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Abstract

More than 75% of hospital-acquired or nosocomial urinary tract infections are initiated by urinary
catheters, which are used during the treatment of 15-25% of hospitalized patients. Among other
purposes, urinary catheters are primarily used for draining urine after surgeries and for urinary
incontinence. During catheter-associated urinary tract infections, bacteria travel up to the bladder
and cause infection. A major cause of catheter-associated urinary tract infection is attributed to the
use of non-ideal materials in the fabrication of urinary catheters. Such materials allow for the
colonization of microorganisms, leading to bacteriuria and infection, depending on the severity of
symptoms. The ideal urinary catheter is made out of materials that are biocompatible,
antimicrobial, and antifouling. Although an abundance of research has been conducted over the
last forty-five years on the subject, the ideal biomaterial, especially for long-term catheterization
of more than a month, has yet to be developed. The aim of this review is to highlight the recent
advances (over the past 10 years) in developing antimicrobial materials for urinary catheters and to
outline future requirements and prospects that guide catheter materials selection and design.
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1. Introduction

1.1. Urinary Catheter

Urinary catheters have been used since the third century B.C., by the Greeks, Egyptians and
Chinese, but the first malleable urinary catheter on record was only made in 1779 by a
goldsmith, Bernard [1]. Some of the first materials used to make urinary catheters were
copper, tin, bronze, gold, lead, papyrus, onion stems, dried reeds and palm leaves. In recent
times, materials such as gum-elastic, plastic (poly(vinylchloride), PVC), polyurethanes,
silicone and latex rubbers have been used for their superior malleability [2, 3]. These
materials have been developed over the years to include most of the characteristics desirable
in a catheter: high tensile strength, soft and pliable, inherently chemical resistant,
biocompatible and able to meet flow requirements while maintaining a minimally invasive
circumference or French profile. Some of the strengths and weaknesses of different urinary
catheter materials have been listed in Table 1, and these characteristics have led the
emergence of silicone as the material of choice for urinary catheters despite a few of its
disadvantages [1, 4, 5]. While latex was originally used alone, or modified with either
hydrogel or Teflon coatings, its unsuitable properties like poor UV and chemical resistance,
poor adherence, and possible allergic reactions leave much to be desired [1]. It has also been
observed using scanning electron microscopy (SEM) that the rough surface of latex can also
promote biofilm formation [6]. Therefore, silicone is now more commonly used as a base
catheter material since it circumvents many of the problems faced by latex catheters.

Besides the evolution of materials, catheter design has also undergone several changes over
the years including the balloon used to hold the catheter onto the urinary bladder and
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development of the modern indwelling catheter, also called the ‘Foley’ catheter, designed by
Dr. Frederick B. Foley in mid 1930s [1]. This evolution of materials and design has been
steered by the efficiency and comfort the catheter is able to provide to the patient along with
availability of materials and technology. Currently, medical device companies like C. R.
Bard, Inc. (Murray Hill, NJ), Coloplast (Minneapolis, MN) and Teleflex (Morrisville, NC)
manufacture urinary catheters that contain advanced formulations with silver alloy (for
example, gold and palladium) coatings and hydrogels that claim to dramatically reduce
infection rates down by 3.7 times the standard urinary catheters.

Urinary catheters are used to manage urinary incontinence, urinary retention, and/or after
prostrate or genital surgical procedures. In simple terms, urinary catheters are used to
remove urine from the body. If the body is unable to remove urine for some reason, pressure
builds on the urinary bladder and as a result, kidney failure can occur. Currently, there are
several types of catheter designs that serve different purposes as shown in Figure 1. The
condom or single-use catheter is used for males who may have mental disabilities and have
trouble urinating. These types of catheters are changed daily. The intermittent or short term
use catheter is used for a few weeks. This is commonly used for postoperative care when the
patient is unable to urinate by themselves and need assistance. The long-term use or Foley
catheters are typically used for several months at a time by patients with urine retention
problems including those with spinal cord injury/disease, multiple sclerosis, enlarged
prostate, or cerebrovascular accident. A management system/protocol for the insertion and
removal of urinary catheters is maintained by different hospital systems. This includes the
use of gloves, handwashing, sterile barrier, no-touch insertion techniques and training [7].
However, despite the care taken to avoid contamination and subsequent infections, catheters
are still susceptible to accumulation of microbes. In urinary catheters, these microbes can
accumulate to form single species biofilms, which can cover even short term non-Foley
catheters in a period as short as 24 hours, which can ultimately develop multispecies
biofilms causing infections if not detected at an early stage. Infection occurs in 10-50% of
patients undergoing non-Foley or short-term urinary catheterization (7 days) but virtually all
patients undergoing Foley or long-term catheterization (>28 days) become infected [8].
Foley catheters are most susceptible to infection as bacteria can collect and grow rapidly
over time if not identified. This infection is called catheter-associated urinary tract infection
(CAUTI), an infection that has stimulated antimicrobial materials research for urinary
catheters.

1.2. The Problem with Urinary Catheters: Long-term Catheterization and Catheter-
associated Urinary Tract Infections

Catheter-associated urinary tract infections account for over 1 million cases in the US alone
[9] and almost 80% of the nosocomial infections worldwide [10]. Annual treatment costs
exceed $350 million every year, which illustrate the urgency of the situation [10]. Some of
the symptoms and signs of normal urinary tract infections (UTIs) and CAUTIs overlap, [11]
as summarized in Table 2 of this review but the term CAUTI is assigned to patients who
have been catheterized for over 24 hours and show signs and symptoms of CAUTI within 48
hours of catheterization. Urinary tract infection is defined as an invasion of any part of the
urinary system by a bacterial or fungal pathogen [12, 13]. Nosocomial CAUTI is defined as
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the new appearance of bacteriuria or funguria in the urine at a concentration greater than 10°
CFU mL~1 according to the Centers for Disease Control and Prevention. CAUTIs are caused
by the invasion and colonization of pathogens through the route of the urinary catheter [14].
Such infections can cause mild to severe symptoms and pose a major cause for concern, as
15-25% of hospitalized patients use urinary catheters [14]. Catheter-associated urinary tract
infection, when left untreated, may cause infections in the kidneys (pyelonephritis) and
bloodstream (septicemia) [15], leading to sepsis or, in extreme cases, even death. The
urinary catheter, a partially implanted device, can cause a patient to be highly prone to
infections mostly because of cross contamination from the drainage bag and the rich
microbial flora in the skin. This susceptibility increases with the duration of catheterization,
which allows bacteria to flourish.

Long-term catheterization is needed when a patient suffers from urinary incontinence which
entails inserting the catheter into the bladder for several months or years [1]. A major
hindrance regarding the use of these long-term catheters is their ineffectiveness to prevent
infection. Infections occur due to free-floating (planktonic) bacteria or encrustation of
bacteria developing biofilms on catheter surfaces [16]. According to Dr. J. L. Brusch, an
infectious disease specialist in Cambridge, Massachusetts, 90-100% patients who undergo
long-term catheterization develop bacteriuria and 80% nosocomial UTIs are caused by
catheters while only 5-10% are related to genitourinary operation [17]. For these reasons,
the emergence of research in CAUTI and urinary catheters has been influenced by the
enormous amount of health risks and healthcare-associated economic pressures caused by
CAUTIs.

Two main issues that afflict urinary catheters and make it harder to treat CAUTIs are
encrustation and biofilm formation [8]. While they are two different mechanisms caused by
different factors, they can overlap and make conditions worse in an infection. Encrustation
(Figure 2) begins with the colonization of the catheter by urease-positive pathogens. Some
urease-positive pathogens are 2 mirabilis, M. morganii, P. aeruginosa, K. pneumoniae and P
vulgaris [18]. Urease is an enzyme that catalyzes the hydrolysis of urea into ammonia and
carbamate. The presence of urine in urinary catheters creates a suitable environment for
urease-positive pathogens. Ammonia is alkaline, and increases the pH of urine, leading to
deposition of calcium and magnesium phosphate crystals on the catheter, which eventually
leads to complete occlusion of the catheter through encrustation or crystalline biofilms [19].
One of the most common bacteria that causes encrustation is the urease-positive bacteria
Proteus mirabilis [20]. P. mirabilisis a gram-negative, rod-shaped bacterium and causes 90%
of all Proteus infections in humans and 20-45% of catheterization related infections [21]. In
1993, Stickler et al. presented a case study in which the patient’s catheter was completely
blocked within 4-5 days of use [22]. The biofilms in the catheter contained elevated levels
of mineral deposits. The ability of 2 mirabilisto colonize all available types of indwelling
catheters allows it to form secure biofilms in the catheterized tract and cause persistent
catheter blockage. The infection can be diagnosed by an increase in the urine’s pH, fishy
odor (produced by the bacteria) and 2. mirabilis can be detected by its inability to metabolize
lactose (on a MacConkey agar plate). A common treatment for Proteus infections is the use
of antibiotics in urinary catheters, which can break down the biofilms formed by these
persistent pathogens.
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Biofilms are another major problem faced by urinary catheter patients because of the
inherent property of urine to deposit minerals once infection by any microbe has occurred
[18]. Free-floating, or planktonic, bacteria come across a surface submerged in the fluid and
within minutes become attached. These attached bacteria produce slimy, extracellular
polymeric substances (EPS) that colonize the surface (Figure 3) and form the conditioning
film. Extracellular polymeric substance production allows the emerging biofilm community
to develop a complex, three-dimensional structure that is influenced by a variety of
environmental factors. Biofilm communities develop within hours. Scanning electron
microscopy and transmission electron microscopy have been used to document biofilms in
urinary catheters removed from patients [23]. Biofilms have been reported to be
approximately 200 um in thickness and occasionally reach a thickness of ~500 pm [24]. The
rate of bacterial cell attachment depends on the number and types of bacteria in the urine or
environment to which the catheter is exposed, the flow rate of liquid through the catheter,
and the physicochemical characteristics of the surface of the catheter. It has been found that
catheter surfaces that display both hydrophobic and hydrophilic properties attract the widest
variety of CAUTI pathogens [25]. The bacteria can also propagate other biofilm
communities by detaching in parts and attaching themselves elsewhere on the surface. A
major hindrance in attacking and eliminating these biofilms is the extracellular polymeric
substance that protects the cells, which allows the biofilm to exude high tolerance to stress
from antibiotics and other biocidal treatments [26]. In fact, a biofilm’s tolerance to
antibiotics has been attributed to three possible characteristics of the biofilm [27]: 1) slow
penetration of antibiotics due to the matrix formed by the exopolysaccharides [28]; 2)
formation of a resistant phenotype called persister cells that remain in a transient dormant
state and can cause recurrent infections [29]; and 3) an altered environment within the
biofilm that is composed of different anaerobic niches, concentration gradients and local
accumulation of acids and inhibitive waste products. Hence, a major research development
that has propagated the advancement in antimicrobial urinary catheter materials is the
discovery of bacteria that cause CAUTIs, build single species biofilms and ultimately cause
co-infection by forming multi-species biofilms (Table 3) [30, 31]. This has allowed
researchers to develop mechanisms and bacteria specific or broad spectrum biocidal
techniques to prevent CAUTIs. Some of the most common bacteria associated with CAUTIs
are S. aureus, E. coli, P. aeruginosa. mirabilis, S. epidermidis, E. faecalis, and K.
pneumoniae [8]. Several studies reveal that it is important to focus on the prevention of the
biofilm rather than focus on planktonic bacteria as slow growth of the biofilms can confer
resistance [32]. For example, in a rabbit catheter model study, only the highest dosage (400
mg/kg) of the antibiotic, amdinocillin could eradicate an £. colibiofilm formed on the
catheter [33]. Another study showed how vancomycin concentration in an S. aureus biofilm
was inversely related to the biofilm growth but it was also unable to completely eradicate the
biofilm [34]. This meant that a biofilm’s resistance was related to the diminished effect of
the antibiotic in the biofilm rather than poor penetration of the antibiotic. Another major
hurdle in eradication of CAUTIs has been the increased incidence of infection due to
polymicrobial infections, also called coinfection. As we know, single species biofilms can
develop to form multi-species biofilms, studies to understand this effect on CAUTIs are
important. One study found out that coinfection by 2 mirabilis and P, stuartii caused an
increase in the incidence of bacteremia and urolithiasis in a mouse model [35]. In fact, a
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detailed review on infection and coinfection by P mirabilis has been published by
Armbruster and Mobley [20]. This development in the body of knowledge of known
pathogens of CAUTI has helped in understanding the mechanism of biofilm formation in
specific bacteria, which aids in designing target specific biocides. While bacteria form the
majority in the pool of pathogens, fungi are not far behind in CAUTIs. Ramage et al. have
reported that C. albicans are frequently found in CAUTI biofilms and is the cause of 10—
15% of cases [36]. Antifungal therapy and catheter removal have been described as the best
therapies for treatment. A major drawback of studying and eliminating all pathogens
associated with CAUTI is that a percentage of the pathogens in biofilms cannot be cultured
by traditional microbial methods [37]. So even though they can be observed using
microscopy, they cannot be cultured traditionally. Frank et al. devised a way to work around
this problem using rRNA-based molecular phylogenetic methods to identify pathogens that
form CAUTI biofilms [38]. This method did not require any culturing and relied on
searching for the genomic sequences with BLASTN search and molecular-phylogenetic
analysis. This study showed how further molecular studies could be conducted to find
clinically-relevant microbes involved in CAUTIs across different regions of the world.

