP in 2,2,2-trifluoroethanol (TFE), and subsequently dried overnight under atmospheric 

condition (Figure 5.1B). The TFE solvent, a helix-inducing chemical, is hypothesized to aid 

in stabilizing peptide helices during the casting process, conserving AMP structural 

robustness for subsequent antimicrobial activity, upon release [261]. 

5.2.1. Characterization of PCL-POPC AMP controlled release coating  

5.2.1.1. SEM analysis  

The surface morphologies of AMP-loaded PCL and PCL-POPC coatings were 

characterized by SEM. The PCL(P) coating has an uneven and porous surface morphology 

(Figure 5.2A, top), containing relatively large pores, measuring 143.63 ± 24.15 µm2 in area. 

The addition of a POPC layer improved the smoothness of the surface morphology (Figure 

5.2A, bottom).    
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Figure 5.2. (A) SEM micrographs of PCL(P) layer (top) and PCL(P)-POPC(P) layer 
(bottom). (B) A FESEM and EDS elemental mapping of PCL(P)-POPC(P) surface showed 
a smooth morphology and homogeneous distribution of AMPs on the surface. (B)(i) High 
magnification FESEM images of PCL(P)-POPC(P) surface morphology. High 
concentration of HHC36 is embedded within the dual layer assembly. PCL(P)-POPC(P) 
coating surface elemental mapping of atomic carbon (B)(ii), nitrogen (B)(iii) and sulphur 
(B)(iv). 
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5.2.1.2. EDS analysis  

Higher resolution surface analysis of PCL(P)-POPC(P) was carried out by FESEM 

imaging coupled with an EDS elemental mapping. Figure 5.2B shows the FESEM image 

(Figure 5.2Bi) and elemental mapping of carbon (C) (Figure 5.2Bii), nitrogen (N) (Figure 

5.2Biii) and sulphur (S) (Figure 5.2Biv) elements for the AMP-embedded PCL-POPC 

surface. High magnification FESEM imaging of PCL(P)-POPC(P) coating surface 

morphology agrees well with the SEM result. The porous PCL layer is covered by a uniform 

layer of physically attached POPC, presenting a smooth morphology. Carbon is abundantly 

present on the PCL-treated surface (77.3 %), followed by oxygen (17.2 %) and nitrogen 

(3.4 %). Sulphur is present in very small quantities, i.e., at an atomic percentage of 2.1 %. 

HHC36 was engineered to carry an additional cysteine amino acid at its N-terminal in this 

study, for easy peptide detection by sulphur elemental mapping. The detection of small 

amount of sulphur element on the coating verified the successful impregnation of AMP into 

the dual layer coating. The results obtained from the sulphur elemental mapping (Figure 

5.2Biv) illustrates that the cysteine-tagged HHC36 was uniformly distributed across the 

surface coating.  

5.2.1.3. ATR-FTIR analysis  

Figure 5.3 shows the ATR-FTIR spectra of the PCL and PCL(P)-POPC(P) coatings. 

Distinctive peaks corresponding to POPC were observed on the PCL(P)-POPC(P) 

spectrum. Characteristic vibration bands at 2923 cm-1 and 2853 cm-1 corresponds to CH2 

anti-symmetric stretch and CH2 symmetric stretch of POPC, respectively. The POPC’s 

C=O stretching band is observed at 1746 cm-1. The wave numbers 1464 cm-1 and 1203 

cm-1 are attributed to CH2 scissoring and PO2
- anti-symmetric stretching. Strong 

absorbance at 1086 cm-1 is likely due to both PO2
- and CO-O-CH2 symmetric stretching 
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[170]. Additional transmittance peaks are observed at 1536 cm-1 and 1675 cm-1 

wavenumber. The doublet, representative of amide I and II bands [262], originates from 

the AMPs that were embedded within the POPC and PCL coating.   

 

Figure 5.3. ATR-FTIR spectra of PCL (dash line) compared to PCL(P)-POPC(P) (solid line) 
layer. Impregnation of AMP and coating with additional POPC film gives rise to additional 
corresponding transmittance peaks. 

 

The highly porous nature of the HHC36-loaded PCL film, as observed in SEM imaging 

(Figure 5.2A), provides a high surface area for AMP release. To control the burst release 

profile of the peptides, a thin film of POPC was applied as a diffusion barrier to regulate 

the release kinetics. During the solvent drying process, some AMPs from the basal PCL 
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matrix are expected to diffuse out and remain trapped within the top POPC layer, 

embedding the superficial layer with a significant amount of peptides. These superficial 

peptides is the first to be released, accounting for the burst release section of the release 

profile. After which, HHC36 embedded deeper within the basal PCL layer is gradually 

released over the course of the immersion period. An AMP-rich dual layer PCL-POPC 

coating was thus developed. The efficacy of POPC as a diffusion boundary has been 

widely studied and well verified [170]. SEM imaging of a smooth superficial layer (Figure 

5.2A) and observation of distinctive peaks in ATR-FTIR spectroscopy (Figure 5.3) 

confirmed the embedding of a HHC36-rich POPC film above the porous PCL layer. Surface 

EDS elemental mapping showed uniform distribution of AMPs on the coating (Figure 5.2B), 

further verifying homogeneous impregnation of peptides throughout both the PCL and 

POPC films.  

