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Catheter-associated urinary tract infection (CAUTI) stands out as one of the most prevalent
hospital-acquired infections, the long-term presence of urinary catheters in patients elevates the
risk of contracting CAUTI by 80-100%. Despite the widespread use of antibiotics, the current
standard of care, effective treatment is still challenging due to formation of biofilms by
uropathogens on catheter surfaces, which shield the pathogens from both antibiotics and the
immune system. Silicone urinary catheters infused with silicone oil have emerged as a promising
alternative, diminishing microbial adhesion to catheter surfaces, bladder colonization, and
systemic spread. In this dissertation, we provided a comprehensive account of the development of
these catheters, detailing their physical properties throughout the infusion process, such as length,
inner, and outer diameter. We demonstrated that these parameters are dependent on infusion
duration, with full infusion resulting in a significant increase in these properties. This highlights
the crucial role of manufacturing controls, as catheters must be customized in size for each patient's
needs. While fully infused catheters have proven effective in repelling pathogen adhesions in

mouse models, the potential leakage of silicone oil into the host system is undesirable. Therefore,



we fabricated liquid-infused catheters devoid of a free liquid layer, achieved by either removing
excess silicone oil from fully infused samples through absorption or through partial infusion. We
demonstrated the efficacy of our methods in reducing the amount of free liquid layer on infused
catheters through confocal microscopy. Our analysis revealed a significant decrease in the
thickness of the liquid layer from approximately 60 um to <1 um. Additionally, by reducing the
infusion time, we were able to produce catheters infused with varying percentages, resulting in
different quantities of silicone liquid incorporated into the polymer matrix. Furthermore, we
investigate their efficacy in repelling protein and bacterial adhesion. Our findings reveal that fully
infused catheters, with the free liquid removed, exhibit equal efficacy in reducing host protein
fibrinogen and the common uropathogen E. faecalis adhesion when compared to fully infused
catheters with free liquid. Additionally, they demonstrate a substantial ~64% decrease in liquid
loss into the environment. Partially infused catheters also show reduced liquid loss as the total
liquid content decreases, with samples infused to 70-80% of their maximum capacity displaying
an impressive ~85% reduction in liquid loss compared to fully infused controls. Moreover, samples
infused above 70% exhibit no significant increase in fibrinogen or E. faecalis adhesion. Together,
our findings suggest that eliminating the free liquid layer, either mechanically or through partial
infusion, holds promise in reducing liquid loss from liquid-infused catheters while maintaining

functionality.
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CHAPTER 1

INTRODUCTION

1.1 Catheter Associated Urinary Tract Infection

1.1.1 Medical Usage of Catheters

The urinary system (Figure 1) plays a crucial role in
maintaining homeostasis in the human body. The system
begins with the kidneys, which serve as filters, selectively
extracting waste and excess fluids from the bloodstream
to produce urine (Di Benedetto et al., 2013; Haraldsson &
Sorensson, 2004; Tryggvason & Wartiovaara, 2005).
Subsequently, the ureters transport the urine generated by
the kidneys to the bladder (Hashitani & Lang, 2019;
Sergeant ef al., 2019). The internal and external sphincter
muscles of the urethra work together to uphold continence
until prompted by brain signals to urinate (Brading, 1999).
The presence of both sphincters serves to prevent
incontinence and allows conscious control over the
release of urine (Aharony et al., 2017; Rother et al., 1996).
Upon receiving the signal, the muscular wall of the
bladder contracts, and the sphincter muscles relax, leading

to the expulsion of urine through the urethra.

Kidneys

/\%\

|| Ureters
// / \ \

,‘ Bladder \

%

( Sphincter .
Urethra
| ] | |
\ \ /
/ \

Figure 1. Urinary System.

Urine undergoes filtration in the kidneys,
travels through the ureters to reach the bladder
for collection. Sphincter muscles enable the
maintenance of continence until the brain
signals the need to urinate. In cases where
patients are unable to execute this process, a
catheter may be necessary, usually inserted
through the urethra into the bladder, as seen
with Foley catheters. (Figure made via

BioRender)

Numerous medical conditions can disrupt normal bladder function. Individuals with neurological

disorders such as spinal cord injuries and multiple sclerosis often experience difficulties in bladder



control due to impaired communication between the brain and the bladder, leading to the inability
to void urine or other complications (Hardy et al., 2022; Al Taweel & Seyam, 2015). The
management of urinary retention in such cases often necessitates the use of urinary catheters,
facilitating proper drainage. Another group facing urinary challenges comprises individuals with
cognitive impairment, such as those with dementia or Alzheimer's disease. Patients with these
conditions may struggle to control their bladder function and may face difficulties in
communication or adhering to regular toileting schedules (Feneley et al., 2015). In such scenarios,
the use of urinary catheters becomes a practical solution for continuous urine drainage.
Furthermore, individuals undergoing surgery, especially procedures involving the urological or
reproductive systems, may require temporary catheters to aid in post-operative recovery and

prevent complications associated with urine retention (Eriksen et al., 2019; Webb and Neal, 1990).

1.1.2 Types of Catheters

As a crucial medical tool for managing various medical conditions, urinary catheters are available
in diverse designs tailored to meet the specific needs of patients. Among the most prevalent designs

is the clean intermittent self-catheterization system (Figure 2A), specifically designed for

A
Eunndien d_— B Insertion tip Figure 2. Types of Catheters.
Catering to diverse medical needs, patients can choose
B g ::::‘:: opering from different types of catheters, including (A)
\ / Intermittent catheter; (B) Indwelling catheter
\,7 \ (commonly known as Foley catheters); and external
05— Urine drainage port . .
P e Balloon port options such as (C) the female PureWick catheter and
(D) the Condom catheter designed for male use. Photo
c D credit: (A) Bard, Clean-Cath Female Length Catheter;
Port to collection canister Condom
(B) Dover, Foley Catheters; (C) PureWick, Female
Absorbent wick {‘ \
Catheter Shaft External Catheter; (D) Bard, Ultraflex- Self Adhering
y / Condom Catheter



individuals with impaired bladder function who can actively participate in the catheterization
process (Prieto ef al., 2021). This catheter design emulates normal bladder function by allowing
periodic filling and complete emptying of urine (DiCarlo-Meacham et al., 2022). In this system,
patients autonomously insert the catheter through the urethra, facilitating the direct drainage of
urine into the toilet or a container. While the process may initially be uncomfortable, with sufficient
practice, self-catheterization can become manageable and plays a crucial role in ensuring proper

bladder function for individuals with impaired bladder control.

For individuals unable to perform self-catheterization, the use of indwelling catheters (Figure 2B),
such as the commonly employed Foley catheter, can be beneficial. Indwelling catheters are
designed with two channels: one for urine passage and the other equipped with a balloon at the
end, which inflates to secure the catheter in place within the bladder (DiCarlo-Meacham et al.,
2022). The tip of the catheter features an opening known as the drainage eye, which facilitates
urine passage and enhances the flow of urine. Bladder drainage through indwelling catheters can
be achieved by inserting the catheter via the urethra, a process termed transurethral catheterization.
Alternatively, drainage can also be accomplished through suprapubic catheterization, involving
the creation of an artificial pathway between the lower abdominal wall and the bladder (Gibson et
al., 2019; Belfield, 1988). Catheter sizes are often expressed in French gauge (Figure 3), allowing
patients use (or healthcare providers to select) the most suitable size without unnecessary

discomfort, thus facilitating a smoother catheterization process (Bagley & Severud, 2021).