Despite all of the research effort that has gone into finding techniques and methods to solve
the problem of infections caused by urinary catheters, most approaches have failed because
of the rising problems associated with microbial resistance. It is also safe to assume that
microbial studies alone will not eradicate CAUT s, researchers need to understand the
interaction of the microbes with the materials and their evolution as infection progresses.
Next, we will discuss antimicrobial resistance developed by planktonic and biofilm bacteria.

1.3. The case of Antimicrobial Resistance in CAUTIs

Alexander Fleming’s serendipitous discovery of penicillin marked the beginning of the
modern medical era of antibiotics and has likely saved more lives than most other medical
advances in history. But as early as 1946, he also noted that, “There is probably no
chemotherapeutic drug to which in suitable circumstances the bacteria cannot react by in
some way acquiring ‘fastness’ (resistance)”. According to the WHO, antimicrobial

resistance happens when microbes change upon exposure to antimicrobial drugs. This causes
them to develop resistance and as a result, infections do not subside. Antibiotic resistance
has led to the development of “superbugs” that are resistant to many antimicrobial therapies
that in turn has compounded the problem of nosocomial infections.

The WHO has reported several instances of rising resistance among commonly found
nosocomial pathogens [39]. Resistance to several antibiotics have been reported so far:
carbapenem resistant K. pneumoniae, fluoroquinolone resistant £. coli, multidrug resistant
S. aureus (MRSA) and colistin resistant Enterobacteriaceae. 1t is important to note that these
bacteria are also commonly found in CAUTIs, and hence their infection raises issues of
resistance to the antimicrobial agents used in urinary catheter materials.

A long term study was conducted by Wazait et al. between 1996 to 2001 in the UK to collect
information on catheter urine samples to identify change in bacterial profile and antibiotic
resistance in CAUTI [40]. The samples were collected in 1996, 1998 and 2001. £. co/iand
Enterococcus were the most common pathogens. Frequencies were 35.6%, 32.5% and
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26.6% for E. coliand 11.8%, 15.3% and 22.0% for Enterococcus for 1996, 1998 and 2001.
The results also indicated a change in pattern of antibiotic resistance along with this change
in frequency of the bacteria profile. In 1996, bacteria were least resistant to ciprofloxacin
(8.0%), co-amoxiclav (18.5%) and cephalexin (25.4%) but in 2001 the resistance changes to
co-amoxiclav (22.5%), ciprofloxacin (27.2%) and nitrofurantoin (28.8%). As of now eight
pathogen groups that make up 80% of antimicrobial resistant bacteria found in nosocomial
infections are MRSA (8.5%); vancomycin resistant Enterococcus (3%); extended spectrum
cephalosporin-resistant K. pneumoniae and K. oxytoca (2%), E. coli (2%) and Enterobacter
spp. (2%); carbapenem resistant £ aeruginosa, K. pneumoniae and K. oxytoca (<1%), E.
coli (<1%) and Enterobacter spp. (<1%) [41]. Studies like the two highlighted above should
be performed in other regions of the world to identify and appropriately detect any change in
the resistance profile for CAUTI pathogens. This would aid and supplement microbial
studies along with the development of antimicrobial coatings that can attack even multidrug
resistant CAUTI pathogens.

1.4. Improving Interaction between the Urinary System and the Urinary Catheter

Various approaches can help to prevent CAUT], such as better handling of catheters,
fabricating urinary catheter coatings, improving catheter design, and emphasizing short-term
use. However, this review focuses on urinary catheter coating materials designed to prevent
CAUTI either by their antifouling or biocidal properties, or both. While the other approaches
can help in preventing CAUTI, sometimes patient comfort in case of design and need for
long-term use can hinder the utilization of these approaches. In contrast, fabricating biocidal
and antifouling materials is a simpler task as long as the materials do not pose side effects
like development of antimicrobial resistance and patient allergy. As healthcare-associated
costs have risen over the past two decades and population around the world has increased,
the need for better catheter materials has substantially increased. Hence, research on
antifouling and biocidal materials for catheters has centered on designing the most
competent, yet simple, material in terms of use and fabrication. Although the sophisticated
antimicrobial coatings for urinary catheters may cost more than the standard urinary
catheters, they make up for this cost in the long run by preventing nosocomial infections, the
treatment of which is generally not covered by most insurance policies.

Antifouling coatings do not kill the microbes directly but instead prevent the attachment of
bacteria on the surfaces that allow the formation of biofilms [42, 43]. Mechanisms of
antifouling materials include steric repulsion, electrostatic repulsion and low surface energy
(Figure 4 A, B and C) to keep foulants from attaching to the surface of the catheter. This
prevents the formation of conditioning films for planktonic bacteria that ultimately form
biofilms, the stage at which is hardest to treat with antimicrobial agents. Generally, materials
that are antifouling by the mechanism of steric repulsion are bioinert in nature [44, 45]. This
means that they tend to avoid any interaction with their surrounding environment. The two
main types of antifouling materials currently in research are made of hydrophilic materials
(e.g. SAM-OEG, PEG, POEGMA) [46-48] and polyzwitterions (e.g. polyMPC,
polyCBMA, polySBMA) [49-51]. They repel foulants by forming a barrier of hydration
layer on the surface [52, 53]. This hydration layer is formed through hydrogen bonding
and/or ionic solvation. When the proteins approach the surface, water molecules are released
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from the surface and the polymer is compressed. This leads to an increase in enthalpy due to
polymer dehydration and decrease in entropy due to chain compression. According to
thermodynamics, both of these events are unfavorable and hence these surfaces tend to repel
proteins or other foulants by the mechanism of steric repulsion [44, 46].

On the other hand, biocidal urinary catheter materials are designed to kill the microbes
instead of minimizing their deposition. These catheters are essential because they protect the
patients from infection and encrustation development. Several biocidal materials have been
developed to combat the problem of CAUTIs and decrease associated hospital care costs.
Clinically tested biocidal coatings have silver or antibiotics as the active ingredient. While
these agents are predominant in the clinical field, many other agents (triclosan,
chlorhexidine, nitric oxide, enzymes, peptides) or agent carriers (liposomes, polymers) are
currently in the research stage, and will be discussed in the next section below. The most
common mechanisms for biocidal actions fall into 5 basic categories according to their
mechanism of action: 1) Inhibition of cell wall synthesis (e.g. chlorhexidine, penicillin and
vancomycin) 2) Inhibition of protein synthesis (e.g. silver ions, nitric oxide and tetracyclines
like minocycline) 3) Inhibition of nucleic acid synthesis (e.g. sparfloxacin, quinolones, nitric
oxide and rifampin) 4) Effects on cell membrane sterols (e.g. silver ions, triclosan,
antimicrobial peptides and antifungal agents like amphotericin B) 5) Inhibition of unique
metabolic steps (e.g. nitrofuran, triclosan, bacteriophages and sulfonamide). Cell walls are
not present in humans and mammals but are an important component in bacteria. Biocides
can inhibit the formation of peptidoglycan and dephosphorylation of phospholipid carrier in
peptidoglycans, which ultimately leads to death of the microbe. For inhibition of protein
synthesis, biocides attack by attaching themselves to the ribosomal subunits (50s and 30s) in
bacteria. Proteins are necessary for multiplication and survival in bacteria and thus their
disruption causes cell death. Nucleic acids are the key for replication. When biocides inhibit
MRNA synthesis, DNA gyrase, topoisomerases and nucleic acid synthesis, they can kill
bacteria. Cell membrane sterols are altered by some biocides but since cell membranes are
present in both mammalian and bacterial cells, these biocides can also cause cytotoxicity.
For this reason, these materials a typically used as the final line of defense against bacteria.
Alteration of cell metabolism by inhibiting the synthesis of cofactors for nucleic acid
synthesis and mycolic acid synthesis can also cause bacteria death by biocides. These
biocidal agents can either be embedded in the polymer and be released to kill bacteria
(Figure 4 D) or they can be covalently bonded or crosslinked to the surface of the materials
to kill microbes on contact (Figure 4 E). Examples of agents which are mostly used in
biocide release antimicrobial coatings are silver ions, triclosan, chlorhexidine, chloring,
tributyltin, nitric oxide, and antibiotics [54]. A commonly studied example of contact active
biocidal agent is quaternary ammonium compounds [55, 56]. It is important to note here that
some of the biocidal mechanisms of different agents can overlap (e.g. silver ions and
antibiotics have two mechanisms in common) since these agents are categorized according
to their structure and not mechanism of killing and some agents employ more than one
mechanism of killing (e.g. silver, nitric oxide). In case of biocidal coatings that release
biocides, the materials leach out their antimicrobial agent and hence do not let the microbe
come in contact with the catheter. This can aid in preventing encrustation and biofilm
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formation. However, leaching of the biocide can also prove to be harmful, as we discuss later
in the case of triclosan.