5.2.2. In vitro HHC36 release profile from PCL(P)-POPC(P) coating 

Figure 5.4 shows the release profile of the HHC36-impregnated PCL-POPC coating 

over 30 days (solid line). This time span corresponds to the span of long term 

catheterization performed in hospitals, which typically lies between 2 weeks to a month. 

The PCL(P)-POPC(P) coating released 18 % of AMPs in the first 24 h, after which a slower 

release of peptides which accumulated to 43 % of the loaded peptides was observed by 

day 14. Peptide release from PCL(P)-POPC(P) coating, from day 7 to 14 remained 

significantly high, i.e., at 20 µg/day, where the released peptide concentration remained 

higher than the HHC36 minimum inhibitory concentration (MIC). In contrast to PCL(P), in 

which significant AMP release was observed only until day 3 (dashed line), PCL(P)-

POPC(P) exhibited a more sustained control release profile.  
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Figure 5.4. (A) Kinetics of HHC36 release from PCL(P)-POPC(P) (solid line) and PCL(P) 
(dashed line) coating over 30 days. (B) AMP release profile from PCL(P)-POPC(P) from 
day 8 to 30 follow closely a first order release kinetics. 

 

The in vitro peptide release profile obtained from the PCL(P)-POPC(P) coating exhibited 

a two-phase release kinetics (Figure 5.4). First, an initial burst release of peptide within the 

first 24 hours that accounted for the release of 18% of the peptide was observed, which is 

hypothesized to be driven by concentration-induced diffusion. This burst release is likely 

due to the combinatorial effects of AMP molecules that were at or near the solvent-coating 
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interface, which diffused readily into the supernatant solution and the release of POPC-

encapsulated peptides due to the swelling of the superficial POPC layer upon contact with 

PBS [170]. Such burst release profile is commonly observed in various diffusion-governed 

controlled release setup [170, 247, 263]. In the second release phase, HHC36 was 

progressively released from the dense PCL layer, closely following a first order kinetic 

release for day 8 to 30. The PBS solution penetrated into the PCL polymer matrix, 

hydrolysed the polymer, thus releasing the entrapped the AMPs. At the end of 14 days, 

~43% of the total encapsulated AMPs were released. Although not included in the scope 

of the study, it is hypothesized that the remaining entrapped HHC36 will be gradually 

released over time, with progressive degradation of the PCL polymer [247, 264]. Further 

optimization to the controlled release platform for enhanced and more sustained release 

kinetics are currently underway and described in Section 6.2.3.   

5.2.3. Released HHC36 peptide stability 

5.2.3.1. CD studies of AMP secondary structure after release from the PCL(P)-

POPC(P) layer   

The integrity and antimicrobial potency of the released AMPs were studied by CD 

spectroscopy. Various structure-activity studies proposed that an AMP’s ability to fold into 

amphipathic or amphiphilic conformation plays a crucial role in determining its bactericidal 

action [265]. The structural integrity of the released peptides were analysed by CD. Figure 

5.5 compares the molar ellipticity of HHC36 released from the PCL(P)-POPC(P) layer and 

native HHC36 in PBS (A) and membrane mimicking 10 mM SDS environments (B). The 

PCL(P)-POPC(P) released and native HHC36 showed identical turned structures in water, 

with 2 distinct negative troughs at 225 nm and 198 nm. In the presence of 10 mM SDS, 
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both peptides adopted discrete alpha helical configurations. This result confirms that the 

released HHC36 possessed comparable conformation to the native peptides. 
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Figure 5.5. Far-UV CD spectra of native (black line) and released (dash line) peptides from 
the PCL(P)-POPC(P) coating in PBS (A) and 10 mM SDS (B). 
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Figure 5.6. Fluorescence emission spectra of native (black line) and released (dash line) 
peptides from the PCL(P)-POPC(P) coating in PBS (A) and 10 mM SDS (B). Excitation 
was fixed at 280 nm.  
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5.2.3.2. Fluorescence spectroscopy to characterize peptide-membrane interaction 

Fluorescence emission spectra were recorded to determine peptides’ association with 

bacteria membrane. The emission spectra, under both PBS and 10 mM SDS environments, 

were comparable to those of the native peptide at the same concentration (Figure 5.6). 

Both released and native AMPs registered a fluorescence maxima at 354 nm and 346 nm 

in PBS and 10 mM SDS, respectively. A blue shift of the same magnitude, i.e., 8 nm, was 

observed for both AMPs. The similarities in emission spectra illustrated matching 

membrane interaction and insertion for the released and native HHC36.  

 

Figure 5.7. Antimicrobial property of the PCL(P)-POPC(P) coated  and untreated wells with 
repeated bacterial inoculation, up to 10 cycles. AMP release coating illustrated potent 
antimicrobial activity, significantly inhibiting bacterial growth up to 9 cycles of inoculation. * 
indicates p<0.05 in comparison to negative controls.  