An alternative catheter design catering to patients with urinary incontinence is the external catheter
(Rose & Pyle-Eilola, 2021; Warren et al., 2020; Zavodnick et al., 2020; Golji, 1981; Figure 2C).
These catheters collect urine through tubing into a container or bag, employing either gravity or

suction through a receptacle. A notable example for male patients is the condom catheter (DiCarlo-



Meacham et al., 2022; Figure 2D). The

sheath of the condom catheter fits over FRENCH CATHETER

the penis, and a tube at the tip transports SCALE

urine into a collection bag secured to the

o..'..........
12 1 1% 15 16 17

N B R
leg. While this method is non-invasive,
000000
making it more appealing than some ’ ? ’ , o B} ) )
other catheter designs, the condom
catheter comes with several drawbacks.

Figure 3. French Gauge for Catheter Size.

Up to 40% of patients using this type may French sizes for both intermittent and indwelling catheters provide

an approximate measure of the catheter's circumference, with 1

develop urinary tract infections (UTIs), French (Fr) equivalent to 0.33 mm (0.013 inches). Typically, the

and approximately 15% may experience average catheter size for adult males falls within the range of 14Fr

to 16Fr, whereas for adult females, it is typically between 10Fr and
skin issues such as skin erosion (Flores- 12Fr. Photo Credit: CompactCath

Mireles et al., 2019; Sinha et al., 2018; Ouslander ef al., 1987). Additionally, there is a risk of

detachment that could result in urine leakage.

Urinary catheters play a pivotal role in the care provided within hospitals and nursing homes,
aiding patients in maintaining proper bladder function. The diverse designs of urinary catheters
are tailored to address a spectrum of patient needs. Continuous progress in the materials used for
catheters and ongoing research into antimicrobial solutions for these devices are crucial for

improving patient health and safety.
1.1.3 Catheter Materials

A diverse array of catheter materials is available in the market, where conventional options like
latex, polyvinyl chloride, and silicone coexist with emerging alternatives like polyolefin-based

elastomers (Hosseinpour et al., 2014; Gould et al., 2009; Ruutu et al., 1985). The selection of an

4



appropriate catheter material is crucial for ensuring the well-being of patients. Individual
considerations may include concerns related to allergies, microbial resistance, and comfort levels.
Among the various materials, silicone emerges as a particularly optimal choice for its versatile
properties and suitability across a range of requirements (Andersen & Flores-Mireles, 2019; Gould

et al., 2009; O’Brien et al., 2016).

For individuals considering catheterization, the presence of issues such as allergies and comfort
levels poses significant concerns. Silicone, being a non-allergenic material, stands out as an
excellent choice for those who have experienced latex allergies. In contrast to latex, silicone is not
only non-allergenic but also biocompatible. Studies have demonstrated that silicone does not
adversely affect the viability and metabolic activity of human cells (Villanueva ef al., 2011; Drewa
et al., 2004; Pariente et al., 2000). Furthermore, the United States Centers for Disease Control and
Prevention (CDC) recommends silicone as a preferred catheter material for individuals prone to
frequent obstructions. In comparison to latex, silicone exhibits higher resistance to kinking,
enhancing both patient comfort and catheter efficiency (Andersen & Flores-Mireles, 2019;
O’Brien et al., 2016). This combination of non-allergenicity, biocompatibility, and resistance to
obstructions and kinking makes silicone a compelling option for individuals seeking a reliable and
comfortable catheterization experience (O’Brien et al., 2016; Gould et al., 2009). In addition,
silicone also proves to be compatible with liquid infusion techniques in biomedical engineering
research. This compatibility facilitates the development of antifouling surfaces, effectively
reducing pathogen colonization—a topic that will be explored in greater detail in subsequent

sections.



1.1.4 Significance, Symptoms and Diagnosis of CAUTI

While catheters play a crucial role in supporting patients with compromised bladder functioning,
a significant drawback exists in the form of catheter-associated urinary tract infection (CAUTTI).
This infection occurs when bacteria colonize the urinary tract through the catheter, often leading
to medical complications that can impact the well-being and even mortality rates of patients
(Andersen et al., 2022; Rubi et al., 2022; Andersen & Flores-Mireles, 2019; Tambyah and Oon,
2012; Johnson et al., 2006; Trautner & Darouiche, 2004; Tambyah et al., 2002; Tambyah and Maki,
2000; Warren, 1997). The amount of time the catheter remains in the urinary system directly
correlates with an increased risk of bacterial colonization and subsequent infection. Given the
gravity of this issue (further discussed in Section 1.1.4.1), preventive strategies become paramount
for patient well-being. Strict hygiene practices and continuous monitoring are essential
components of such preventative measures. Additionally, there is a pressing need to explore
antimicrobial materials or techniques that can be applied to catheters, with the goal of hindering
bacterial colonization. Such initiatives are crucial for the long-term improvement of overall safety

and effectiveness in catheter use.

1.1.4.1 Significance of CAUTI

CAUTlI represents a significant challenge in healthcare environments and stands as one of the most
prevalent hospital-acquired infections (HAIs) (National Healthcare Safety Network, 2024; Feneley
et al., 2015; Reed & Kemmerly, 2009). Data from the CDC reveal that CAUTI constitutes nearly
40% of all HAIs, establishing it as a widespread concern in hospitals and nursing homes (National
Healthcare Safety Network, 2024; Feneley et al., 2015; Reed & Kemmerly, 2009). Annually, out
of the 2 million patients affected by HAIs in the United States, and approximately 100,000 died to

these infections (Schallom et al., 2020). The financial burden of these infections is estimated to be



as much as 4.5 billion USD (Schallom et al., 2020). This issue is exacerbated by the extensive use
of urinary catheters in healthcare facilities, with approximately 100 million catheters being inserted

worldwide each year (Nasr, 2010; Saint et al., 2000).

The consequences of CAUTI are severe, particularly impacting patient mortality rates. Residents
in nursing homes who are equipped with catheters experience a significantly elevated level of
mortality and are more likely to die within a year when compared to residents with similar medical
histories but without catheters (Parker et al., 2009). This heightened mortality is directly attributed
to the presence of a catheter, where pathogens colonizing the catheter can lead to infections and
complications. Short-term catheterization with a duration of 14 or less days significantly increases
the risk of developing CAUTI and other complications, with the risk of these infections reaching
as high as 80% (CDC, 2022; Margaret et al., 2009; Maki & Tambyah, 2001). For long-term
catheterization of 30 days or more, the risk escalates to 100% (CDC, 2022; Margaret et al., 2009;
Maki & Tambyah, 2001). There is an urgent need to address this issue given the indispensability

of catheters as a crucial medical instrument for patients.

Beyond its direct clinical consequences, CAUTI also plays a role in contributing to antibiotic
resistance, thereby adding an additional layer of complexity to public health challenges. According
to the CDC's 2022 report, pathogens associated with CAUTI, such as Enterococcus spp. and
Pseudomonas aeruginosa, are specifically categorized as threats to public health due to their
development of antibiotic resistance (Trautner & Darouiche, 2004b). The report highlights a
notable increase in infections resistant to treatment, particularly following the extended
hospitalizations associated with the COVID-19 pandemic. In the report, the need for prolonged
surveillance and the importance of ongoing research to develop approaches that effectively counter

the escalating problem of antibiotic resistance posed by these pathogens were emphasized.



Addressing CAUTI not only has direct implications for patient health but also holds significance
in the broader context of preserving the effectiveness of antibiotics and combating the challenges

of microbial resistance in the public health domain.