Antimicrobial and antifouling materials are the focal point of research in catheter materials,
as they offer the potential for complete protection against CAUTIs [57]. These materials are
proven to be efficient in preventing CAUT s as they have a higher microbial cytotoxic ability
[58]. However, it is also important to note that because of the high resistance of biofilms to
antimicrobial agents, catheters that elute biocides to prevent contact of contact with urinary
catheter would increase the efficiency of the coatings compared to contact active methods
[59, 60]. This elution should be from both inner and outer surface of the catheters.

Although the problem of CAUTIs is complex and still a major challenge, materials that
combine known and novel antimicrobial agents with an increase in effectiveness have shown
tremendous progress. Examples include the use of silver alloy, a commonly used
antimicrobial material, modified with plasma and silver nitrate and the use of antibiotics like
rifampin and sparfloxacin in combination with antiseptics such as triclosan to increase the
agent’s antimicrobial efficacy. While the list of antimicrobial agents along with new
formulations continues to expand to combat the problem of CAUTIs, some of the more
commonly studied urinary catheter coating materials (both in clinical trial and/or research)
are highlighted in this article, along with a discussion of future research directions. In this
review, the antimicrobial agents/materials for urinary catheters have been categorized
broadly into two categories: Clinically tested antimicrobial catheter agents/materials and
researched (but not clinically tested) antimicrobial catheter agents/materials. Since it would
be complicated to present them in smaller, sub-categories organized by their antifouling and
biocidal mechanisms, we have categorized them into antimicrobial agents/materials and
carriers of antimicrobial agents. The materials described herein are not an exhaustive list of
the antimicrobial coatings that have been developed to date, but rather highlights of the
major agent/material categories.

2. Antimicrobial Urinary Catheter Coating Agents/Materials in Clinical Trials

and/or Research

2.1. Clinically-Tested Antimicrobial Agents/Materials

2.1.1. Silver—Silver is one of the few antimicrobial agents for urinary catheter coatings
(along with other medical devices) that is approved by the FDA. Even low concentrations of
Ag ions are enough to kill microbes. Its mechanisms for killing bacteria include 1) impaired
membrane function by loss of membrane potential, 2) protein dysfunction by destruction of
Fe-S cluster, and 3) oxidative stress by antioxidant depletion [61-65]. A visual description
of what happens to the bacterial cell is shown in Figure 5. The multifunctional mechanism of
antimicrobial activity demonstrated by Ag makes it a potent biocide and one of the most
popular antimicrobial agents used in medical device coating formulations. For medical
device coatings, Ag ion releasing coatings can be designed in the form of Ag coatings, Ag
alloy (with gold, palladium), Ag-containing polymers and Ag nanoparticles (NPs) [66—74].
These coatings have evolved from pure silver coatings, which do not have enough
antimicrobial efficacy and deteriorated rather quickly. Silver is susceptible to oxidation in
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aqueous environments and releases Ag ions which are highly biocidal in nature. However,
this fast release of ions also means that the release needs to be controlled and sustained.
Most studies in clinical trials are focused on Ag-alloy coatings, while research has also
focused on Ag-NPs. This is because of the poor solubility of silver salts, which results in
lower antimicrobial efficacy. On the other hand, the large surface-to-volume ratio of NPs
gives them an edge in antimicrobial efficacy. However, an important factor that can affect the
efficacy of Ag-NPs is its tight incorporation with the catheter material to prevent fast and
excessive release of ions which could prove cytotoxic to patients [71].

One of the earliest studies using Ag as a biocide for urinary catheter coating dates back to
1949 [1]. This research was controversial, with several supporting studies [3, 75-79], and
those that contradicted the findings, claiming that silver coated catheters are not as effective
against £. coliand S. aureus as previously considered [72, 80, 81]. Most of the studies
compare silver-alloy coatings with antibiotics or nitrofural (trade name Furacin) catheters.
Nitrofural is a bactericidal compound that is frequently used in ointments as an antibiotic. It
has been currently discontinued in the US. In a major study conducted over a 40-month
period (2007-10) on 7102 patients in the UK [82], silver-alloy coated latex catheters
(Bardex IC, Bard Medical, Crawley, UK) were found to be less effective in reducing
infection or cost of catheterization when compared to antibiotic coatings. However, the same
study also found that for short-term use, silver-alloy coatings were useful, as they did not
cause discomfort like the nitrofural catheter [82, 83]. It is also important to keep in mind that
there is a difference between the predicted and observed infection caused by silver-alloy
coatings. The latency period before exposure of bacteria until the development of symptoms
and duration of exposure to the bacteria should be taken into account [84]. In 2012, Johnson
et al. examined the adherence of 11 CAUTI causing microorganisms including £. coli, P.
mirabilis, S. aureus (MRSA) and C. albicans in order to compare nitrofural-coated catheters
(manufactured by Rochester Medical Group) and silver-alloy coated catheters (manufactured
by C. R. Bard, Inc.) [66]. It was found that after an overnight incubation, nitrofural-coated
catheters turned out to be more effective against bacterial adherence and biofilm formation.
Counts from both inoculum broth and catheter sonication were taken. Besides including 11
species of pathogens, this study was further supported by a biofilm assay, different methods
of analysis and a direction for clinical studies. While these studies generally found nitrofural
catheters more effective than silver-alloy catheters, silver-alloy still exists in the market
because of its FDA approval and cost efficiency. Besides this, comfort of patients has also
played a big role in supporting the silver-alloy coatings market.

While conventional silver-alloy coating was previously compared to traditional antimicrobial
agents, in the past few years silver-alloy has been combined with other materials to improve
its antimicrobial efficacy. An epidemiological screening study conducted in 2004 by Rupp et
al. found that silver-alloy, hydrogel-coated catheters (C. R. Bard, Inc.) reduced the
occurrence of CAUTIs from 6.13/1000 catheters in 1999-2000 to 2.62/1000 catheters in
2001-2002 (P= 0.002) [70]. The susceptibility tests also found that no microbes were
resistant to silver. In 2014, another study was conducted with silver-alloy hydrogel catheters
(C. R. Bard, Inc.) and patients from 7 acute care hospitals [68]. According to the criteria of
National Healthcare Safety Network (NHSN), a 58% relative reduction occurred in the
number of CAUTIs when silver-alloy hydrogel catheters were compared to standard
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catheters. The study was successful in proving that silver-alloy hydrogel catheters decreased
CAUTI occurrences according to both clinical and NHSN criteria when compared to
standard catheters. In 2015, a novel coating was prepared using plasma and silver nitrate wet
treatments by Aflori et al. [73]. Silicon-coated latex catheters were plasma treated followed
by a wet treatment of the catheters in sodium hydroxide and silver nitrate solution for a
week. XPS analysis was done to confirm the presence of Ag2* ions on the catheter surface.
Culture media and inoculation was performed in order to test the sensitivity of C. albicans.
The catheters treated with plasma and silver nitrate gave the best results in the antibiograms
for biofilm formation and bacterial adhesion. The shadow diameter for oxygen plasma
treated catheters followed by wet silver treatment was 10 mm while the control catheter with
no treatment showed no resistance to the fungus. Recently in Japan, Honda et al. examined
an Ag ion-releasing hydroxyapatite material that was prepared by using an ultrasonic spray
pyrolysis technique (USSP). [67]. USSP is a simple method to produce nanomaterials. In
this case, the precursors for the Ag-containing hydroxyapatite powders were
Ca(NO3)7:4H,0, (NH4),HPO,4, HNO3, and AgNO3. These solutions were pyrolyzed using
the ultrasonic vibrator and resulted in sample preparation. The /in vitro tests were carried out
using S. aureus and the in vivo tests for imaging were done using a bioluminescent strain of
S. aureus, XEN-29. The material was effective against bacterial colonization and biofilm
formation. These types of materials that release Ag ions at low concentration levels (5%)
will be helpful in developing robust materials with efficient antimicrobial capacity for
urinary catheters. While the above-listed combinations of silver-alloy with novel materials
have shown promising antimicrobial efficacy, a standard protocol for antimicrobial efficacy
requirements has not been established for Ag. Furthermore, these novel combinations of
antimicrobial agents need to be tested for their cytotoxicity before market introduction.

Besides being studied in bulk form, Ag has also been extensively examined in the form of
nanoparticles [62, 71, 85-89]. Some of the applications for nanoparticles include biomedical
(drug delivery, gene transfer) optical and electronic fields. Although antimicrobial
nanoparticles have been extensively reported, their use in urinary catheter coatings have not
been explored widely [6, 90]. These antimicrobial particles can be made of several materials
(metals, semiconductors, oxides, ceramics, organics) but the most commonly studied are Ag
nanoparticles [71]. Phosphorylcholines with silver nanoparticles have been proven to have
both antifouling and biocidal properties. The films on the substrates were prepared by
inverse mini-emulsion polymerization followed by reduction of Ag and colloid deposition.
These hybrid films killed more than 99% of the E. coli colonies at concentrations up to 1 x
10° CFU mL~1 within one hour of exposure [91]. Kocuran functionalized silver
glyconanoparticles have been studied and proven to have antifouling and biocidal properties
against S. aureus and E. coli. Kocuran is the exopolysaccharide from Kocuria rosea strain
BS-1. 100 mM of aqueous AgNO3 was mixed with kocuran suspension and stirred at 200
rpm for 15 mins at 50°C. The Kocuran-capped NPs were then rinsed with distilled water and
centrifuged for further use. Unlike commercialized silver coatings, this coating was shown
to be biocompatible and non-toxic in nature [88]. Silver nanoparticles continue to be a field
of aggressive research and it is expected to be studied more in the future with an emphasis
on completely eradicating infection of urinary catheters by being 100% effective.
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The exhaustive list of studies performed on silver coatings in the form of silver-alloys and
silver alloy combinations proves that research on finding the ideal antimicrobial coating for
urinary catheters has suggested using conventional antimicrobial compounds. However,
despite the enormity of reports suggesting silver to be a safe and effective antimicrobial
agent, it effectiveness in urinary catheters has proven limited. Another drawback of silver
coatings is that due to its high costs and absence of completely reliable group of reports,
research on silver as an antimicrobial agent will likely continue through the advent of new
combinations that will substantially increase its antimicrobial efficacy and decrease
cytotoxicity.

2.1.2. Antibiotics—Antibiotics are low molecular weight compounds isolated from one
living organism that Kill or inhibit the growth of other organisms. Antibiotics may have e.g.,
antibacterial, antifungal, antiviral, antiparasitic, or even anticancer activity. They have been
studied extensively over the years [10, 43, 66, 72, 82-84, 92-99] and studies suggest that
antibiotic resistant bacteria can develop against a wide range of antibiotics including ones
that do not enter the cell like vancomycin. However, many antibiotics have proven to be
more efficient than silver-alloy coatings in studies for infections caused by most gram-
negative and gram-positive bacteria [66, 92]. In this review, we will focus on commonly
studied antibiotics which have been relevant in shaping the research for fabrication of
urinary catheter antimicrobial coatings (Figure 6).