 

5.2.3.3. Antimicrobial assay of released HHC36 

Antimicrobial potency of the released HHC36 was evaluated by a simple antimicrobial 

assay. The lack of visible bacteria colony, upon overnight incubation of the PCL(P)-
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POPC(P) coating with 5 x 104 CFU E. coli, illustrated that the released AMPs retained their 

antimicrobial potency, killing all planktonic microbes upon their release. Coating was 

subjected to further cycles of repeated bacterial inoculations. Bacterial growth was 

significantly inhibited up to the ninth cycle of inoculation (Figure 5.7). Bacterial growth was 

completely inhibited on the first four rounds of bacterial inoculation. On the fifth round of 

inoculation, an increase in bacteria count is observed. This could be due to the drop in 

amount of AMP released from the PCL(P)-POPC(P) coating below its MIC, hence unable 

to completely inhibit the growth of the inoculated bacteria. Bacteria growth rate was 

inhibited to similar extent from the 5th to 7th cycle of bacterial inoculation. The result seemed 

to suggest that the amount of AMP released from the PCL(P)-POPC(P) coating on the 5th, 

6th and 7th round of bacteria inoculation stays relatively constant, accounting for the 

similarity in CFU for the respective cycles. Antimicrobial properties of the PCL(P)-POPC(P) 

coating continue to drop subsequently, eventually completely losing its bactericidal 

functionality on the 9th inoculation cycle. The result demonstrates that bactericidal property 

of HHC36 was preserved upon prolonged encapsulation within PCL-POPC matrix and 

subsequent release.  

The use of strong organic solvent, extended periods of drying under humid atmospheric 

environment and prolonged residence within the highly hydrophobic PCL polymer could 

often compromise peptide integrity, resulting in peptide inactivation and denaturation. To 

investigate the integrity of the encapsulated, and subsequently, released peptides, 

secondary structure of released HHC36 was studied using CD spectroscopy, and 

compared with native peptides (Figure 5.5). The CD fingerprint of native HHC36 is 

comparable to that reported in the literature for HHC36 [253]. Figure 5.5 shows that the 

CD spectra of the released HHC36 closely resemble those of the native peptide. The 

AMP’s inherent mixed turn conformation in PBS, and alpha helical conformational 



149 

 

adaptation in the presence of membrane-mimicking SDS, were retained in the peptide 

encapsulation and subsequent release process. The fluorescence emission spectrum of 

tryptophan-rich AMPs is often used as a criterion to determine the extent of AMP 

penetration into bacteria membrane [266, 267]. A blue shift, decrease in the wavelength at 

which emission peak occurs, is representative of the peptide’s insertion into the 

hydrophobic acyl chain region of the bacterial phospholipid membrane [268]. Similarities 

in the emission maxima and fluorescence intensity confirm the conservation of the 

peptide’s structure and membrane permeabilizing functionality. The membrane 

permeabilizing potency of the released HHC36 remained unaffected by the encapsulation 

process, as illustrated by identical magnitude of blue shifts (8 nm) for the released and 

native HHC36 peptides. Antimicrobial activity of the released AMP was verified using an 

antimicrobial assay. The released HHC36 retained its bactericidal properties, completely 

killing the inoculated 5 x 104 CFU E. coli. Antimicrobial action of the encapsulated AMPs 

was also shown to be retained with prolonged encapsulation (Figure 5.7). The use of TFE, 

a common helix stabilizing agent [261] as solvent is hypothesized to play a crucial role in 

preserving the structural integrity of the peptide during the encapsulation process. The 

pivotal role of TFE in protecting peptide integrity and antimicrobial functionality against 

harsh environmental conditions, such as pH, temperature and denaturing reagent, is 

highlighted in a recent study [269]. The use of TFE as a solvent in this study resulted in 

the HHC36 peptides adopting a highly stable alpha helical secondary conformation, which 

opens the way for subsequent encapsulation and release steps.  

5.2.4. Coating PCL(P)-POPC(P) onto silicone Foley catheters 

The same PCL(P)-POPC(P) coating platform was extended onto commercially 

available silicone Foley catheters. Figure 5.8A shows the schematic for the coating 
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procedure. The catheter was coated with layers of HHC36-rich PCL polymer and POPC. 

Figure 5.8B compares the untreated and coated silicone catheter in terms of physical 

appearance. The coating process renders the catheter with a continuous, translucent 

polymer coating on the catheter surface. FESEM imaging of the coated catheter’s cross 

section showed that the PCL(P)-POPC(P) layer was approximately 10  µm thick (Figure 

5.8C). The coating was applied to both the intraluminal and extraluminal catheter surfaces, 

to render antimicrobial protection for both surfaces of the catheter for superior protection 

against bacteria. 
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Figure 5.8. Coating of AMP-impregnated PCL-POPC onto silicone Foley catheters. (A) 
Schematic of AMP-impregnated dual layer coating process onto silicone catheter surface. 
(B) Cat-PCL(P)-POPC(P) showed a transparent and translucent surface. (C) Cross-
sectional SEM micrographs of Cat-PCL(P)-POPC(P) at various magnifications (0x, 33 x, 
100 x and 450 x). The coating thickness (indicated by yellow arrows) was ascertained to 
be approximately 10 µm. 

 

5.2.5. Antimicrobial and anti-biofilm activity of Cat-PCL(P)-POPC(P) 

The presence of PCL(P)-POPC(P) coating on the silicone catheter resulted in excellent 

antimicrobial activity against E. coli (Figure 5.10A), which is comparable to that of the 
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commercial silver Dover catheter. Similar antimicrobial results were observed against S. 

aureus and GFP-P. aeruginosa, demonstrating the efficacy of HHC36-loaded catheters 

against UTI-related pathogen strains.   

To examine if Cat-PCL(P)-POPC(P) possessed an antifouling property, biofilm assays 

were performed, where the catheter was incubated with 1 x 108 CFU E. coli for 18-24 h. 