The conventional use of antibiotic treatments for CAUTI is not effective due to the formation of
biofilms on catheter surfaces (Feneley et al., 2015; Sharma et al., 2019). A biofilm refers to a
collection of microbial cells that are irreversibly attached to a surface, enveloped within a
polysaccharide matrix (Rodney, 2002). Biofilms act as protective shields for pathogens,
significantly limiting the efficacy of antibiotics. Furthermore, the overuse of antibiotics in CAUTI
exacerbates the broader issue of antibiotic resistance, making it more severe. In light of these
challenges, ongoing research efforts in catheter technologies and the exploration of novel
approaches to prevent pathogen colonization on catheters are important. Developing strategies that
address pathogen adhesion on catheter materials and enhance the effectiveness of treatments
without contributing to antibiotic resistance is critical in improving the management and outcomes

of CAUTL

1.1.4.2 Symptoms of UTIs

UTIs can manifest through a spectrum of symptoms that serve as indicators of the infection.
Individuals affected by UTIs commonly experience an urgent and frequent need to urinate,
disrupting their daily routines (Burkett ef al., 2019; Gadalla et al., 2019; Kumar et al., 2013). This
persistent urge to urinate is often accompanied by discomfort, a burning sensation, or pain during
urination—an indication of inflammation or irritation in the urinary tract. Additionally, patients
with UTI may notice changes in the color or odor of their urine (Dutta et al., 2022). Cloudiness, a
strong, unpleasant smell, and the presence of blood (hematuria) in the urine suggest the presence

of pathogens in the urinary system (Burkett et al., 2019; Kumar et al., 2013). Urine color can range



from pink to red or even purple (Figure 4), reflecting the
involvement of infectious agents (Dutta et al., 2022;

Kaur & Kaur, 2021; Popoola & Hillier, 2022).

Inflammation or infection within the bladder or other
components of the urinary system may also lead to lower
abdominal pain or discomfort (Pilji¢ ef al., 2010). As the
infection progresses, more severe symptoms such as
fever or chills may occur, particularly when UTI
complications, like pyelonephritis (kidney infection),
arise (Johnson and Russo, 2018; Ramakrishnan, 2005;
Steward et al., 1985). Recognizing these symptoms is
crucial for patients to seek timely medical assistance for
CAUTI, ensuring prompt intervention to address the
infection and prevent the development of further

complications.

1.1.4.3 Diagnosis of CAUTI
Diagnosing CAUTI presents challenges due to ongoing

debates surrounding the effectiveness of common UTI

Figure 4. Purple Urine Bag Syndrome.

Discolored urine is detected in the collection
bags of nursing home patients with CAUTI.
This the

discoloration is attributed to

pathogen's digestion of the amino acid
tryptophan. In the metabolic process, the
production of indirubin and indigo occurs,
imparting a red and blue coloration,
respectively, to the urine. Photo Credit: Lin ef

al., 2008

indicators such as pyuria (white blood cells in urine) and bacteriuria (bacteria in urine) (Hooton et

al., 2010; Steward et al., 1985). Differing guidelines propose varied thresholds, with bacterial

content cutoffs ranging from 10° to 10° colony-forming units (CFU)/mL (National Healthcare

Safety Network, 2024; Bonkat et al, 2017; Cortes-Penfield et al., 2017; Hooton et al., 2010;

Gribble et al., 1988). The lack of consensus is evident, with the National Institute on Disability



and Rehabilitative Research suggesting a cutoff of 10> CFU/mL, while others advocate for 103 or
even 10° CFU/mL, depending on laboratory feasibility and equipment sensitivity (National
Healthcare Safety Network, 2024; Bonkat ef al., 2017; Cortes-Penfield et al., 2017; Hooton et al.,

2010; Gribble et al., 1988).

Complicating matters further, some catheterized patients may exhibit UTI or bacteriuria without
symptoms, adding complexity to the diagnosis process. While asymptomatic bacteriuria is
generally considered benign, hospitals often prescribe antibiotics without clear symptomatic
justification (Hooton et al., 2010). Technical issues, such as failing to ensure urine collection
before antibiotic prescription and potential contamination, further hinder the diagnostic process
when relying solely on bacterial counts in urine samples. For patients with long-term indwelling
urinary catheters, the recommended method for urine sample collection involves replacing the old
catheter and obtaining samples from the newly inserted catheter. This recommendation stems from
observations that urine culture results may not accurately reflect bladder status if there is biofilm

on the catheter surface (Tractenberg et al., 2021; Grahn ef al.,1985; Bergqvist ef al., 1980).

Traditional symptoms like urgency and pain during urination hold limited diagnostic significance,
as catheterized individuals cannot urinate independently, and the impact of a catheter might affect
the comfort level of urination (National Institute on Disability and Rehabilitation Research, 1992).
Moreover, these symptoms may not be detectable in patients with critical or spinal cord injuries,
increasing the risk of overdiagnosis (Skelton-Dudley et al., 2019; Saran et al., 2018; Steward et
al., 1985). Observations of cloudy or odorous urine, once considered differentiators between
CAUTI and asymptomatic bacteriuria, have proven inconsistent in guiding diagnostic and

treatment decisions (Schwartz & Barone, 2006; Tenney and Warren, 1988).
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In response to diagnostic challenges, ongoing research has explored alternative approaches.
Urinary symptom questionnaires filled out by patients and detection of biomarkers show promise
in enhancing diagnostic precision (Gadalla et al., 2019). Examples of biomarkers include
procalcitonin, a peptide precursor that escalates in response to bacterial infection (Levine ef al.,
2018); interleukins, small proteins released by white blood cells serving as markers for
inflammation (Mazaheri, 2021); and urinary cell-free DNA, derived from dying microbes or host
cells (Burham ef al., 2018). Current limitations for the speed and accuracy of infection diagnosis
may be improved in the future by integrating artificial intelligence and machine learning. Further
research and innovative approaches are crucial for accurately assessing the infection status of
patients with CAUTI. However, research efforts toward preventing CAUTI from initially

occurring would be significantly more beneficial for public health.

1.1.5 Host Factors

CAUTI is influenced by a multitude of factors, with host elements, the catheter material itself and
pathogens frequently interacting, thereby introducing complexity to our full comprehension of the

CAUTI infection process.

1.1.5.1 Gender, Age, and Behaviors
UTIs have long been recognized as predominantly affecting women, with over 50% experiencing
UTIs at some point in their lives (McLellan & Hunstad, 2016; O’Brien et al., 2016; Flores-Mireles

et al., 2015). However, susceptibility to UTIs varies across age groups.

In infancy, vulnerability is particularly high, primarily due to the underdeveloped immune systems
of infants (Becknell et al., 2015; Bonadio and Maida, 2014). Studies reveal that within the first 3-

6 months after birth, male infants experience a higher incidence of UTIs compared to females
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(Becknell et al., 2015; Bonadio and Maida, 2014). Among infants, the highest rates occur in
uncircumcised males under three months and females under twelve months, with lower birth

weights correlating to an increased risk of UTIs (Bonadio and Maida, 2014; Nader ef al., 2008).

As individuals reach adulthood, women become more prone to UTIs than men. Anatomical
differences, such as the proximity of the urethral opening to the anus and the shorter length of the
female urethra, contribute to increased susceptibility (Gyftopoulos, 2018). Hormones, such as
estrogen, may also play a role. Research on estrogen's impact on UTIs presents conflicting results:
some studies indicates that estrogen could promote bacterial invasion, and others suggesting a
protective role through antimicrobial peptide production, e.g. psoriasin and human beta-defensin
(Sen et al., 2019; Liithje et al., 2013; Wang et al., 2013; Han ef al., 2010; Perrotta et al., 2008;
Curran et al., 2007). Moreover, the highest UTI susceptibility is observed in young adult women
expressing elevated estrogen levels, but postmenopausal females, with lower estrogen levels, also
exhibit heightened susceptibility (Sonnex, 1998). In clinical trials, estrogen supplementation yields

varying results as well (Sonnex, 1998).