Nitrofural impregnated catheters are the most commonly studied catheters as they are
commercially available [66]. Nitrofural has been found to be a direct inhibitor of DNA
replication at concentrations of 200 uM for 20 minutes [100]. However, this is only a
temporary solution and replication can resume once the nitrofural is removed since this
happens independently of DNA damage. Studies comparing nitrofural Foley catheters and
silver-alloy coated catheters have found that nitrofural was more effective in preventing
planktonic growth and biofilm formation in addition to being cost effective [66, 92, 93, 95].
It has also been noted that in certain cases, nitrofural catheters caused discomfort in short
term catheterization [83]. Although nitrofural catheters have been successfully used, it is yet
to be determined if these should be modified for short-term purposes because of the
discomfort issue. Also, nitrofural has been known to cause mammary and ovarian tumors in
animal subjects [101] and hence has been listed under prohibited drugs for food animals
under Group | by FDA. This drawback of nitrofural has led to the slowdown of research in
this field and it has not been under investigation in recent years.

Some other antibiotics studied in the prevention of CAUTIs are sparfloxacin, minocycline
and rifampin. Sparfloxacin (5-Amino-1-cyclopropyl-7-[(3R,55)3,5-dimethylpiperazin-1-
yl]-6,8-difluoro-4-oxo-quinoline-3-carboxylic acid) (SPA) is a aminodifluoroquinolone-
based antibiotic and displays its antibacterial activity by inhibiting DNA gyrase, which
assists in DNA replication of bacteria. Its trade name in the United States is Zargam. In
2012, researchers observed that sparfloxacin treated long-term catheters demonstrate better
antimicrobial and antibiofilm activity in both agar and broth diffusion tests when compared
to silver-alloy coated catheters and untreated catheter controls [72]. Two types of SPA
coatings were prepared: 1) heparin coated catheters were oxidized with sodium periodate
and then exposed to SPA in organic medium that formed Schiff’s base with a final SPA
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concentration of 1 mg/mL and; 2) heparin coated catheters were activated with glycidol,
oxidized with sodium periodate and subsequently exposed to SPA in organic medium that
formed Schiff’s base with a final SPA concentration of 1 mg/mL. These catheters were able
to prevent the invasion and colonization of £. coliand S. aureus while maintaining broad-
spectrum activity for 6 months.

Minocycline-rifampin (MR) impregnated silicone catheters have showed inhibition zones
(<10mm) in the cell culture studies but not enough to prove antimicrobial efficacy against £.
coliand P, aeruginosa [97]. Rifampin is known to be a DNA transcription inhibitor which
inhibits bacterial RNA polymerase, thereby preventing transcription [102]. The coatings
were prepared by covering the silicone catheters with tridodecyl methyl ammonium chloride
(TDMAQC) cationic surfactant and 1000 mg of MR (anionic structure). Another study used
careful combinations of rifampin, sparfloxacin and triclosan which were impregnated into
catheters for long-term broad spectrum antibiofilm activity against 2 mirabilis, S. aureus,
and E. coli[96]. The antimicrobial catheters were found to be more efficient in preventing
bacterial growth than commercially available clinically relevant catheters. 7 to 12 weeks of
the test catheter use /n vitro (flow conditions) had reduced infections and complications.
Zone of inhibition test (Serial Plate Transfer Test, SPTT) was done to produce zones of up to
100 days or until no zones of inhibition were produced. While the silver-processed and
nitrofural catheters showed no zone of inhibition within two days of incubation, the
antimicrobial impregnated catheters showed zones of inhibition for more than 100 days
(with a reduction in zone diameter between 17%-36%).

While antibiotics may seem to be a good alternative to the cytotoxicity problems caused by
silver-alloy catheter coatings, the largest issue associated with antibiotics is the inherent
problem of bacterial resistance [27, 103], which can render these antibiotics useless after
second or third application. Antibiotic resistance has become more challenging since
biofilms require higher doses of antibiotics and, in turn, the common infections caused by
the bacteria lead to an increase in the resistance rate. Therefore, a better understanding of
antibiotic resistance is required in order to further develop coatings with potent doses of
antibiotics without the development of resistant bacterial strains.

2.2. Antimicrobial Agents/Materials in Research (not yet clinically tested)

In this section, antimicrobial agents (both biocidal and antifouling) are introduced (Section
2.2.1-2.2.7) followed by the carriers of biocidal agents (Section 2.2.8-2.2.9).

2.2.1. Chlorhexidine—Chlorhexidine (N, 1,6-Hexanediylbis[ /' -(4-chloropheny!)
(imidodicarbonimidic diamide)]) is a cationic bishiguanide and has a low mammalian
toxicity [104]. It is bacteriostatic (i.e. a reversible reaction) at low levels and bactericidal (i.e.
an irreversible reaction) at high levels where the level activity depends on the species of the
bacteria [105]. It is a common antimicrobial agent used in oral consumer products [106].
The mode of action includes destruction of the cytoplasmic membrane because of its affinity
to negatively charged bacterial cell surfaces, since chlorhexidine is positively charged.
Figure 7 shows the chemical structure of chlorhexidine.
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While chlorhexidine has been used in the drainage bags and other forms for urinary catheters
for a long time, it has only been recently tested as a coating on urinary catheters. For
antimicrobial activity in urinary catheters, chlorhexidine has been mainly used in the form of
nanoparticles [107, 108], but it can also be embedded with controlled leaching from polymer
matrices [109]. In one of the studies, ethylene vinyl acetate (EVA) was functionalized with
chlorhexidine hematophosphate nanoparticles (CHX NNPs) which inhibited the growth of
methicillin-resistant S. aureus (MRSA) and P, aeruginosa [108]. CHX NNPs had previously
been adsorbed to glass and titanium, but this study was the first to successfully embed CHX
NNPs in a biomaterial. Polymers were dipped in rapidly stirring colloidal suspensions (99%
of CHX bound with NNPs) for 30 secs. They were then rinsed with deionized water and air-
dried. To verify immobilization, AFM and SEM were performed. Although this study was
not performed with urinary catheters specifically in mind, EVA is commonly used to form
urinary catheters and moreover the pathogens studied are commonly found in CAUTIs.

Urinary tract infections have been found to affect 50% of catheterized canines and a 2013
study [109] conducted by Segev et al. investigated the chlorohexidine release from urinary
catheters in dogs. A varnish coat containing 1% chlorhexidine (with 5 g ethyl cellulose, 4 g
PEG, 1 % CHX in 100 mL ethanol) was brushed on the catheter to make a uniform coating.
Urine samples were collected right after catheterization and right before the removal of
catheters for dipstick analysis and sediment evaluation. The urinary catheter once removed
was cut into three portions: upper (near the urinary bladder), middle and lower (proximal
end of urinary catheter). The CFU count from these portions was performed after a 24 h
incubation in 37°C. The median CFU of all the portions from the study group was found to
be lower than the control group (around 10 CFU/15 mm catheter and 10° CFU/15 mm
catheter respectively). Confocal laser scanning microscopy and SEM was used to study
biofilm formation. The local release of chlorhexidine helped in decreasing systemic effect
and hence reduced any potential adverse effect. However, a follow up with a well-designed
toxicity and safety study need to confirm these coatings safe to patients.

In 2015, chlorhexidine-loaded polycaprolactone nanospheres (synthesized by high-pressure
emulsification-solvent evaporation method) were spray-coated on silicone catheters and it
was observed that these materials were effective over a period of 15 days, which is three
times the span of effectiveness for chlorhexidine mixed with polymers [107]. The results
from this study show that nanospheres could prove superior in the sustained release of
chlorhexidine to prevent bacterial growth for a longer period of time than bulk polymers.

From the listed studies, chlorhexidine nanoparticles look very promising with a better
understanding of release behavior. Chlorhexidine’s use also is advantageous when compared
to antibiotics since is effective for a longer time without the development of bacterial
resistance. Reports of reactions to chlorhexidine have been rare. Thus, it seems that once
enough data from results of chlorhexidine coated urinary catheters are generated, this
technology would be a very patient-friendly and effective antimicrobial coating.

2.2.2. Triclosan—Triclosan (2, 4, 4’ —trichloro- 2’-hydroxydiphenyl ether) is a broad
spectrum antimicrobial agent found in consumer products such as soaps and detergents
[110]. At low concentrations, triclosan is bacteriostatic by inhibiting fatty acid synthesis, but
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at high concentrations it becomes biocidal by targeting bacterial membranes and cytoplasm
[111]. Fatty acids are necessary for building membranes, and the enoyl-acyl carrier protein
reductase (ENR) enzyme that triclosan targets is found only in bacteria and hence does not
affect human cells. Slater-Radosti et al. studied the mechanism of triclosan on S. aureus and
confirmed ENR inhibition [112]. It has been shown that triclosan targets the RNA and not
the DNA [110]. As seen in Figure 8, it is a chlorinated aromatic compound.

Even though triclosan has been mainly used in the form of a fluid filled into the retention
balloon of the catheter [113, 114], it has also been impregnated into the coating material of
catheters [115-117]. In 2003, Gaonkar et al. studied the effect of triclosan impregnated
(proprietary method) urinary catheters on an /n vitro model of the urinary tract [117]. A zone
of inhibition assay was performed with a mixed culture of microbes. The bladder portion of
the model was cultured daily to check for bacterial growth. The silicone catheter with
chlorhexidine, silver sulfadiazine, and triclosan (CXST) was more effective in preventing the
growth of S. aureusand S. epidermidis for a longer time (23-24 days) as compared to the
nitrofural-treated catheters (9-11 days). This study confirmed that the low levels of CXST
used could provide longer term antimicrobial efficacy with low risk of antimicrobial
resistance.

Triclosan has also been studied in combination with plant-derived antimicrobials [118]. In
2015, Jordan et al. studied the effect of silicone catheters impregnated with triclosan and
plant-derived antimicrobials (eugenol and terpinen-4-ol) using agar diffusion tests which
targeted the effectiveness against encrustation, a major problem in urinary catheters that
leads to blockage. Impregnation was done by blending two different solutions containing
PDMS, silica filler, hydrophilic Cabosil filler, platinum catalyst, crosslinker and the test
antimicrobial or the control solvent followed by curing the solutions for 10 mins at 90°C.
Solvent used for triclosan was 2-propanol and acetone was used for eugenol and terpenin-4-
ol. The study showed that the dip-coating of silicone with 0.2% of triclosan improved the
efficiency of the catheter in preventing encrustation caused by 2 mirabilis. Increasing the
concentration to 1% of triclosan (dissolved in 2-propanol) showed antimicrobial activity (15
out of 18 isolates in agar diffusion test) while a lower concentration of 0.2% of triclosan
showed antibiofilm activity for up to 11 weeks. This study was also able to demonstrate that
a simple dip coating technique was sufficient to coat the catheter effectively and retain its
antimicrobial effects for over 7 days in a running /n vitro bladder model.

While the results of very low concentrations of triclosan used in these formulations
definitely show promise, the use of triclosan remains controversial due to its cytotoxicity to
mammalian cells and development of bacterial resistance. It is currently under review by
FDA because it has been noticed in animal studies that triclosan alters hormonal regulation
and can increase antimicrobial resistance against antibiotics.