Negligible amount of bacteria was found adhering onto the treated catheter surface (Figure 

5.10B). Cat-PCL(P)-POPC(P) slightly outperformed the silver Dover catheter in preventing 

bacteria adherence, where the former achieved almost 100.0 ± 0.0 % reduction in bacteria 

adhesion versus 95.9 ± 1.5 % reduction for the latter relative to untreated controls.  

After 24 hours of incubation with 1 x 107 CFU GFP-P. aeruginosa, Cat-PCL(P)-POPC(P) 

and untreated catheter surfaces were examined by SEM. Figure 5.10 (bottom) shows a 

dense network of cellular multilayers on the untreated silicone catheter, which is 

surrounded and enveloped by a protective matrix. In contrast to the untreated catheter 

surface, no viable bacteria can be observed on the Cat-PCL(P)-POPC(P) surface, even 

upon prolonged incubation with GFP-P. aeruginosa. Small cell debris can occasionally be 

seen attached to the coating surface (as indicated by the yellow arrows in Figure 5.10), 

indicating that planktonic microbes were lysed prior to surface attachment. It is suggested 

that planktonic bacteria were targeted and killed by the released AMPs before they can 

execute any sort of interaction and attachment onto the coating surface. Such trait is 

commonly observed in antimicrobial compound releasing coating [270, 271]. 
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Figure 5.9. Antimicrobial and anti-biofilm property of Cat-PCL(P)-POPC(P). (A) 
Antimicrobial activities of Cat-PCL(P)-POPC(P) against E. coli, S. aureus and GFP-P. 
aeruginosa. Optical density (OD600) of overnight bacterial cultures were recorded as an 
indication of bacteria growth. Untreated and silver Dover catheters were used as negative 
and positive controls, respectively. (B) Anti-biofilm assessment of Cat-PCL(P)-POPC(P). 
Coated and untreated catheters were exposed to a high concentration of E. coli (~1 x 107 
CFU) and incubated at 37 oC for 24 h. The extent of biofilm development was quantitated 
by adherent bacteria counts. * indicates p<0.05 in comparison to untreated control 
catheters.  
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Figure 5.10. SEM imaging of coated and untreated catheters upon overnight exposure to 
high bacteria exposure after 24 h incubation. Yellow arrow indicating lysed cell debris due 
to antimicrobial action of released HHC36.   

   

To investigate if the PCL(P)-POPC(P) coating was effective when challenged 

repetitively with bacteria, the coated catheter was subjected to 5 successive rounds of 

bacteria incubation followed by antimicrobial assays (Figure 5.11). Bacteria growth was 

significantly inhibited relative to the uncoated surfaces in the first four cycles of assay, but 

eventually succumbed to bacteria colonization in the fifth round of incubation with fresh 

bacteria (Figure 5.12A). Compared to Cat-PCL(P)-POPC(P), the bactericidal efficacy of 

the commercial silver Dover catheter was lost upon the second round of bacteria incubation. 

Bacterial growth rate of the sample incubated with silver Dover catheter was similar to that 
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of the untreated control for the third, fourth and fifth inoculation cycles. Plugging of hydrogel 

pores by bacterial binding could result in lesser silver ions released for significant 

antimicrobial action from the third inoculation cycle onwards for the silver Dover catheter. 

Figure 5.12B shows a 3 log reduction in E. coli attachment to the Cat-PCL(P)-POPC(P) 

and silver Dover catheter surfaces, in contrast to the untreated silicone catheter. The 

released antimicrobial agents from Cat-PCL(P)-POPC(P) and silver Dover catheter is 

hypothesized to significantly resist bacteria adherence and delay onset of biofilm 

development.   
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Figure 5.11. Antimicrobial activities of Cat-PCL(P)-POPC(P) against E. coli after 5 cycles 
of bacteria inoculation at every 24 h interval. At every 24 h interval, the samples were 
incubated with a fresh suspension of bacteria culture at equal volume for another 24 h, and 
the OD600 of the overnight culture was recorded as an indication of E. coli growth. 
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Figure 5.12. Antimicrobial activity of Cat-PCL(P)-POPC(P) when challenged with repeated 
bacteria incubation. (A) In the first four cycles, Cat-PCL(P)-POPC(P) significantly inhibited 
bacterial growth but lost its bactericidal action during the fifth inoculation cycle. (B) 
Adherent bacteria count on Cat-PCL(P)-POPC(P) and control catheters after five cycles of 
bacteria inoculation. * indicates p<0.05 in comparison to untreated control catheters. 
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5.2.6. Biocompatibility of Cat-PCL(P)-POPC(P) 

5.2.6.1. hRBC hemolysis  

The hemocompatibility of Cat-PCL(P)-POPC(P) was examined by comparingthe hRBC 

hemolytic rate of Cat-PCL(P)-POPC(P) with the untreated silicone catheters (Figure 5.13A). 

Although the coated catheter demonstrated a slightly higher hemolytic rate (2.14 ± 0.08 %) 

in contrast to the untreated control (0.34 ± 0.08 %), the hemolytic value of the former still 

falls within the acceptable clinical cytotoxicity level (10%) [145, 163].   