In the elderly, UTI occurrence significantly rises in males due to prostatic hypertrophy, promoting
urinary retention and increasing infection risks (Jin and Seung, 2021; Tolani et al., 2020).
Moreover, consequences of UTIs are more severe in males, leading to higher morbidity, mortality
rates, and an elevated risk of hypertension and end-stage renal diseases (Calderon-Margalit ef al.,
2018; Foxman, 2010; Efstathiou et al., 2003; Foxman et al., 2003; Nicolle et al., 1996). Androgen
levels in males may play a role in the severity of UTI in males: it was suggested that higher
androgen levels may contribute to renal scarring and fibrosis, suppressing innate responses to UTIs

and exacerbating the severity of consequences, as shown in murine models (Humphreys, 2018;
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Scalerandi et al., 2018; Flum et al., 2017; Olson et al., 2016; Hannan et al., 2012a, 2012b). This

suggests that UTIs are not solely a female issue, they are also a significant concern for males.

Behavioral factors, such as increased sexual activity and the use of spermicides, contribute to
recurring UTIs (Lin et al., 2022). Studies indicate that women engaging in frequent intercourse or
using spermicides face an elevated risk of recurrent UTIs. Regarding catheterization, gender
differences diminish, with males now accounting for 30-40% of cases, which is largely due to the

presence of catheters (Kakaria et al., 2018; Flores-Mireles et al., 2015; Daniels et al., 2014).

1.1.5.2 Host protein

In both murine models and human patients, catheterization induces the release of fibrinogen (Fb)
into the bladder, triggered by mechanical damage to the urothelial lining (Flores-Mireles et al.,
2014; Clarke and Hammonds, 1989). Once Fb is released, it attaches to catheter surfaces, coating
the catheter and serving as a docking site for bacteria (Flores-Mireles et al., 2014; Jennewein et
al., 2011; Clarke and Hammonds, 1989). This process allows bacteria to colonize the catheter
surface and form biofilms. Remarkably, the attachment of Fb onto catheter surfaces can occur as
early as one-hour post-catheterization (Flores-Mireles ef al., 2016). This creates an environment
conducive to pathogen invasion, leading to infection. Several pathogens commonly associated with
healthcare infections, some of which have been identified as threats to human health by the CDC,
have demonstrated an affinity for binding to Fb (Andersen ef al., 2022; Walker et al., 2017; Flores-
Mireles et al., 2014, 2016). This binding serves as an initial step in the establishment and

progression of diseases.
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1.1.6 Pathogens in CAUTI

CAUTI can lead to numerous
follow-on medical complications
due to the involvement of a
diverse range of pathogens
causing the infection. A review by
the National Healthcare Safety
Network highlights the wvast
variety of pathogens associated
with CAUTI (Weiner et al., 2016;
Figure 5). The most prevalent
pathogen causing CAUTI is
uropathogenic  Escherichia coli

(UPEC), contributing to 23.9% of
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Figure 5. Pathogens associated with CAUTIL.

Transmission microscopy images of (A) E.coli (Modified from:
Eisenbach, 2001); (B) P aeruginosa (Modified from: Gerstel et al.,
2018); (C) E. faecalis (Modified from: She et al., 2021), and (D) K.
pneumoniae (Modified from: Zahller and Stewart, 2002).

CAUTI cases (Weiner ef al., 2016; Foxman, 2014,2010). Candida spp. also play a significant role,

contributing to 17.8% of CAUTIs, emphasizing the importance of considering fungal agents in

CAUTI prevention strategies. Enterococcus spp. contribute to 13.8% of CAUTI cases, followed

by Pseudomonas aeruginosa (P. aeruginosa) at 10.3%, Klebsiella spp. at 10.1%, and Proteus spp.

at 4%. Although less common, pathogens such as Enterobacter spp., coagulase-negative

Staphylococci, and Staphylococcus aureus (S. aureus), contributing 3.7%, 2.4%, and 1.6%,

respectively, can still lead to medical complications. Bacteroides spp., contributing less than 0.1%

to CAUTI, warrant attention due to the potential involvement of anaerobic bacteria.
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This quantitative information shows the extensive distribution of pathogen types in CAUTI,
highlighting the diverse and intricate nature of CAUTI infections. In cases of prolonged
catheterization, UPEC, Enterococcus spp., and P. aeruginosa are commonly known to establish

colonization on catheter surfaces (Gaston et al., 2020).

1.1.6.1 Uropathogenic E. coli

E. coli, a facultative anaerobe in the Enterobacteriaceae family, attracts researchers' interest due
to its dual nature—it can exist as a benign commensal bacterium or a pathogenic one. In its
commensal form, E. coli peacefully coexists with the host, but the pathogenic version, known as
UPEC, has evolved to efficiently colonize tissues and cause infections (Schreiber et al., 2017,
Jacobsen et al., 2008; Hacker and Kaper, 2000; Johnson et al., 1998; Nataro and Kaper, 1998;
Foxman et al., 1995). UPEC adapts and colonizes through the expression of virulence factors, such
as uropathogenic-specific fimbriae—{finger-like projections that aid in traveling and recognizing
tissues for colonization (Spurbeck et al., 2011; Kanamaru ef al., 2003; Hacker and Kaper, 2000;
Mobley et al., 1987). UPEC is responsible for over 70% of community-acquired UTIs and up to
50% of hospital-acquired UTIs, making it the most prevalent organism in CAUTI (Kucheria et al.,

2005).

E. coli strains can be categorized into phylogenetic clades (A, B1, B2, and D) based on genetic
similarities and further classified into different pathotypes based on their disease-inducing capacity
(Ejrnees et al., 2011; Skjet-Rasmussen ef al., 2011; Piatti et al., 2008; Star¢i¢ Erjavec et al., 2007,
Nowrouzian et al., 2006; Rijavec et al., 2006). However, distinguishing uropathogenic-prone
strains from commensal strains is challenging due to the lack of clear genomic uniqueness

(Schreiber et al., 2017; Vejborg et al., 2011). In the United States and Europe, the majority of
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UPEC strains in the B2 clade dominate. In patients with CAUTI, E. coli tends to be multidrug-

resistant and belongs to the ST131 lineage (Schreiber ef al., 2017; Vejborg et al., 2011).

Although genetic differences might not easily distinguish UPEC, its distinctive protein expression
pattern during CAUTI provides insights. For instance, in CAUTI, UPEC exhibits high expression
of type 1 fimbriae, allowing it to persist and travel through catheterized urinary tracts (Mobley et
al., 1987). UPEC also produces virulent factors such as P-fimbriae, K-antigens, and hemolysin,
potentially leading to pyelonephritis (kidney infection). Notably, over half of the strains identified
in CAUTT are not typically found in uncomplicated UTIs, showcasing the uniqueness of UPEC in

the context of CAUTI (Benton et al., 1992).