2.2.3. Antimicrobial Peptides (AMPs)—Antimicrobial peptides are short strands of
amino acids that have antimicrobial activity against bacteria, fungi, enveloped viruses and
even transformed or cancerous cells. Antimicrobial peptides are part of the innate immune
response and are also called host defense peptides (HDP). AMPs can function as
immunomodulators. An immunomodulator functions as an agent that can modify the

Acta Biomater. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singha et al.

Page 16

immune response or the functioning of the immune system by stimulating antibody
formation or by inhibiting white blood cell activity. Antimicrobial peptides vary greatly in
their structural motifs and can induce antimicrobial effects either by disrupting the
membranes or by passing through the membranes and targeting the intracellular components
(Figure 9) [119]. Epand and Vogel have classified antimicrobial peptides into different
groups: 1) Amphipathic and hydrophobic helices (linear peptides) 2) p sheet peptides and
small proteins 3) Peptides with thioether rings 4) Peptides with unique amino acid
compositions and 5) Lipopeptides terminating in an amino alcohol and macro-cyclic knotted
peptides.

Previous reviews have mentioned the use of peptides [10, 43] to create antimicrobial
coatings for urinary catheters. These peptides are cationic because of the presence of lysine
and arginine as the main amino acid component. They are regarded as excellent
antimicrobial agents because of the broad spectrum of cellular mechanisms responsible for
antimicrobial activity and also the development of resistance against peptides is negligible.
AMPs and mammalian cell membranes are both positively charged, which repels AMPs
[120]. In 2002, Shai described that AMPs can target either in a nonreceptor-mediated or
receptor mediated mechanism [121]. AMPs can kill either via damaging membranes or by
acting on more than one anionic target. However, some of the issues with AMPs are their
suboptimal coating properties, potential toxicity, pH sensitivity and high cost of synthesis
[10]. Some of these issues have been addressed recently, where Mishra et al. immobilized
peptides on silicone catheters [122]. A sulfhydryl coupling was used to immobilize the
antimicrobial peptide, Lasio-111 on the silicone urinary catheter. Antimicrobial activity was
checked in both physiologically relevant conditions and in artificial urine medium. This
activity lasted for at least 4 days against both gram negative and gram positive bacteria.
According to the study, it was the first “proof-of-concept” study that has reported the
efficacy of immobilized AMPs on a silicone catheter by sulfhydryl coupling. In another
study conducted in 2015, an AMP, CWR11, was tethered to the surface of a
polydimethylsiloxane (PDMS) film with the help of polydopamine (DOPA) [123]. The
DOPA coating undergoes oxidative crosslinking, along with chemical bond formation with
any surface silanol groups to provide robust coatings that are highly crosslinked. This study
was promising, as the coatings were able to retain antibiofilm and biocidal activity for 21
days. It has been claimed that different architecture types of AMPs could increase
antimicrobial activity [58]. Studies have also been conducted regarding the design of the
AMPs [124] and their conjugation with allyl glycidyl ether (AGE) polymer brushes [125].
These polymer brushes with AMPs showed no biofilm formation and had a faster rate of
killing than immobilized peptides.

The versatility in the antimicrobial mechanisms of AMPs make them viable candidates for
use in urinary catheter coatings. It is also seen that these antimicrobials can be easily
tethered to the surfaces of routinely used medical device polymers such as PDMS and other
types of silicone for catheters. However, few studies have been performed and the complex
mechanism of AMP antimicrobial actions need further investigation before use in
antimicrobial coatings becomes widespread to prevent any accidental repercussions.
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2.2.4. Bacteriophages—In the simplest terms, bacteriophages are the natural predators of
bacteria. They are selective and can disrupt various metabolic pathways in bacteria.
Bacteriophages are viruses that can enter bacteria and duplicate. A bacteriophage can
reproduce in two ways (Figure 10): lytic (this destroys the host cell and its membrane) and
lysogenic (bacterium continues to live and reproduce normally). Lytic phages are commonly
used as antimicrobial agents as they are considered very effective and they are also
abundantly available at the site of infection. Although bacteria can develop resistance to
phages, studies have claimed that phage cocktails containing different viruses prevent this
from taking place. Because of the antimicrobial selectivity and low cytotoxicity to
mammalian cells, bacteriophages have recently been investigated in great detail for medical
device coatings.

One of the earliest studies for CAUTI pathogens with bacteriophages was performed in 2006
[126]. The study used hydrogel-coated catheters that were pretreated with a coagulase-
negative bacteriophage (lytic S. epidermidis bacteriophage 456) which prevent the formation
of S. epidermidis biofilms. For pretreatment of catheters with phages, catheter lumens are
exposed to phage culture. In this study, each catheter segment of the modified drip flow
bioreactor (mDFR) was filled with phage culture and incubated at 37°C for 1 hour before
their removal. In contrast, control catheters were made by exposing their lumens to heat
inactivated phages (80°C incubation for 3 hours). After the preparation of the test and
control catheter segments, they were aseptically transferred to the mDFR for exposure to the
S. epidermidis culture. Significant reduction of biofilm was found on the treated catheters
compared to standard untreated catheters (silicone Foley catheters) after a 24-hour exposure
period. The use of drip flow bioreactors in this study was one of the first studies done for
bacteriophages and hence it was important in determining the effects of lytic phages on this
common CAUTI pathogen. After this study, others have continued to study bacteriophages
in the form of cocktails to prevent the development of antimicrobial resistance [127-129].

In 2015, silicone hydrogel coated catheters pretreated with phage cocktails were observed to
have antimicrobial activity [130]. The pretreatment of the silicone hydrogel coated catheters
consisted of dipping them in 2. aeruginosaand P mirabilis bacteriophages and incubating for
1 hour. The coating reduced biofilm formation for 72-96 h by both the CAUTI pathogens. A
continuous flow of artificial urine containing 1 x 103 CFU mL™1 of the pathogens was used
as the medium. The 2. aeruginosa biofilm counts were reduced by 4 log CFU cm™2 (p<0.01)
and 2. mirabilis counts were reduced by >2 log CFU cm=2 (p<0.01) over 48 h. It was
significant in showing that mixed-species biofilm could be targeted by the tuning the
material composition.

Despite the considerable research in antimicrobial coatings fabricated with bacteriophages,
this field needs more studies to prove reliable and usable for clinical settings.
Bacteriophages have high antimicrobial effectivity and what makes them even more exciting
as a potential antimicrobial agent for CAUTI pathogens is their advantage over antibiotics
for not promoting the development of antimicrobial resistance. More research toward the
development of multipathogen antimicrobial coatings by fabricating phage cocktail
containing coatings are anticipated in the near future.

Acta Biomater. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singha et al.

Page 18

2.2.5. Enzymes—Enzymes as active component of antimicrobial coatings have been
utilized recently in the field of urinary catheters. Antimicrobial enzymes are major
components of immune systems of living organisms that fight pathogenic microorganisms.
These enzymes can act through various mechanisms: degrading structural components of
microorganisms (hydrolytic enzymes), inducing production of antimicrobial substances in
the living organism (oxidative enzymes), preventing bacterial quorum sensing (quorum
quenching enzymes) which ultimately prevents cell aggregation and production of virulent
compounds. Hydrolytic enzymes can be further categorized into proteolytic (e.g. subtilisin,
and lysostaphin) [131-133], polysaccharide hydrolyzing (e.g. alpha amylase, dispersin B,
chitinases, beta-glucanases, lysozyme and alginate lyase) [134, 135], DNases [136] and
bacteriophage lysins [137]. These enzymes attack major constituents of the cells or degrade
compounds that help adhere cells to each other in biofilms and have demonstrated successful
antimicrobial activity against commonly found pathogens in CAUTIs like Pseudomonas,
Streptococcus, and Bacillus, along with the multidrug resistant strain of S. aureus (MRSA).
Oxidative enzymes produce hydrogen peroxide (H202) which is used by peroxidases to
attack bacterial cells. H,O is also used by peroxidases to oxidize halides to more potent
antimicrobial agents. Some of the commonly studied oxidative enzymes are glucose oxidase
[138], cellobiose dehydrogenase [139, 140], superoxide dismutase, myeloperoxidase,
lactoperoxidase [141] and horseradish peroxidase. Quorum quenching enzymes attack
acylhomoserine lactone (AHL), the signaling molecule in bacteria without which the
bacteria are unable to communicate with each other and hence cannot produce virulence
compounds [142]. This prevents the formation of biofilms. Some of the quorum quenching
enzymes include AHL lactonase, AHL acylase and paraoxonases.

In case of urinary catheters and other medical devices, enzymes can be immobilized onto the
surfaces either reversibly or irreversibly. Reversible immobilization methods include
methods through which the enzymes can be easily removed. These include chelation or
metal binding [143], formation of disulfide bonds [143] and adsorption of the enzymes
through physical and ionic bonds [144]. However, irreversible methods are generally
preferred because of the improved stability and lower amounts of leaching. Common
irreversible methods of immobilization include crosslinking using linker molecules,
entrapment, microencapsulation and covalent bonding.

As mentioned earlier, antimicrobial enzymes have only been recently studied in urinary
catheters. A group in Austria has been able to both incorporate and immobilize cellobiose
dehydrogenase on PDMS through different methods [139, 145, 146]. CDH is produced by a
wood degrading fungus and uses cello-oligosaccharides as electron donors to produce H,O5.
In 2014, Thallinger et al. demonstrated the ability of a CDH/cellobiose system to inhibit
several CAUTI pathogens including MRSA by generating H,O, in the presence of either
cellobiose or extracellular polysaccharaides (EPS) [139]. This antimicrobial system was
incorporated into the catheter’s lubricant which is an easy, effective, and cost reducing
strategy. The study was important in demonstrating the ability of CDH to kill microbes on
demand when biofilms were formed. Also, CDH combined with glycoside hydrolase showed
an increase in antimicrobial activity in the presence of EPS. In 2015, for the first time, CDH
nanoparticles were grafted to the surface of PDMS by Lipovsky et al. This was done using
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an ultrasonic system in which the PDMS sheets were dipped into to the enzyme solution and
irradiated with high intensity ultrasonic waves [146]. The immobilization was characterized
using E-SEM, AFM and water contact angle measurements. LIVE/DEAD assay results for
S. aureus showed that the antimicrobial activity of the coated PDMS sheets depended on the
enzyme concentration and the sonication time. This was an approach that allowed rapid
production of CDH coatings. Another method of CDH immobilization was developed by
Thallinger et al. [145], who treated the surface of amino-functionalized PDMS with
glutaraldehyde and subsequently grafted CDH to the remaining aldehyde groups at the
interface. The coating was able to maintain its antimicrobial activity like its previous study
[139] even in artificial urine medium.

Enzymes as active components of antimicrobial coatings have many advantages over
antibiotics and other currently used antimicrobial agents. Firstly, they are specific for
particular pathogens. This means that they can kill specific pathogens without disturbing the
other necessary bacteria required by the living organism. Secondly, bacterial resistance to
enzymes is very rare. However, this has to regulated by not providing more than the lethal
dose for the pathogens, so as to not develop resistance over time. Antimicrobial enzymes are
also safer when compared to other antimicrobial agents as they are natural, non-reactive and
non-toxic to living organisms. However, besides these advantages, enzymes also pose some
disadvantages in the current market. Compared to cheaper alternatives like silver and
antibiotics, the production and purification of antimicrobial enzymes to be used for coatings
is expensive. Another big disadvantage is that they are proteins so they can get denatured in
extreme conditions (e.g. sterilization of device, storage and transport).