5.2.6.2. Uroepithelial cell viability assay   

The cytotoxic effect of Cat-PCL(P)-POPC(P) on uroepithelial cell viability was evaluated 

through a simple MTT assay. The released HHC36 was non-cytotoxic towards human SV-

HUC-1 uroepithelial cells, with a near 100% cell viability achieved upon overnight 

incubation with Cat-PCL(P)-POPC(P)  (Figure 5.13B).   
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Figure 5.13. Biocompatibillity assay of Cat-PCL(P)-POPC(P). (A) The hemolytic activity of 
coated and control catheters after incubation with 5% hRBCs for 1 h at 37oC. A low extent 
of hemolysis was observed for the AMP-coated catheter. (B)  Uroepithelial cell viability 
assay upon overnight incubation with Cat-PCL(P)-POCP(P). Released HHC36 showed 
excellent biocompatibility with uroepithelial cell, achieving ~100% cell viability.  
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HHC36 has been demonstrated to be highly hemocompatible, with minimal RBC lysis 

even at a high concentration of 251 µM [272]. Biocompatibility assay with uroepithelial cells 

and hRBCs confirmed that released HHC36 from the PCL(P)-POPC(P) coating retained 

its excellent selectivity, where a low hemolysis rate (~2%) and high cell viability (~100%) 

was attained.  

5.3. Conclusion 

This chapter reports the development and proof-of-concept demonstration of the 

feasibility of a thin adherent multilayer coating, based on PCL and POPC, impregnated 

with AMP for sustained antimicrobial protection. The coating layer was created using a 

simple “drip and dry” method, which is expected to be readily scalable. Encapsulation of 

HHC36 into the polymer layers did not compromise the peptide’s integrity and functionality. 

The deployment of a POPC layer as a diffusing barrier enabled more controlled and 

sustained peptide release, with a moderate burst release, followed by an optimal first order 

release kinetics. Transfer of the PCL-POPC coating to the silicone catheter showed good 

efficacy, where the coated catheters exhibited potent antimicrobial and anti-biofilm action 

against multiple UTI-relevant bacterial strains, inhibiting bacterial growth up to 4 days of 

bacteria exposure. The coated implant also demonstrated good biocompatibility against 

both hRBC and uroepithelial cells. Overall, this dual layer coating demonstrated excellent 

functionality, highlighting its potential as a therapy or prophylactic measure for curbing 

CAUTI in both short and long term catheterization. 
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Chapter 6 Overall conclusion and future 

directions  

6.1. Overall conclusion 

The drastic increase in nosocomial infection frequency and rise of antibiotic resistant 

bacteria have prompted the research community to search for an antimicrobial alternative. 

The potent, broad spectrum antimicrobial property coupled with low resistance 

development tendencies of AMPs have rendered these short peptides one of the most 

viable candidates to replace antibiotics in treating bacterial infection. The aim of this 

research project was to develop an effective AMP-based antimicrobial coating for silicon 

surfaces that can be readily translated to urinary catheters. Two types of AMP coating 

platforms were successfully developed; i.e., (i) contact active and (ii) controlled release 

platforms.  

Chapter 3 presents the development of an in-house synthetic AMP (CWR11) which was 

rationally engineered to possess effective, salt-resistant antimicrobial action against both 

gram-positive and gram-negative uropathogens. CWR11 exhibited membrane lytic action 

of mechanism which was confirmed qualitatively using FESEM analysis, and quantitatively 

via NPN uptake and PI fluorescence assays. The synthetic peptide was subsequently 

immobilized onto model PDMS surfaces via an ‘AGE-polymer brush’ based chemical 

coupling strategy. Inert silicone surfaces were first activated with plasma radiation before 

being functionalized with AGE polymer brushes. Heterobifunctional PEG linkers and 

subsequently CWR11, were grafted onto reactive epoxide terminal groups of these AGE 

polymer brushes. The successful surface immobilization of CWR11 was verified by surface 
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characterization assays such as water contact angle measurements, surface atomic XPS 

spectroscopy and ATR-FTIR spectroscopy. The CWR11-immobilized PDMS surface 

exhibited broad spectrum microbial killing and anti-biofilm properties against prevalent 

uropathogens such as E. coli, GFP-P. aeruginosa and S. aureus. Superb biocompatibility 

with hRBCs and SMCs illustrated the non-cytotoxic nature of the AMP-immobilized surface. 

However, the requirement for plasma surface activation limits the applicability of this 

immobilization platform to only flat surfaces. Moreover, prolonged exposure to strong 

plasma radiation and intense UV can also potentially compromise material integrity, 

leading to premature failure of the material. For these reasons, another AMP 

immobilization platform was next developed to overcome these challenges.  