1.1.6.2 Enterococcus spp.

Enterococcus spp., such as Enterococcus faecalis (E. faecalis), are commonly found in the human
gut microbiome and play a significant role in various infections, including wound infections,
bloodstream infections, and CAUTI (Tien et al., 2017; Hidron et al., 2015; Gilmore et al., 2014;
Gjedsbel et al., 2006; Wisplinghoff et al., 2004; Maki & Tambyah, 2001). In UTI patients within
ICU units, E. faecalis ranks as the second most common microorganism causing infections.
Instances of E. faecalis causing UTIs are more prevalent in hospital settings, potentially linked to
increased urethral catheterization during extended hospitalization periods, particularly amid the

COVID-19 pandemic (Diaz Pollan et al., 2022).

In the context of CAUTI, the presence of a catheter plays a pivotal role in facilitating the
colonization of E. faecalis in the bladder. The catheter allows E. faecalis to ascend along the
urinary tract, potentially reaching the kidneys and causing pyelonephritis (inflammation of the
kidneys), thereby elevating the risk of mortality (Warren et al,, 1988). Studies indicate that E.

faecalis can cause minimal inflammation and can be cleared from bladders in the absence of
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catheters (Guiton et al., 2013; Warren et al., 1988). Murine models have demonstrated that when
artificial inflammation is introduced without catheters, E. faecalis fails to promote infection,

underscoring the crucial role of catheters in promoting CAUTI (Warren ef al., 1988).

Rather than causing infections in isolation, E. faecalis actively participates in polymicrobial
communities during CAUTI, influencing the antibiotic resistance of co-infecting organisms such
as P. aeruginosa and Proteus mirabilis (Tien et al., 2017; Flores-Mireles et al., 2015; Croxall et
al., 2011; Tsuchimori et al., 1994). E. faecalis secretions can enhance the pathogenicity of P
mirabilis in CAUTI by stimulating urease activity and increasing amino acid production, providing
additional nutrient resources for pathogens (Hunt et al., 2023). In CAUTI models, these pathogens
have been observed to co-localize in biofilm communities, reinforcing their persistence and
protection against the host's immune system and antibiotics (Hunt et al., 2023; Gaston et al., 2020).
Interestingly, E. faecalis has also been noted to facilitate infections by non-pathogenic E. coli and
modulate the host response to promote infection (Tien et al., 2017). This polymicrobial synergy
can induce mixed infections, contributing to the development of more severe pyelonephritis.
Despite a tendency to dismiss E. faecalis as a cultural contaminant in urine testing for CAUTI
diagnosis, its significance should not be overlooked due to its ability to enhance the pathogenic

potential of other bacteria (Kline & Lewis, 2016; Hooton, 2012).

1.1.6.3 P. aeruginosa

P. aeruginosa employs various virulence factors and adaptive mechanisms to enhance infection in
CAUTI, including the use of quorum sensing systems—a chemical signaling network that gauges
cell density and regulates the expression of virulence factors (Flores-Mireles et al., 2019). P.
aeruginosa possesses two quorum sensing systems, namely the /as and rhl systems, which

coordinate the expression of virulence factors by generating signaling molecules like N-(3-
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oxododecanoyl)-homoserine lactone (OdDHL) and N-butanoylhomoserine lactone (BHL) (Mittal
et al, 2009; Ochsner & Reiser, 1995; Pearson ef al., 1994, 1995; Winson et al., 1995; Gambello &
Iglewski, 1991). These systems play a crucial role in transitioning P. aeruginosa from a planktonic
state (free-swimming) to a biofilm-producing state, although in CAUTI, the quorum sensing

systems are not essential for biofilm formation (Cole et al., 2018, 2014; Davies et al., 1998).

P. aeruginosa has been observed to produce robust biofilms, particularly on catheter surfaces (Cole
et al., 2014; Mittal et al., 2009). Thick biofilms on indwelling catheters significantly contribute to
the persistence and recurrence of infections, providing higher resistance to antibiotics and the
host's immune defenses (Mittal ez al., 2008; Boles ef al., 2004; Kurosaka et al., 2001; Costerton et
al., 1981). Despite the host's production of macrophages and neutrophils for defense, P. aeruginosa
can exploit secretory products of macrophages to fuel its own growth and enhance virulence

(Mittal et al., 2006).

Virulence factors produced by P aeruginosa, such as alginate, lipopolysaccharide, pilus, and
proteases, are known to enhance infections in wounds and respiratory tracts (Michalska & Wollf,
2015; Vance et al., 2005; Lyczak et al., 2000; Woods et al., 1997; Woods et al., 1986). However,
the specific roles of these factors in CAUTI are not fully understood. Bacteriocin genes like
pyocins S4, R, and S2 are frequently detected in P. aeruginosa strains associated with CAUTI and

are considered potential contributors to its virulence (Snopkova et al., 2020).

Compared to UTIs, P. aeruginosa strains found in CAUTI exhibit higher resistance rates against
antibiotics (D’Incau et al., 2023). This resistance poses a challenge for effective treatment
strategies, emphasizing the need for ongoing research to explore alternative treatment or

preventive methods for CAUTI that do not solely rely on antibiotics.
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1.1.7 Infection Process of CAUTI

1.1.7.1 Pathogen Invasion

UTIs typically initiate when pathogens reach the urinary meatus, the entry point of the urethra
(Klein and Hulgren, 2020; Flores-Mireles ef al., 2015, 2019). Factors such as sexual intercourse
and improper hygiene practices, like wiping genitals from back to front after urination in females,
can contribute to this event (Nicolle, 2014). Urine retention, resulting from catheter use or medical
conditions affecting proper bladder voiding, can create an environment conducive to pathogen

proliferation (Levison and Kaye, 2013; Lichtenberger and Hooton, 2008).

Once pathogens reach the urethral entry point, they can ascend the urethra using appendages like
flagella and pili, reaching the bladder or, more severely, the kidneys (Flores-Mireles et al., 2015;
Armbruster & Mobley, 2012; Morgenstein & Rather, 2012; Nielubowicz & Mobley, 2010;
Jacobsen et al., 2008). The translocation or migration mechanisms of E. faecalis, a flagella-lacking
bacterium, remain largely unexplored. However, one study has proposed that E. faecalis uses the
glycopolymer expressed on its cell surface to facilitate translocation, and enabling semisolid
penetration (Ramos et al, 2019). In the case of CAUTI, both extraluminal and intraluminal
infections can occur. Extraluminal infection happens when pathogens colonize the external surface
of catheters due to the aforementioned factors (Assadi, 2018; Eto et al., 2007; A. L. Flores-Mireles
et al., 2015; Guiton et al., 2012; Lee, 2011; Zhou et al., 2001). In contrast, intraluminal infection
may occur when pathogens ascend from the urine collection bag into the bladder during urine
reflux in the catheter system (Assadi, 2018). Pathogens contributing to such infections are usually
exogenous, potentially originating from environmental cross-contamination or personnel handling

the catheter (Assadi, 2018).
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After reaching urinary tissues, pathogens can directly bind to them. For instance, UPEC attaches
to bladder epithelium through type 1 pili, recognizing and binding to uroplakins—a major protein
component of bladder epithelial cell membranes used for protecting the bladder from harmful
substances in urine (Flores-Mireles et al., 2019, 2015; Guiton et al., 2012; Lee, 2011; Khandelwal
et al., 2009; Eto et al., 2007; Zhou et al., 2001). UPEC recognizes mannose, a type of sugar that
is expressed on uroplakins, for attachment, allows it to cause both uncomplicated and complicated
UTTIs, such as in the case of CAUTI (Flores-Mireles et al., 2019, 2015; Zhou et al., 2001). Unlike
UPEQC, E. faecalis and P. aeruginosa primarily cause complicated UT]Is, especially in the presence

of catheters (Flores-Mireles et al., 2019, 2015).