2.2.6. Nitric Oxide—N!itric oxide (NO) has been a well-known antimicrobial agent since
the 1980s [147]. It also has several other biological functions like inhibition of platelet
aggregation, production of oxygen free radicals, promotes angiogenesis, causes vasodilation
and acts as a neurotransmitter [148]. In endothelial cells, NO is produced via the enzymatic
oxidation of L-arginine by nitric oxide synthases and this production is increased during
infections in case of inducible nitric oxide synthase [149]. Nitric oxide’s antimicrobial
mechanisms include nitrosation of amines and thiols, lipid peroxidation, tyrosine nitration
and DNA cleavage (Figure 11) [149, 150]. Some commonly used NO donors in the medical
research laboratories are S-nitrosothiols like S-Nitroso-N-acetyl- DL-penicillamine (SNAP)
and S-nitrosoglutathione (GSNO) (Figure 12).

Polymers have been impregnated (solvent evaporation and solvent swelling) with nitric
oxide donors to localize NO release as it has a short half-life of merely few seconds [151]. In
2013, Brisbois et al. found that E2As polymer films doped (solvent evaporation method)
with NO donors could generate a stable flux of NO for a period of 20 days. Due to the low
storage capacity of NO [152], research with NO releasing polymers as an antimicrobial
coating has been limited, [153] but this study showed that the NO donor, SNAP, is
surprisingly stable in the polymer used and retains 82% of the initial SNAP amount even
after 2 months of storage in 37°C. While NO has been studied widely as a general
antimicrobial agent in medical devices [151, 153-159], very few studies have been
conducted with NO or NO donor impregnated urinary catheters [92, 160].
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In 2011, a research group in University of British Columbia found that nitrofural coated
catheters and nitric oxide impregnated Foley catheters both had the same amount of
microbial efficacy against a 103 CFU mL™1 bacterial load [92]. In this study the performance
of a silicone Foley catheter was compared with the same silicone Foley catheter impregnated
with NO (in an exposure chamber), a silver-coated antimicrobial catheter and a nitrofural-
coated Foley catheter. These catheters were exposed to the £, coli culture (103 CFU mL™1)
for 24 hours at 37°C. It was observed that the control and Ag-coated catheters had >1 x 108
CFU mL~1 of £, coliwhile the nitrofural-coated and NO impregnated catheters had a very
high antimicrobial efficacy (< 2 x 102 CFU mL™1). Both planktonic and biofilm growth was
inhibited in the nitrofural-coated and NO impregnated catheters. While nitrofural is currently
not FDA approved in the USA, NO proves to be a viable candidate for further studies in
developing antimicrobial coatings for urinary catheters.

In 2015, a study found that a synthetic NO donor, SNAP, could be impregnated into
catheters via a solvent swelling method and hence reduce biofilm formation rates for up to
14 days [160]. The catheter tubings were soaked in SNAP/THF solution for 24 hours in dark
and then dried for 72 hours in the fume hood. Under physiological conditions, the catheters
were found to have a NO surface-flux of between 0.8 and 1.4 x 10719 mol min~t cm=2 up to
a month which is an effective flux rate to avoid infection. The NO flux was monitored with
the help of a chemiluminescence analyzer at 37°C in real time. A UV-vis spectrometer was
used to measure SNAP diffusion from the catheter surfaces while being immersed in PBS
solution. Studies revealed low or no leaching confirming the longevity of the antimicrobial
effects. The catheters were found to be effective against S. epidermidisand P. mirabilis.
Toxicity assessment on a L-929 mouse fibroblast cell-line toxicity model also confirmed a
fully biocompatible coating. The tubing scored a 0 on 3-point grading scale, which is the
safest grading. While this study was successful in showing the effectivity of long term NO
release from urinary catheters, it also left concerns regarding the depletion of the NO donor
from the polymer as there was only a limited reservoir of SNAP present in the catheter
coating, which would ultimately be exhausted.

While concerns of storage stability and controlled release plague the antimicrobial
utilization of nitric oxide, it is also important to note that since nitric oxide is physiologically
available, it does not pose threats of foreign body reaction. The studies performed to date
confirm that the controlled release of NO should be further researched with a focus on NO
donors that can be cross-linked to avoid the problem of NO donor diffusion into the
physiological environment and thereby preventing the exhaustion of the NO donor reservoir.

2.2.7. Polyzwitterions—A zwitterion is a neutral molecule containing both a positive and
a negative charge. As long as the summation of the charges remains neutral, there can be
more than one positive and negative charge on the molecule. Zwitterionic polymers fall
under the category of antifouling materials with electrostatic and steric repulsion
characteristics. Similar to hydrophilic coatings, zwitterions also form hydration layers but
through tight electrostatic interactions unlike the comparatively loose Van der Waals’ force
of hydrophilic coatings. The zwitterionic hydration layers are formed by hydrogen bonding
between the groups on the zwitterion and water molecules at the coating interface (Figure
13). The charge neutral characteristic of a zwitterionic polymer allows it to form a hydration
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shell/layer around the polymer via electrostatic interactions [161]. This acts as a barrier
against foulants because the hydration layer does not allow proteins to settle down on the
surface of the device which otherwise would promote bacterial adhesion. This barrier is
known to be denser and thicker than the hydration shell formed by PEG. Compared with the
directional arrangement of water molecules in the hydration shell formed via hydrogen
bonds in case of PEG, the dipole arrangement of water molecules in the hydration shell
formed via electrostatic interactions by zwitterionic molecules are closer to free water. This
makes the zwitterionic materials superior to PEGbased materials in repelling biological
foulants and more biocompatible [162]. The second mechanism of antifouling by
zwitterionic polymers is steric hindrance. When the foulants come in contact with
zwitterionic polymer chains, compressing the excluded volume of and lowering their
motility, the system Gibbs free energy increases. So the polymer chains tend to recover to
the swelling state and stop the foulants from getting in touch with the surface [44]. Three of
the most commonly studied are phosphorylcholines, sulfobetaines and carboxybetaines
(Figure 14) [163]. They are typically presented as pendant groups bound to
polymethacrylate or polyacrylamide backbones. The structural versatility granted to
zwitterionic coatings due to the ability to attach different functional groups to these
polymers gives them an advantage over other polymers used for biological applications
[164].

The antifouling nature of zwitterions has been known for a long time and they have been
studied for a variety of medical device coatings. One of the first antifouling zwitterionic
materials to be investigated were phosphorylcholine containing polymers. Zwaal et al. found
that erythrocytes have an asymmetric lipid bilayer membrane which makes their inner
surface of the membrane thrombogenic but gives anti-thrombogenic properties to the outer
surface [165]. The outer side of the membrane is composed majorly of phosphatidylcholine,
a zwitterionic molecule. Chapman et al. found that negatively charged phospholipids were
thrombogenic and phosphorylcholine containing surfaces were not. This study attracted
interest in the antifouling and biocompatible properties of zwitterionic materials and was
termed biomembrane mimicry or biomimicry, in which the surfaces of material behaved like
membranes and repelled attachment of biomacromolecules. Two groups have been
instrumental in spearheading the research in 2-methacryloyloxyethyphosphorylcholines
(MPC), Nakabayashi and Ishihara [166, 167] in Japan and Chapman [168, 169] in UK. The
group in Japan specializes in copolymers of MPC with butyl methacrylate (C4, MPC-co-
BMA) while the group in UK focuses on copolymers of MPC with n-dodecyl methacrylate
(C12, MPC-co-DMA). Both of these polymers have reliable antifouling properties [170-
172]. Due to their poor mechanical properties these polymers are not suitable as the base
material for medical devices, but they have been exploited as surface coatings.
Phosphorylcholine coated (PC) polymers have been studied in some detail for urinary
catheter coatings [173, 174]. Russell et al. demonstrated that PC polymers were more
resistant to fibrinogen and £. coli adhesion compared to uncoated catheters [174]. The
catheter materials were latex, silicone, polyurethanes and polyvinyl chloride. It was also
found that the PC coated catheters were able to reduce encrustation in the presence of an
artificial urine medium with 2 mirabilis. This result was further supported by a clinical trial
of three months with ureteral stents. At the end of the clinical trial, PC coated catheters had
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30% coverage of biofilms compared to 70% coverage with uncoated stents. These results
have been helpful in setting up a company called Urotech (Germany) which manufactures
PC coated catheters and several other medical devices for urology. Another crucial study
was the in vivo testing of PC-coated urinary catheters and clinical trial of PC-coated ureteral
stents [173]. It was found that though encrustation was reduced in the stents, they were not
reduced in catheters. Hence, from this study it is seen that the perspective of encrustation
mechanism is important. Encrustation can take place in different ways for different
urological devices and hence need to be studied in more detail.

Sulfobetaine methacrylate (SBMA) is another common zwitterionic polymer that has been
studied for medical device applications and recently in 2014 for a urinary catheter coating
application. In 2014, Blanco et al. found that functionalization of silicone catheters with
zwitterionic moieties provided antibiofilm properties to the catheter against 2 aeruginosa
and S. aureus [175]. The coating was primarily composed of PDMS which was plasma-
activated and preaminated. The natural phenolic compound gallic acid (GA) was then
grafted to this preaminated surface with laccase as the catalyst. The tethered GA residues
were activated by laccases to produce phenoxy radicals. Radical polymerization of
zwitterionic sulfobetaine methacrylate monomers took place on this surface in a grafting
from approach. Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-
FTIR), x-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM) and
contact angle measurements were performed to characterize the surface coatings. FITC
labeled bovine serum albumin (BSA) protein was used to perform protein adhesion testing
on the treated and untreated catheters. Hydrophilic, hydrophobic and zwitterion coated
surfaces were compared and it showed that hydrophilic nature of coatings is not enough to
prevent protein adhesion while the zwitterion coatings showed no protein adhesion. This
proved that the hydration layer formed on zwitterion coatings due to electrostatic
interactions prevents the hydrophobic interactions between the protein and the untreated
device coatings. Static biofilm tests for 2 aeruginosaand S. aureus were performed by
incubation of the bacteria for 18 h. Bacteria viability test and direct fluorescence microscopy
showed that biofilm formation was reduced by 80% compared to uncoated catheters. This
study was important in designing an environmentally friendly material that would not
require hazardous starting materials like organic peroxides and organic solvents whilst at the
same time being as effective as it’s counterparts in the medical coating industry.

These studies of zwitterionic antifouling effect on catheters were important to gain more
information about biocompatible coatings with antimicrobial efficacy against CAUTIs.
However, overtime the hydration layer may become breached and the proteins can adhere on
the device coatings. Therefore, it would be important to now direct studies towards finding
superhydrophilic zwitterionic coatings that can keep the hydration layer stable for more than
a month, the duration for which the urinary catheters are usually used. Therefore,
superhydrophilic zwitterionic polymers crosslinked to biocide releasing polymers with long
term stability have the potential to be strong antimicrobial candidates against CAUTIs.