In Chapter 4, an alternative PD-based immobilization platform was developed for 

CWR11 grafting. Unlike the previous chemical coupling strategy, where plasma surface 

activation was required, the PD-based platform involves a simple surface activation 

process that can be easily achieved by dip-coating. Briefly, the inert PDMS surface was 

functionalized with a thin PD layer by extended immersion in alkaline PD solution. Reactive 

catechol groups exposed on the PDMS-PD surface present viable sites for subsequent 

CWR11 grafting. The candidate peptide can be grafted onto the PD functionalized surface 

via (1) sulfhydryl chemistry between the peptide’s thiol and PD’s catechol groups, (2) 

Michael’s addition between peptide’s amine and PD’s catechol groups, and/or (3) non-

specific physical adsorption. The ‘dip-coating’-based platform meant ease of application to 

substrates of any shape and size. Moreover, the whole immobilization process involves 

the use of mild reagents (50 mM Tris buffer), which minimized the possibility of material 

degradation due to damaging radiation or strong corrosive chemicals. The short dual-step 

immobilization process yielded a four-fold higher peptide grafting efficacy, as compared to 

the previous three-step process, i.e. to achieve an immobilized peptide surface 
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concentration of 3.41 ± 0.76 μg/cm2 compared to 0.8 ± 0.2 μg/cm2, respectively. The 

immobilization of peptides was also subsequently confirmed by increased surface 

roughness (as determined by AFM analysis) and nitrogen atomic percentage (as measured 

by XPS spectroscopy). The CWR11-impregnated PDMS exhibited good antimicrobial 

activity, completely inhibiting 5 x 104 CFU of selected uropathogen growth, within 3 hours 

of bacteria incubation. The PDMS-PD-CWR11 samples showed superior anti-biofilm 

properties which significantly resisted bacteria adherence even under biofilm promoting 

environment. The same immobilization strategy was applied to graft CWR11 on silicone 

urinary catheter surfaces. CWR11-immobilized silicone Foley catheters demonstrated 

similar antimicrobial and anti-biofilm properties as the peptide-treated PDMS surfaces, as 

well as excellent stability, thus opening the way for the development of an AMP-based 

contact active antimicrobial urinary catheter for CAUTI prevention.  

In Chapters 3 and 4, CWR11 was successfully immobilized onto model PDMS and 

silicone catheter surfaces. Despite the potent surface bactericidal action, these CWR11-

immobilized surfaces are only contact active which implies that they are only efficient 

against bacteria which are in close proximity to the surface. Planktonic bacteria are not 

effectively targeted and can proliferate extensively, eventually overcoming the surface-

immobilized AMP, rendering the contact active surface useless. To address this limitation, 

an AMP coating with controlled release functionality is needed to further improve 

antimicrobial efficacy. In Chapter 5, an AMP-impregnated layer-by-layer coating was 

developed, which composed of basal PCL polymer matrix layered with a thin POPC film. 

The assembly illustrated an ideal peptide release kinetics, with a moderate burst release 

in the first 24 h for thorough site sterilization, killing any planktonic bacteria present in the 

environment. Sustained, significant AMP released was observed for the subsequent 30 

days as prophylactic measure against possible subsequent bacterial infection. To the best 
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of our knowledge, this is the first polymer-based AMP release platform developed to curb 

bacteria colonization. Characterization assays with CD and fluorescence spectroscopy 

demonstrated conservation of AMP’s conformational integrity and bactericidal mechanism 

upon encapsulation and subsequent release from dual layer assembly. In the second part 

of the study, the PCL-POPC coating platform was applied to silicone Foley urinary 

catheters. The coated catheters (Cat-PCL(P)-POPC(P)) exhibited superior antimicrobial 

and anti-biofilm properties against prevalent uropathogens. When challenged with multiple 

bacterial inoculation cycles, Cat-PCL(P)-POPC(P) retained good antibacterial functionality 

and significantly inhibited bacterial growth (5 x 104 CFU E. coli) up to 4 cycles of repeated 

inoculation. The excellent AMP release profile, coupled with the stability of the released 

peptides, indicate great potential for development of the PCL-POPC coating platform for 

AMP controlled release functionality on urinary catheters for treatment and/or prevention 

of CAUTI in both short and long term-catheterized patients.  

The results from this thesis provides proof-of-concept demonstration for the deployment 

of AMPs and their immobilization on biomedically-relevant surfaces to eradicate bacteria 

colonization and biofilm formation. These scalable AMP-based antimicrobial coating 

platforms are also expected to be readily translated to other biomedical devices and 

implants (e.g. intravascular stents, artificial heart valves, and contact lenses), as well as 

food and pharmaceutical packaging where bacterial contamination is a common problem. 

Overall, the outcomes of these studies have contributed to new knowledge in strategies 

for rational engineering of peptides for enhanced peptide functionality and improved 

knowledge in structural-activity relationship of AMPs. This new knowledge will advance 

research in the design and synthesis of novel and potent antimicrobial products with 

desired properties. The proof-of-concept demonstration that AMPs can retain their 

antimicrobial potency in the tethered form opens the possibility for AMPs to be utilized as 



165 

 

antimicrobial coating agents. In vivo studies to determine the safety and efficacy of AMP-

immobilized catheters in animal models are currently underway. The overall outcome of 

this research project provides strong evidence that AMP-based coating shows great 

potential as an effective therapy to address CAUTI for short and term long catheterization.  

6.2. Future directions  

With the engineering of synthetic peptide CWR11, development of PD-based 

immobilization platform and formulation of dual layer PCL-POPC coating, we had 

successfully come up with AMP-based coating that can be applied onto urinary catheter 

surfaces to impart antimicrobial contact active or controlled release functionalities.  

However, this is not the final product, and is still far from clinical applicability. There are still 

several areas that need to be further optimized, including enhancement of AMP grafting 

efficacy and optimization of immobilization factors for PD-based immobilization platform to 

increase contact active antimicrobial potency, augmentation of PCL-based controlled 

release platform to improve AMP release profile for a better and more sustained 

antimicrobial performance. With the optimization studies done, it is critical that these 

coatings be tested in mice models to investigate their antimicrobial efficacy and 

biocompatibility under in vivo condition.  