Catheterization induces mechanical stress, releasing Fb in the bladder. Fb coats the catheter
surface, providing binding sites for pathogen colonization and inducing CAUTI, damaging nearby
tissues which further escalating Fb release (Andersen et al., 2022; Flores-Mireles et al., 2014). E.
faecalis uses endocarditis- and biofilm-associated (Ebp) pili to recognize Fb for adhesion, allowing
attachment, migration, and biofilm formation (Nielsen et al., 2013). The use of antibodies to block
Ebp sites in CAUTI mouse models has been shown to prevent catheter colonization by E. faecalis,
highlighting the crucial role of Fb in this process (Flores-Mireles et al., 2014; Nielsen et al., 2013;
Figure 6). Fb on the catheter also serves as a nutrient source: E. faecalis release proteases like SprE
and GelE to digest Fb (Xu et al., 2017). Less is known about the mechanism used by P. aeruginosa
in CAUTI, but it is suggested that they use Fb as a docking site as well (Andersen et al., 2022).

Virulence factors like bis-(3'-5") cyclic dimeric GMP (c-di-GMP) influence P. aeruginosa biofilm
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formation during CAUTI, and microcolonies

may form through the production of
rhamnolipids, allowing migration along the
urinary tract via modifying bacterial cell surface
hydrophobicity (Newman et al., 2017; Cole &

Lee, 2016; Pamp & Tolker-Nielsen, 2007).

1.1.7.2 Infection, Survival and Propagation

Once pathogens use the catheter surface to
ascend into bladder tissues, the initiation of
infection begins. If they progress further into
the kidneys, it can lead to pyelonephritis,
escalating the severity of the medical condition

(Flores-Mireles et al., 2019, 2015).

Normally, epithelial cells in the bladder possess

defense mechanisms that can expel pathogens
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Figure 6. E.faecalis Adhesion on Catheters with EbpA
Immunization.

Immunization

30 ug
EbpA

Fluorescent image showing adhesion level of fibrinogen
(left column) and E.faecalis (middle column) on silicone
mouse catheters. Different dosages ranging from 0.3 ug to
100 pg of anti-EbpA vaccines were administered to the
mouse models during catheterization. Scale Bar = Imm.

(Modified from Flores-Mireles et al., 2014)

and halt infection through intracellular signaling pathways (Flores-Mireles et al., 2019, 2015).

However, some pathogens, like UPEC, have mechanisms that remain unidentified, allowing them

to access the cell cytoplasm. The known pathway used by UPEC involves the binding of type 1

pili to mannose-expressing uroplakins of the bladder epithelial cells, initiating bacterial

internalization (Flores-Mireles et al., 2019, 2015; Thumbikat et al., 2009; Wang et al., 2009). Once

inside the cell, UPEC rapidly multiplies, forming intracellular bacterial communities with biofilm-

like properties that obstruct the access of host immune cells (Hannan et al., 2010; Anderson et al.,

2003). Matured colonies can detach, flux out of infected cells, and invade other nearby healthy
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cells (Flores-Mireles et al., 2019, 2015; Kostakioti et al., 2013; Hannan et al., 2010; Anderson et
al., 2003). UPEC can also transition to a filamentous state, resisting engulfment by white blood
cells. The development of an intracellular reservoir enables UPEC to remain viable for months,

leading to recurrent and antibiotic resistant UTIs (Flores-Mireles et al., 2019, 2015; Hannan et al.,

2012).

In addition to using Fb as a food source and a docking site, the SprE protease released by E. faecalis
promotes bacterial dissemination in the kidneys (Flores-Mireles et al., 2014). To counteract E.
faecalis, the host limits manganese availability to starve pathogens. However, E. faecalis can use
multiple manganese transporters, enhancing its ability to survive in a manganese-limited
environment and continue infecting and spreading to other healthy areas (Colomer-Winter et al.,

2018).

P aeruginosa promotes survival by modifying cell surface hydrophobicity and enhancing
microcolony formation, a strategy similar to UPEC (Newman et al., 2017; Pamp & Tolker-Nielsen,
2007). To maximize nutrient acquisition, P. aeruginosa expresses siderophores (iron-chelating
compounds) to scavenge iron for nutritional resources (Podschun & Ullmann, 1998). To initiate
UTI, P. aeruginosa produces enzymes like elastases, exoenzyme S, and hemolytic phospholipase
C (Mittal et al, 2008, 2006) Elastases promote tissue destruction, releasing iron from damaged
cells for P. aeruginosa growth; exoenzyme S inhibits white blood cell function and impacts host
cell morphology by affecting cytoskeletal protein formation; phospholipase C is a toxin that
hydrolyzes host cell membranes, weakening cell integrity and promoting tissue damage (Cathcart

etal.,2011; Wargo et al., 2011; Rocha et al., 2003; Meyers et al., 1992; Berka & Vasil, 1982).

In summary, pathogen invasion, survival, and propagation in CAUTIs are multifaceted and

influenced by a range of factors. Catheterization exacerbates the situation by offering surfaces that
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facilitates protein adhesion and subsequent pathogen colonization. Thus, comprehending the
interaction among pathogens, materials, and host tissues is important in devising successful

preventive and therapeutic approaches against CAUTIs.

1.1.8 Existing Prevention Strategies for CAUTI

1.1.8.1 Catheterization Techniques and Timing

The risk of developing UTI increases by 3-7% per day a patient has a catheter, and for long-term
catheterized patients with an average catheter duration of 30 days, the likelihood of UTI can reach
100% (Nicolle, 2014). Therefore, the most effective preventive measure is to minimize catheter
use and remove the catheter as soon as possible, although this may not always be feasible

depending on the patient's medical condition (Gould et al., 2019; Saint et al., 2016; Nicolle, 2014).

As described earlier, catheter placement in the urinary system can lead to infection as pathogens
ascend using pili or appendages, using the catheter as a docking site. Hence, practicing good hand
hygiene before and after catheterization is crucial, involving thorough handwashing with soap and
water (Nicolle, 2014). Catheterization should only be performed by trained personnel familiar with
aseptic techniques to minimize contamination risks (Tenke et al., 2008). In case of any leakage or
disconnection during the catheterization process, immediate replacement of the catheter is
necessary, and reusing catheters should be avoided to maintain sterility in a closed system (Saint

et al., 2016; Hooton et al., 2010; Tenke et al., 2008).

Research indicates that the position of catheter tubing can also impact the risk of infection. Placing
the catheter tubing above the bladder or below the level of the urine collection bag poses the
highest infection risk (Maki & Tambyah, 2001). Best practices involve placing the urine collection

bag below the bladder and connection tubing, above the floor, at all times to prevent contamination
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or reflux of urine back into the catheter tubing (Saint ef al., 2016). Securing the catheter to the
patient's thigh can aid in proper placement and prevent urine flow obstruction (Assadi, 2018).
Regular emptying of urine from the collection bag is essential to lower the chances of urine reflux,

facilitating pathogen ascension (Saint et al., 2016).

As mentioned earlier, the adhesion of pathogens is facilitated by Fb, which is released in response
to mechanical friction caused by catheterization, and deposits on the catheter surface, creating
docking sites (Andersen et al., 2022; Flores-Mireles et al., 2014a, 2014b, 2015, 2019).
Additionally, wounds caused by mechanical friction during catheterization can weaken the tissue
structure, compromising its ability to defend against pathogens. Therefore, it is important to ensure
adequate lubrication of catheters to ensure smooth catheterization, and to select an appropriate
French size for each individual, in order to minimize friction and trauma to the tissue (Maki &

Tambyah, 2001).