2.2.8. Polymeric Coating Modifications—Polymers have been used to immobilize

many types of antimicrobials including biocide releasing chemicals (like silver ions) or
antibiofilm agent releasing substances (like nitric oxide). The methods employed to
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immobilize antimicrobial agents include: 1) “graft to” techniques in which agents are
covalently coupled to the surface of the polymer; 2) physical adsorption of agents in which
non covalent but strong multidentate interactions are employed to attach agents to the
polymers, interactions could be hydrogen bonding, ionic bonding or steric attraction; 3)
surface initiated immobilization involves synthesis of the antimicrobial on the surface of the
polymer by the use of a covalently bonded initiator and; 4) “as formed” immobilization
involves the synthesis of the agent within the substrate when it is formed [176, 177]. These
immobilization strategies are based on the compatibility of the agent with the polymer itself.
For example, if an agent is required in high concentration for antimicrobial efficacy, it would
be best to use a polymer that allows for high release of the agent. Each of the strategies
mentioned have their own advantages and disadvantages. While “graft to” involves covalent
bonding, sometimes physisorption of agents could result in better immobilization due to the
multidentate interactions present. Hence intrinsic and surface properties of polymers are also
taken into consideration while immobilizing agents. Many studies conducted over the past
decade have shown tremendous growth in the quality and efficacy of these antimicrobial and
antifouling polymers [82, 91, 94, 178-183]. However, for the specific needs of urinary
catheters, modified polymer coatings have been limited as these materials have to go through
several clinical trials to be available in the market.

Polytetrafluoroethylene (PTFE) has been studied as a control catheter to compare its
antimicrobial effects against silver-alloy coated and nitrofural impregnated catheters [82].
The PTFE coated latex catheters were considered as control, and 7102 patients were
randomly chosen and underwent consented catheterization. At the end of 6 weeks, health
status and incidences of CAUTI proved to be the same for each of the three groups. This
study was an example of how silver-alloy and nitrofural catheters, despite claiming to be
more effective, can work only as well as PTFE. Grafted polyethylene glycol (PEG) based
polymers have also been studied for urinary catheter coatings and exhibit good antifouling
properties [178]. In 2014, a study showed that a Ag-based coating composed of a mixture of
AgNO3 and surface exposed PEG conjugated to the base material with 3,4-
dihydroxyphenylalanine (MPEG-DOPAg) was able to reduce bacteriuria in a rabbit catheter
model [182]. The DOPA functionality was used to form a crosslinked polymer network on
the catheter surface, while the surface exposed PEG provided antifouling properties. The
significant clearance of £. coli from the urine proved that Ag-based mMPEG-DOPAg catheters
could be used to prevent CAUTIs. 90% of the rabbits with control (uncoated polyurethane)
catheters showed E. coli growth while 40-50% of the coated catheters were infected at the
end of the seven-day study.

Modifications of polyurethane (PU) catheters have also demonstrated positive effects [179,
180]. Polyurethanes have the advantage of being very versatile as compared to other
polymers and are known to be tough, biocompatible and hemocompatible. Another crucial
advantage is that they can be processed in several ways including extrusion, injection
molding, film blowing and solution dipping. A salicyclic acid releasing polyurethane
acrylate polymer coated on the inner lumen of the catheter was able to show antibiofilm
effects against 2. aeruginosaand E. coli[179]. This was achieved by the hydrolysis of
salicyclic acid from the polymer backbone, leaving the polymer coating intact on the inside
of the catheter. In another study, 5,5-dimethylhydantoin (DMH), an N-halamine precursor
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was covalently linked to the surface of PU [180] with 1,6-hexamethylene diisocyanate (HDI)
as the coupling agent. The grafted DMH was then transformed into N-halamines by
immersing the coating in 10% bleach solution. Organic N-halamines are compounds
containing one or more nitrogen-halogen covalent bonds that are normally formed by the
halogenation of imide, amide, or amine groups [184]. Their antimicrobial activity involves a
halogen exchange reaction with microorganisms which causes expiration of the cells. This
N-halamine generating coating demonstrated antibiofilm and biocidal properties with a
broad-spectrum activity that lasted for 6 months. The innovation was that the functionality of
this coating could be recharged by the regeneration of the N-halamines through chlorination
(immersing in 10% bleach solution) [180]. Successful antimicrobial activity after 10 cycles
of “quenching-recharging” chlorine contents of the polymer confirmed that the functional
groups could be recharged and hence the coating holds promise for efficient long-term use.
In another study conducted in 2014, poly(catechins)-antibiotic conjugates were used as
coatings on silicone and polyurethane catheters [181]. Two coatings, polycatechin with
trimethoprim (TMP) and polycatechin with TMP and sulfamethoxazole (SMZ), showed high
antimicrobial activity. They were also biocompatible with mammalian cells in cytotoxicity
testing. These exceptional results show that with a few modifications, PU coatings could be
further explored in clinical trials and may be ready for the market in the near future.

Polyvinyl chlorine (PVC) coatings have been found to have antimicrobial efficacy in
intubation tubes and medical plastics but haven’t been specifically studied as urinary
catheter coatings [94]. They have good mechanical strength and their lightweight
characteristic adds to the advantage of using a P\VC coated medical device. In this particular
study, unmodified PVC coatings were compared to PVC coatings that were dissolved in
tetrahydrofuran (THF, a good solvent for PVC) and non-solvent (ethanol, methanol)
combinations. The study found that while unmodified P\VC which is only processed using
THF had a smooth and hydrophobic surface (contact angle of 80°), the hydrophobicity of
this surface could be increased (contact angle increased from 73° to 150°) using 15% to 35%
v/v of ethanol in the polymer solvent mixture. This addition of the non-solvent to the
polymer mixture attributed to its porous structure with micron-sized PVC particles and
hence gave it a near superhydrophobic surface. This superhydrophobic surface was able to
delay the attachment of P aeruginosa bacteria from 6 hours to 24 hours when compared to
the unmodified polymer. The authors also noted that while the bacterial study showed
appreciable results, the introduction of the pores could change the mechanical strength of the
polymer and future work should focus on including antimicrobial agents in these polymers
to increase its antimicrobial efficacy.

The listed modifications of polymer coatings show that much work remains to be done to
understand the mechanism of antimicrobial action and improve the ultimate outcome. While
polymer coatings for other medical devices have been studied more extensively, it is
important that more polymers be studied in the case of urinary catheter coatings. In the
future, easily employable modifications of polymers to render them highly effective as
antimicrobial coatings would be appreciated as physical modifications that are permanent
(like superhydrophobicity with nanostructures) could prevent the evolution of antimicrobial-
agent resistant bacteria in case of CAUTIs.
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2.2.9. Liposomes—L.iposomes are artificially prepared spherical lipid vesicles that consist
of one or more phospholipid bilayers (Figure 15) [185]. To form liposomes, lipids are first
dissolved in an organic solvent. The organic solvent is then removed and the clear lipid film
acquired is dispersed in aqueous media. The lipid films are swollen in this media and the
swollen hydrated lipid stacks then form vesicles on agitation [186]. When phospholipids are
scattered in water, the hydrophobic tails tend to turn inward and the hydrophilic heads face
the surrounding aqueous media, forming concentric layers of phospholipids. Liposomes are
categorized according to the number of lamellae they are composed of: unilamellar vesicles
and multilamellar vesicles. The unilamellar vesicles are further classified according to their
sizes: small unilamellar vesicles (SUV, 15-50 nm in dia.), large unilamellar vesicles (LUV,
100-400 nm in diameter) and giant unilamellar vesicles (GUV, 1yM and larger).
Multilammelar vesicles are also classified into large multilamellar (LMV, 200nm-3uM) and
multivesicular vesicles (MVV, 200nm-3uM). The different sized vesicles can be prepared by
various mechanical dispersion techniques (e.g. sonication of LMV can yield SUV while
extrusion of LMV can yield LUV). Some of the advantages of having catheters coated with
liposomes are that they can carry hydrophilic, hydrophobic and amphipathic drugs and these
drugs can be protected from external disturbances ensuring their sustained release [187].
This allows the catheter to be coated with liposomes having broad spectrum antimicrobial
activity. These materials can be highly customized according to the needs; for example they
can be anionic or cationic in order to accommodate a desired molecule payload [6]. One of
the advantages of using liposomes is that the encapsulated drugs are protected from faster
degradation or reaction with non-specific entities that increase the rate of drug delivery.
Liposomes are also considered to be highly biocompatible as compared to other coatings [6].

In 1998, a group at the University of Toronto was able to synthesize a poly (ethylene
glycol)-gelatin—liposome mixture that was applied to a pretreated (phenylazido-modified
gelatin) silicone catheter [188]. Gelatin hydrogels were used because of their
biocompatibility and biodegradability along with the ability to withstand temperatures up to
80°C. These catheters contained ciprofloxacin, a commonly used broad spectrum antibiotic,
with an initial concentration of 185+16 pg cm~2. The release rate of ciprofloxacin was
enough to produce a growth-inhibition zone of 39+1 mm (£ aeruginosa) while bacterial
adhesion was not observed at all during the seven-day test period. The PEG-gelatin
formulation was proclaimed a superior biocompatible material for catheters which otherwise
can cause inflammation. In 1999, the same group studied the coating in a rabbit model for £.
coli[189]. Compared to positive urine cultures obtained from control hydrogel coatings in
3.5 days, positive urine cultures from the liposome-ciprofloxacin embedded hydrogel was
obtained after 5.3 days. Even though the study of liposomes has not led to a major
breakthrough as of yet, studies such as this reveal that liposomes can be effectively used to
deliver a variety of antimicrobial drugs through urinary catheter coatings.

3. Future Perspectives and Challenges

Currently, research on antimicrobial agents/materials for urinary catheters is aggressive and
a direct result of the need to find viable solutions to CAUTIs. The interest in agents such as
NO and antimicrobial enzymes also suggests that research will not slowdown in this area in
the near future. For this reason, there are a couple of challenges that researchers need to
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focus on whether they are improving formulations with clinically tested materials or diving
into ‘new research’ with urinary catheter antimicrobial agents. These challenges can be
healthcare and socio-economy based.

The presence of antibiotic resistance along with the already present villains, biofilms and
encrustation of urinary catheters will remain the major focus on developing antimicrobial
coatings for urinary catheters. The emergence of superbugs has led to panic in the public,
which can affect the use of antibiotic containing catheters in patients. Antimicrobial coatings
that attack pathogens through multi-mechanism approaches will ultimately win this war.
Multi-mechanism approaches reduce the ability of pathogens to become resistant and hence
are an effective strategy against resistance. While multi-mechanism methods can be
employed by using just one antimicrobial agent, synergistic approaches are also another
effective strategy to design antimicrobial coatings. In case of synergistic approaches, urinary
catheters could be composed of either one or two biocidal agents along with an antifouling
topcoat [190, 191]. This would greatly increase antimicrobial efficacy by having one agent
that prevent all biomacromolecules from attaching to the surface while at the same time
killing any pathogens. This method could also be employed to use the combined strategies at
different point of time during the catheter use. One effective multi-mechanism strategy has
been the use of nano/micro structures as coatings [192]. Most have been developed by
mimicking the characteristics of a shark’s skin. A shark’s skin has certain specific roughness
that prevents marine organisms from attaching to its skin. In addition to micropatterning,
researchers have also looked into light activated antimicrobial surfaces [193]. Light activated
antimicrobial surfaces include species that produce reactive oxygen species on exposure to
light and destroy bacterial cell walls.