6.2.1. Optimization of PD-based AMP immobilization strategy 

Enhancement and optimization of the PD-based AMP immobilization strategy, reported 

in Chapter 4, will be performed to further improve the AMP grafting efficiency and specificity 

to optimize the development of an efficient contact active antimicrobial surface. The 

platform developed so far allows peptides to be attached to the PD-coated surface via 

three different coupling methods, i.e., sulfhydryl linkages, Michael’s addition and/or 
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physical adsorption. Having such diverse and random peptide immobilization chemistries 

may pose challenges for future product development and scale up manufacture as it can 

potentially lead to undesirable batch-to-batch inconsistencies. The use of controlled 

covalent immobilization strategy which employs the thiol group on CWR11 is proposed. 

These thiol groups will specifically react with thiol or maleimide groups that can be 

functionalized onto PD-coated surfaces using specific moieties such as heterobifunction 

PEG moieties utilized in the immobilization platform reported in Chapter 3. The surface 

peptide concentration and antimicrobial performances achieved using this platform will be 

compared with those achieved via random immobilization (as reported in Chapter 4) to 

assess the effect of thiol coupling on peptide immobilization and bactericidal efficacy.  

Various studies have highlighted the correlation between immobilized peptide 

concentration on subsequent surface bactericidal action. It is generally proposed that there 

is a positive correlation between AMP concentration and antimicrobial efficacy. Based on 

the immobilization platform reported in Chapter 4, as each surface catechol group is 

assumed to be coupled to one peptide molecule, the concentration of immobilized peptides 

is thus limited by the number of reactive catechol group on the PD-coated surface. The 

problem of limited surface active groups can be circumvented by utilizing multi-branch 

linkers to allow more AMPs to be attached to a single reaction site on the surface. The use 

of this platform can then facilitate further studies to investigate the significance of 

immobilized peptide concentration on surface bactericidal activity. A potential difficulty for 

this would be to find a compatible multi-branch linker. Current conventional way involves 

building polymer brushed onto the surface often involving harsh treatment conditions and 

complicated process, defeating the purpose of developing the PD-based immobilization 

platform.  
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6.2.2. Study of the effect of immobilization factors on the antimicrobial 

activity of tethered peptides  

Numerous factors such as the role of spacers, linker chain length, surface peptide 

concentration and immobilized peptide orientation have been highlighted by separate 

studies as crucial elements determining the efficacy of immobilized peptides’ activity.  

Admittedly, the real influence of these factors in affecting surface antimicrobial activity is 

very often found to be platform- and peptide-specific. To further optimize the antimicrobial 

performance of tethered AMPs in PD-based platform, it is considered important to better 

understand the effect of the above-mentioned factors on the immobilized AMP activity.  

The effect of linker chain length on immobilized AMPs’ bactericidal action has been 

widely debated. While some studies emphasized the importance of  long spacers for 

peptide structural flexibility and antimicrobial potency [145], others debunked the need for 

an additional linker as the additional step might compromise AMP tethering efficiency [148]. 

Systematic studies to evaluate the role of spacers and the subsequent effect of varying the 

spacer length on immobilized peptide antimicrobial activity using the current PD-based 

immobilization platform are planned. Briefly, PEG linker with varying length (e.g. 200 Da, 

500 Da, 5000 Da) will be used for specific AMP attachment to reactive PD surfaces. 

Comparison of the antimicrobial potency of the respective AMP-immobilized platforms will 

shed light on the role of linker length on grafted peptides’ bactericidal action.  

Peptide conformation is also extremely crucial in driving bacterial membrane 

permeabilization and hence bactericidal action. However, few studies have been 

conducted to investigate the effect of orientation and conformation of tethered AMPs on 

their corresponding membrane permeation mechanism. The complex immobilization 

process of previously reported coupling strategies place constraints on the feasibility of 
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such studies, as the use of multifarious surface functionalization chemistry and multiple 

linkers and/or spacers tend to lower signal to noise ratio, and hence resolution of the 

analysis result. The simpler PD-based coupling strategy presented in Chapter 4 makes the 

surface peptide structural-activity relationship study more viable. The use of biophysical 

analytical tools, such as elipsometry, Quartz Crystal Microbalance with dissipation (QCM-

D) and surface CD, to non-destructively monitor peptide immobilization and tethered 

peptide conformation at real time will be performed. Correlation between peptide 

orientation, surface density and conformational flexibility can thus be evaluated and will be 

crucial to further improve PD-based AMP immobilization platform for maximum 

antimicrobial potency. However, the aforementioned analytical tools only provide indirect 

or low resolution imaging of the surface immobilized peptides. Higher resolution equipment, 

such as solid state NMR, is needed.  