In common practice, catheters are typically removed and replaced monthly, with no specific
guidelines for the optimal replacement time (Tenke ez al., 2008). Existing guidelines recommend
removal and replacement when infection occurs, when there is obstruction, or when the system is
no longer a closed system (e.g., leakage) (Gould ef al., 2010). Future studies may address this issue
to determine an optimal time based on risk of infection for catheter or patient specific factors such

as immune status, moving beyond the current monthly practice.

1.1.8.2 Surface Modification Approaches
Extensive research has been conducted on surface coatings for urinary catheters as a preventive
measure against CAUTI. An in-depth review conducted by Andersen et al. has offered valuable

insights and a comprehensive summary (Andersen & Flores-Mireles, 2019). The overarching
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concept behind these coatings is either to hinder the adhesion and growth of pathogens or to impede

the formation of biofilms, for example, via the release of antibiotics or metal ions.

1.1.8.2.1 Polymer Coatings

Polytetrafluoroethylene (PTFE), commonly known as "Teflon," is a fluoropolymer known for its
smooth and low-friction properties. Coating urinary catheters with this polymer creates a low
surface energy, smooth environment that theoretically inhibits pathogen adhesion, thereby
preventing colonization (Wang et al., 2019). However, when compared to silicone material in
preventing blockage, PTFE performs less effectively. Studies support the use of silicone catheters,
particularly for patients experiencing blockage in long-term catheterization situations (Kunin et
al., 1987). Catheter blockage and encrustation predominantly arise from bacterial activity (Gibney,
2016), bacterial breakdown of urea can alkalize urine, leading to crystallization (Stickler and
Morgan, 2008). These crystals tend to aggregate within the catheter lumen and drainage eye,
especially on rough or irregular surfaces, causing blockage (Stickler et al., 2003; Tunney and
Gorman, 2002). Silicone catheters exhibiting superior performance in reducing blockage is
potentially due to their smoother surfaces observed under electron microscopes compared to
materials such as PTFE, hydrogel, or latex (Lawrence and Turner, 2006a), thus minimizing salt
aggregation. Additionally, silicone catheters also feature larger lumen which promotes better

drainage (Lawrence and Turner, 2006b; Figure 7).

Furthermore, a comparative study between Teflon-coated catheters and hydrogel-coated catheters
revealed that hydrogel outperforms PTFE (Murakami et al., 1993). Hydrogel-coated catheters
exhibit the lowest bacterial adhesion and the least irritation to urinary tissue compared to PTFE.
As a result, the study recommends the use of hydrogel-coated catheters over Teflon-coated urinary

catheters.

25



51 Figure 7. Flow Rate of Different Catheter
= Materials.

4
K Flow rate of 14Fr sized catheters made of
S
= = || mHydogel  hydrogel-coated latex, PTFE-coated latex,
© | PTFE
':; 2 - @Alsicone and all-silicone latex under distilled water of
]
T different pH level. Average flow rate in 30,

1 =

60, or 90 days are plotted. (Modified from
0 - — Lawrence and Turner, 2006a)
as-  pH5,30 pH7,30 pH7,60 pH7,90 pH9,30
received day day day day day

Hydrogel coatings have
demonstrated superior performance compared to Teflon-coated urinary catheters in reducing
bacterial adhesion in studies (Murakami ef al., 1993). The polymer network structure of hydrogel
allows it to retain a significant amount of water and can achieve close to 99% water content
(McCloskey et al., 2014). The attraction of hydrogel comes from the ability to incorporate and
release various agents and antimicrobial chemicals. For instance, hyaluronic acid can be integrated
into hydrogels to mitigate protein adhesion (Beek et al., 2008). Studies suggest that hyaluronic
acid functions similarly to polyethylene glycol (PEG) by inhibiting protein absorption through the
creation of a repulsive hydration layer or by obstructing protein adsorption sites (Beek et al., 2008).
Furthermore, this hydration layer may serve as a physical barrier, preventing bacterial adhesion

(Dai et al., 2023).

However, the performance of hydrogels as a coating for urinary catheters are subjected to
conflicting findings. Some studies have shown no significant difference between hydrogel-coated
urinary catheters and silicone catheters in terms of reducing CAUTI (Chene et al., 1990). Full
silicone catheters were found to induce the lowest degree of inflammation in the urethra compared
to hydrogel-coated latex catheters (Talja and Jéarvi, 1990). Some researchers argue that there is

insufficient evidence to support the idea that hydrogel coatings provide better protection than non-
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coated catheters (Thibon et al., 2000). The effectiveness of hydrogel-coated catheters in preventing
blockage also varies between studies. While some suggest that hydrogel-coated catheters perform
better in preventing blockage than silicone, some suggested that catheter blockage may be caused
by the hydrogel layer's potential to increase the aggregation of planktonic pathogens (Kazmierska
et al., 2010, Talja and Jéarvi, 1990). Due to biofilm formation, hydrogel-coated catheters may lead

to faster catheter blockage compared to silicone catheters (Kazmierska et al., 2010).

PEG coating is also being explored as a potential candidate for preventing CAUTI. This material
has demonstrated its ability to repel proteins and does not trigger immune response, making it a
promising option for urinary catheters (Alcantar et al., 2000). In tests against bacteria such as S.
aureus and E. coli, PEG coating exhibited antibacterial and antifouling properties when combined
with antibacterial cations (Yang ef al., 2014). The coating also proved to be stable under
simulations of blood flow (Yang ef al., 2014). Atomic force microscopy measurements, assessing
the force of interaction between E. coli and PEG-coated materials, suggested that the coating could
block long-range attractive forces, and introduce repulsive effects between the pathogen and the
coated substrate (Razatos et al., 2000). However, it is important to note that pathogens like
Staphylococcus epidermidis could still attach to the material surface (Park et al., 1998). Park et al.
suggested that this variance arises from differences in surface chemistry among pathogens. For
instance, E. coli exhibits notably higher hydrophilicity compared to S. epidermidis. (Gilbert et al.,
1991). Additionally, the evaluation of these studies was conducted in laboratory media and not
urine, which may not fully mimic the environment for pathogen growth in CAUTI settings
(Colomer-Winter et al., 2019; Xu et al., 2017; Flores-Mireles et al., 2014, Figure 8). As a result,

the effectiveness of this coating in vivo remains uncertain despite its success in in vitro settings.
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1.1.8.2.2 Metal Coatings

The concept behind silver-coated catheters is
based on the idea that the toxicity of silver can
damage bacterial membranes and proteins,
inhibiting the growth of pathogens (Singha et
al., 2017). While silver-coated catheters have
been studied both in vitro and in vivo, similar
to polymer coatings, their results in clinical
trials are often inconsistent, leading to

uncertainty regarding their ability to prevent

CAUTL

In a randomized crossover study involving
hospitalized patients, it was demonstrated that

the use of silver-coated urinary catheters
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Figure 8. E.faecalis Biofilm Formation in Different
Media.