Another challenge that antimicrobial coatings face is cytotoxicity [194]. This could either be
through contact with the antimicrobial agent or through leaching of the agent into the
patient’s system. Researchers will need to conduct thorough in vitro and in vivo leaching
and cytotoxicity studies to rule out any problematic side-effects.

A marketing challenge that researchers will also need to address before introducing new
materials is the comfort factor. This especially applies to long-term use catheters. While
nitrofural-based catheters have been able to provide antimicrobial efficacy, they have been
known to be uncomfortable to patients. Healthcare officials also need to care for a patient’s
overall welfare. This means that catheter coatings which can be lubricated well and are
flexible with small enough outer diameter (patient comfort) and wide inner lumen (for
preventing blockage) are preferred.

Conclusion

CAUTI is one of the leading nosocomial infections in the world and has led to the study of
various novel ways to prevent the infection. This has made “antimicrobial agents/materials
for urinary catheters” a widely studied subject. Studies such as synthesizing novel gendine
for antimicrobial gloves [195] could aid in preventing infections in the hospital settings.
However, even after meticulous care and insertion of the catheters in sterilized conditions,
infections still occur. This shows that the simple impregnation of antimicrobial agents in
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catheters with sterile conditions is not sufficient for the prevention of CAUTI. For this
reason, catheters with holistic antimicrobial effects need to be developed [196] and marketed
after efficient and well-studied clinical trials. Currently the market is dominated by silver-
alloy and antibiotic coated catheters. As mentioned in the review, silver-alloy coatings have
been popular because of their widely studied characterizations but they have been found to
have less microbial efficacy than antibiotics. However, the increased usage of antibiotics
causes antibiotic resistance and hence new methods have been developed to combat these
resistant microbes. This shows a greater need for understanding the biofilm structure and its
mechanisms so that antimicrobial coatings can be designed more efficiently.

Foley catheters have not gone through a design change in a long time and hence can be
uncomfortable for patients. Some fundamental changes need to be introduced into the
catheters: better drainage without and residual urine in the urethra so that bacteria does not
grow, wider luminal internal diameter to provide better flow and lesser chances of
encrustation initiated blockage and smoother surface to prevent foulant adhesion. As of now,
the market has replaced a lot of Foley catheters with Nelatone catheters, which have been
found to be more efficient as tested /n vivo [197].

Regarding the research of materials to manufacture urinary catheter coatings, standards for
antimicrobial properties have not been established as yet and clinical studies have not always
proved to agree with each other. This puts material scientists and engineers in a tight spot on
deciding the crucial factors to look for while researching the ideal antimicrobial coating.
This is the reason why only a few studies have been done with a focus on urinary catheters
exposed to dynamic conditions and subsequently have materials approved for clinical trials.
There is a need for better standards and ways to prevent CAUTIs. These materials have to be
tested very vigorously using characterization processes that are robust and can be used to
achieve 100% efficiency for antimicrobial effects of the catheter material. Thus, looking at
the various materials and the results, development of antimicrobial urinary catheter materials
will remain a current and broad interest for the upcoming decade.
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CAUTI(s) Catheter-associated urinary tract infection(s)
UTI Urinary tract infection
CFU Colony forming unit

HICPAC  Healthcare Infection Control Practices Advisory Committee

EPS Extracellular polymeric substances
SEM Scanning electron microscopy
SPTT Serial plate transfer test
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Statement of Significance

This review article intends to provide an expansive insight into the various antimicrobial
agents currently being researched for urinary catheter coatings. According to CDC,
approximately 75% of urinary tract infections are caused by urinary catheters and 15—
25% of hospitalized patients undergo catheterization. In addition to these alarming
statistics, the increasing cost and health related complications associated with Catheter
Associated UTIs make the research for antimicrobial urinary catheter coatings even more
pertinent. This review provides a comprehensive summary of the history, the latest
progress in development of the coatings and a brief conjecture on what the future entails
for each of the antimicrobial agents discussed.
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Figure 1.
Types of Urinary Catheters: (A) Condom or single use catheter: used only in males for ~1-

week period; (B) Intermittent or short term use catheter: used for a few weeks to months; (C)
Foley or long term use catheter: used for a few months up to a year.
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Flowchart showing the process of encrustation caused by urease producing bacteria: (A)
Urease producing bacteria colonize the catheter with the help of biofilms (B) The urease
produced by the bacteria breaks down urinary urea to release ammonia (C) The presence of
ammonia in urine raises its pH. (D) The alkalinity of urine causes precipitation of salt
crystals that are deposited on the catheter and cause blockage.
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() Planktonic Bacteria
Extracellular Polymeric Substance

Figure 3.
Biofilm formation process: (A) Free-floating, or planktonic, bacteria come across a surface

submerged in the fluid and within minutes become attached. These attached bacteria
produce slimy extracellular polymeric substances (EPS) and colonize the surface. (B) EPS
production allows the emerging biofilm community to develop a complex, three-dimensional
structure that is influenced by a variety of environmental factors. (C) Biofilm communities
develop within hours.
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Figure 4.
Antimicrobial Mechanisms: (A) Exclusion Steric repulsion: Polymers attached to coating

surfaces provide physical barriers to proteins, cells and microbes. (B) Electrostatic
repulsion: Charges on coatings prevent the attachment of microbes. (C) Low surface energy:
Reduction of external microbial adhesion by the use of low energy surfaces. (D) Biocide
releasing: These coatings release biocides, such as silver ion and nitric oxide, and kill
microbes. (E) Contact-active: These polymer coatings don’t release biocides but kill multi-
resistant microbes upon contact.
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Figure 5.
Silver ions act as biocides with the help of one or more of the above three mechanisms. In

the diagram, we see that the cell membrane has been damaged by silver ions. Also,
respiration and DNA replication are inhibited because the silver ions damage the integrity of
the cellular structure.
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Commoanly studied CAUTI antibiatics
(with IUPAC name)

Structure of antibiotic
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Figure 6.

A list of the commonly studied antibiotics that have been used as antimicrobial agent in

urinary catheter coating studies.
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Chemical structure of chlorhexidine
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Figure 8.
Chemical structure of triclosan (2, 4, 4’ —trichloro- 2’-hydroxydiphenyl ether)
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Figure 9.
The different mechanisms for antimicrobial activity by antimicrobial peptides
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Figure 10.
The reproductive cycles of bacteriophage indicating the lytic cycle that destroys the bacterial

membrane resulting in the host cell’s death.
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Figure 11.
Antimicrobial mechanisms of nitric oxide include nitrosation of amines and thiols in the

extracellular matrix, lipid peroxidation and tyrosine nitration in the cell wall, and DNA
cleavage in the cellular matrix.

Acta Biomater. Author manuscript; available in PMC 2018 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Singha et al. Page 51

S-Nitroso-N-acetylpenicillamine (SNAP)

,O

/

R N

NH,

S-Nitrosoglutathione (GSNO)

Figure 12.
Structures of two commonly studied NO donors: S-nitroso-N-acetyl- DL-penicillamine and

S-nitrosoglutathione
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Figure 13.
Zwitterionic mechanism of antifouling: The hydration layer formed by the electrostatic

hydrogen bonds between the water molecules and zwitterions prevent the attachment of the
extrapolymeric substance (EPS) produced by the microbial cells. The EPS helps the
microbes in attaching to the coatings. However, in the case of zwitterionic coatings, the
hydration layer prevents this attachment and inhibits antimicrobial attachment to the device.

Acta Biomater. Author manuscript; available in PMC 2018 March 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Singha et al.

n n
O O

O

2

O

.
O=P-0
+

O

N
7N

PMPC

Figure 14.

O
N

+
J/ .

O,

CBMA

y\/@
O
O
)

+N
AR\

O3

SBMA

Structures of some commonly used zwitterionic polymers for antifouling surfaces
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Figure 15.
A liposome has at least one phospholipid bilayered membrane. It consists of a hydrophobic

tail and a hydrophilic tail. Drugs can be inserted within the liposome and delivered into the
subject.
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Comparison of strength and weaknesses of commonly used urinary catheter materials.

Material

Advantages

Disadvantages

Latex rubber

Silicone

PTFE
coating

Polyvinyl
chloride

Polyurethane

Can be modified by PTFE coatings
Low cost
Easily processed

High tensile strength

Long lifetime before encrustation and blockage
sets in.

Higher rigidity so thin walls are made which
allow for bigger drainage lumen, extending
lifetime before infection

No allergic reaction

Moderate resistance to abrasion
Enhanced surface lubrication
Biocompatible

Reduced instances of tissue inflammation and
toxicity

Good chemical and thermal stability (—80 C to
+230 C) so can be autoclaved repeatedly or dry
heat sterilized

Low surface tension
Hydrophobicity

Longer service life

Fairly biocompatible

Low coefficient of friction
Hydrophobic
Self-lubricating

Can be autoclaved or ethylene oxide sterilized

Durability
Chemically stable

Inexpensive

Larger internal diameter because of thinner wall
Excellent biocompatibility
Softens in body

Excellent tensile strength

Poor biocompatibility
Prone to infection and encrustation

Causes latex allergy (8-17% among medical
professionals) and higher in patients with
spina bifida or spinal (47%). Prevalence in
general population is 1-6%

Uncomfortable for some patients due to its
rigidity

Can be deflated unlike latex catheters and
hence prone to premature device failure

Predisposed to infection and encrustation
Toxic

Stiff

Less flexible without plasticizers

Public health concerns due to additives that
can leach in vivo causing several problems:
acute inflammatory reaction, increased
stiffness of plastic, increased failure rate
(e.g.: PVC plasticizer called DEHP (di(2-
ethylhexyl) phthalate) causes liver toxicity
and testicular atrophy in lab animals)

Sensitive to heat

Cannot be autoclaved
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Table 2
Urinary tract infection signs and symptoms
Symptoms Signs
. Fever and chills . Sediment (gritty particles) or mucus in the blood or cloudy urine
. Leakage (wetness around the catheter) . Bad smelling urine (foul odor)
. Increased spasms of legs, abdomen or bladder . Blood in urine (pink or red urine)

Burning of the urethra, penis or pubic area
Nausea and headache

Mild low back pain or other aches
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Table 3

Microorganism name

Type

References

Bacillus subtilis
Enterococcus faecalis
Enterococcus faecium
Staphylococcus aureus
Staphylococcus epidermidis

Escherichia coli

Kilebsiella pneumoniae
Morganella morganii
Proteus mirabilis
Providencia spp.
Pseudomonas aeruginosa
Candiaa albicans

Candida glabarata

Candida tropicalis

Gram positive bacteria
Gram positive bacteria
Gram positive bacteria
Gram positive bacteria
Gram positive bacteria

Gram negative bacteria

Gram negative bacteria
Gram negative bacteria
Gram negative bacteria
Gram negative bacteria
Gram negative bacteria
Fungi
Fungi
Fungi
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