6.2.3. Optimization of PCL-based controlled release platform  

In Chapter 5, a PCL-POPC dual layer assembly was introduced as an AMP-based 

controlled release platform. Despite the superb release kinetics and sustained 

antimicrobial action against planktonic bacteria, further optimization can be conducted to 

enhance the coating performance. For example, the current PCL-POPC platform reports 

a relatively slow peptide release rate, releasing ~48% of the total loaded AMP after 30 

days. Modifications to the basal PCL matrix and physically adsorbed POPC layer can 

therefore be made to enhance the release rate. PEG can be incorporated within the dense 

hydrophobic PCL network to enable faster and more efficient escape of peptides that are 

trapped deep within the matrix. Chen et al. demonstrated in an earlier study that more than 

90% of the total incorporated drug was released in PLLA-PEG-PLLA microparticles, as 

compared to the 45% observed in pure PLLA setup [273]. The authors suggested that the 
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introduced PEG fragments act as ‘water pumps’, facilitating drug escape. In a similar way, 

it is hypothesized that by introducing PEG hydrophilic channels/pockets into the PCL matrix, 

more AMPs can be released within the 30 days treatment period. A systematic study will 

be conducted to determine the ideal PEG content in order to achieve ideal AMP release 

profile.  

In the platform reported in Chapter 5, POPC, which serves as barrier to modulate 

peptide release, was physically adsorbed onto the PCL matrix surface. Such physical 

adsorption may pose downstream problems for product design and development, as it 

could potentially lead to batch-to-batch variability. The search for an alternative AMP-

compatible diffusion barrier is ongoing, where poly(SBMA-co-AAM) is considered an 

interesting potential candidate. In a recent study, Wang et al. developed a multilayer silver 

release platform grafted with a superficial poly(SBMA-co-AAM) layer as diffusion boundary 

[274]. Sustained silver release was observed for 50 days. The zwitterionic poly(SBMA-co-

AAM) coating has also been demonstrated to effectively reduce bacterial adherence and 

biofilm formation. The excellent release modulating property, coupled with good anti-biofilm 

functionality, makes poly(SBMA-co-AAM) an excellent potential alternative to POPC. 

However, further studies are needed to investigate the compatibility of the polymer layer 

with peptides. On top of that, although poly(SBMA-co-AAM) has been shown to 

demonstrate excellent physical properties as well as release modulating functionality, 

attachment of it is still dependent on physical attachment, which is still non-ideal as a long 

term solution. A boundary layer that can be covalently attached to the basal AMP-

impregnated PCL layer is still much needed.  
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6.2.4. In vivo safety and efficacy studies in animal models 

Upon completion of the platform optimization studies and in view of the ultimate aim to 

use these AMP-based coatings for clinical applications, it is critical that the safety and 

efficacy of these AMP-impregnated platforms are investigated in mice models. Established 

experimental protocols reported in earlier studies [256] will be adapted to assess the 

antimicrobial capability of the optimised AMP-coated catheters. Briefly, 7 to 8 weeks old 

mice will be anesthetized and transurethrally implanted with AMP-coated and control 

catheters. 1 x 107 CFU of bacteria suspension is then immediately introduced into the 

bladder lumen. The animals will be sacrificed at appropriate time points (i.e., 6 h or 24 h). 

Catheters will then be retrieved from the bladder, immersed in PBS, and sonicated for 10 

min followed by vortexing vigorously for 5 mins to detach any adherent bacterial on catheter 

surface, to demonstrate anti-biofilm property of these antimicrobial catheters under in vivo 

situation. Bladders and kidneys from mice will also be homogenized in PBS and serially 

diluted for CFU enumeration to test for antimicrobial efficacy of coating against planktonic 

bacteria. In vivo biocompatibility of antimicrobial catheters can be verified by investigating 

the viability of the surrounding murine uroepithelial cells, through extensive cell sectioning 

and live/dead staining. The downsizing of the respective platforms onto a mouse catheter 

might adversely affect their antimicrobial potency, hence unable to exert similar extent of 

bactericidal action as seen when applied on the PDMS and catheter. Based on preliminary 

results, further optimizations, such as increased peptide loading, might be required to 

ensure good in vivo antimicrobial potency in mouse models.  
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Appendix 

Table A.1. MICs of variant peptides after 1st round of peptide engineering 

Peptide Sequence Net Charge Hydrophilicity MIC (µM) 

Jelleine I PFKISIHL 1.1 -0.6 2.6 

J1 PFKIISHL 1.1 -0.6 25 

J2 IFKIISHL 1.1 -0.9 12.5 

J3 PFKRISHL 2.1 0 12.5 

J4 WFKIISHL 1.1 -1.1 12.5 

J5 PFKIWSHL 1.1 -0.8 12.5 

J6 PFKWWSHL 1.1 -1 12.5 

J7 PFKWWSHW 1.1 -1.2 12.5 

J8 PFKIIRHL 2.1 -0.3 50 

J9 PFIKILHR 2.1 -0.3 50 

J10 PFRKILHR 3.1 0.3 25 

J11 WFWKWWRR 3 -0.9 10.6 

J12 IFIKIIRR 0.3 -0.1 25 

J13 RFWKWWRR 0.4 -0.1 12.5 
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Table A.2. MICs of variant peptides after 2nd round of peptide engineering 

Peptide Sequence 
Net 

Charge 
Hydrophilicity MIC (µM) 

J11a1 WFWKWWRRR +4 -0.9 7.5 

J11a2 WFWKWWRRRR +5 -0.9 5 

J11a3 WFWKWWRRRRR +6 -0.9 3.8 
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Table A.3. MICs of CWR11 against E. coli in the presence of different salt concentration. 

Minimum Inhibitory Concentration (μM) 

 No NaCl  150 mM NaCl  300 mM NaCl 

E.coli 5.2 ± 0.5  7.3 ± 0.0  12.5 ± 0.0 

 

 