Biofilm formation of FE.faecalis in standard 96-well
polystyrene plate is plotted for E. faecalis growing in human
urine, human urine supplemented with fibrinogen or BSA,
and TSBG. BSA = bovine serum albumin; TSBG = tryptic
soy broth media supplemented with 0.25% glucose
(standard laboratory growth —medium). Statistical
significance between the groups was assessed using
ANOVA, the error bars represent the standard error of the
mean. * = P < 0.05. (Modified from Flores-Mireles et al.,

2015)

reduced the risk of infection by 20-35% (Karchmer et al., 2000). Another study focused on silver-

alloy hydrogel catheters reported a close to 50% reduction in CAUTI occurrence rates among a

population of acute care hospital patients using Foley catheters (Lederer ef al., 2014). However,

contrasting findings exist, with several studies indicating that silver-coated urinary catheters may

not effectively prevent CAUTI. Blind prospective studies with hydrogel-silver coated catheters in

intensive healthcare units showed no statistical significance in CAUTI reduction (Bologna et al.,

1999). Additionally, catheters coated with hydrogel and silver salts did not exhibit significant

differences in performance compared to non-coated catheters (Thibon et al., 2000). Clinical trials

also suggested that silver alloy-coated catheters are unlikely to be cost-effective in preventing
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CAUTI (Kilonzo et al., 2014). Considering the mixed results, the potential toxicity of silver ions
to the host, and the poor cost-effectiveness, silver-coated catheters appear to be a less attractive

candidate in the fight against CAUTIL.

1.1.8.2.3 Antibiotic Coatings

Antibiotics such as nitrofurazone, gentamicin, and fluoroquinolones have been considered for
coating urinary catheters to aid in preventing CAUTI. However, due to concerns about antibiotic
resistance, mixed results in clinical settings, and high costs, this approach has its challenges and is

not considered the most favorable option.

Nitrofurazone inhibits pathogen DNA replication, preventing their proliferation and biofilm
formation (Zhu et al., 2018). In in vitro studies, CAUTI-causing pathogens like UPEC and S.
aureus were inhibited (Johnson ef al., 1993). However, translating this antibiotic coating to in vivo
settings has not been successful. Clinical trials comparing nitrofurazone-coated catheters with non-
coated silicone catheters showed no significant differences, and there were more frequent side
effects with the antibiotic-coated catheters (Menezes et al., 2018; Lee et al., 2004). Patients also
reported more discomfort and pain with nitrofurazone-coated catheters (Lam et al, 2014).
Moreover, nitrofurazone is considered carcinogenic, causing mammary and ovarian tumors, and
has been banned by the US Food and Drug Administration for use in food-producing animals
(Hiraku et al., 2004). Although catheters are not included in this ban, the potential toxicity and

carcinogenicity of nitrofurazone have made it less attractive for researchers.

Gentamicin inhibits bacterial protein synthesis, preventing bacterial growth and biofilm formation
(Krause et al., 2016; Tangy et al., 1985; Hahn and Sarre, 1969). Given its antibacterial properties,

scientists are exploring its potential application as a coating for catheters. Gentamicin-releasing
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catheters have shown promise in rabbit models, reducing bacteriuria occurrence and decreasing
bacterial colonization on catheter surfaces (Cho et al., 2002). Gentamicin-coated catheters have
also demonstrated antibacterial efficacy against pathogens such as S. aureus, S. epidermidis, and
Proteus vulgaris for a duration of one week (Cho et al., 2012). The release of gentamicin depends
on the molecular weight of coating agent used, with results suggesting release periods of up to 12
days (Rafienia et al., 2013). However, further clinical trials examining gentamicin-coated catheters

are ongoing.

Fluoroquinolones, including norfloxacin, ciprofloxacin, and sparfloxacin, have been used to coat
urinary catheters for CAUTI studies. These antibiotics prevent DNA replication in pathogens by
binding to bacterial enzymes that support DNA formation (Mohr, 2016). Studies have shown that
ciprofloxacin and norfloxacin can destroy P. aeruginosa biofilms and significantly reduce the
number of bacteria attached to the coated material (Reid et al., 1994). These antibiotics can be
released for up to a month, maintaining antimicrobial efficacy (Saini ef al., 2016). However, the

effectiveness of these antibiotics has not been thoroughly evaluated in clinical studies.

1.1.8.2.4 Nanoparticles Coatings

Copper nanoparticles have demonstrated the ability to destroy bacterial membranes by inhibiting
enzyme activity and degrading DNA, leading to apoptosis (programmed cell death) (Rtimi et al.,
2016). In vitro studies have indicated that copper nanoparticles effectively reduce the viability of
E. coli on material surfaces within five minutes, with comparable performance across different
coating thicknesses (Mihut et al., 2019). Moreover, copper ions incorporated into fabrics have
exhibited the ability to combat antibiotic-resistant bacteria, such as methicillin-resistant S. aureus
and vancomycin-resistant Enterococci (Borkow and Gabbay, 2004). Beyond the necessity for

additional research into the efficacy and potential toxicity of copper nanoparticles in in vivo
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settings, recent studies have uncovered that metal ions, including iron and copper, can chelate
antibiotics like ciprofloxacin and doxycycline, leading to a reduction in their bioactivity (Sutradhar
et al., 2023). This interference contributes to the increase of antibiotic resistance in E. coli over
time. Therefore, the incorporation of copper nanoparticles may not be the optimal strategy in

catheters for addressing CAUTI.

Silver nanoparticles have been explored as an alternative to address the toxicity associated with
silver-coated materials while retaining their antibacterial functionality. Although the precise
mechanism of action is not fully understood, it is suggested that silver nanoparticles can attach to
the cell surface, causing structural or functional damage. Additionally, free silver ions can lead to
the production of reactive oxygen species, contributing to cellular damage (Akter ef al., 2018;
Zheng et al., 20181 Duran et al., 2016). Their nanoscale size allows for effective dispersion in the
environment, avoiding aggregation (Guan et al., 2019). In in vivo studies, catheters coated with
silver nanoparticles demonstrated significant prevention of biofilm formation by pathogens such
as UPEC, Enterococcus spp., S. aureus, P. aeruginosa, and C. albicans (Roe et al., 2008). The
antibacterial activity of silver nanoparticles outperformed hydrogel coatings against these
pathogens (Alshehri et al., 2016). However, the potential inflammation and toxicity of such
coatings in the bladder environment remain untested, necessitating further research to understand

their health impact.

Gold nanoparticles function by inhibiting enzyme activity to reduce ATP levels, and disrupting
membrane potential in bacteria (Cui et al., 2012). In vitro experiments have shown their ability to
inhibit the growth of bacteria such as P. aeruginosa and E. faecalis (Okkeh et al., 2021). However,
concerns arise as bacterial growth is still present after two days of gold nanoparticle treatment in

vitro, raising questions about their efficiency, especially when translated to in vivo settings.
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1.1.8.3 Other CAUTI Prevention Strategies

Modification of the topography of urinary catheter surfaces is a promising avenue of research,
inspired by nature's designs to prevent biofilm formation. Micro and nanoscale patterns on material
surfaces have been shown to inhibit the formation of biofilms by pathogens such as E. coli and
Pseudomonas fluorescens (Hsu et al., 2013). Pathogens exhibit a preference for maximal contact
area with surfaces and align themselves based on the topographic details of the surfaces (Figure
9), adjusting the expression of their appendages accordingly (Hsu et al., 2013). Microscale surface
patterns inspired by shark skin on silicone have successfully reduced E. coli attachment without
the need for biocidal agents (Carman et al, 2005). Similarly, nanoscale protrusions on black
silicon, inspired by dragonfly wings, exhibited high bactericidal activity against P. aeruginosa and
S. aureus (Ivanova et al., 2013). While A B

these techniques have yet to undergo in
vivo testing or be specifically evaluated in
urinary catheter settings, their efficacy
may only extend to the short term when
deployed in medical environments. This
limitation arises because molecules such

as proteins and bacterial secretions (e.g.

exopolysaccharides), have the capacity to . - .
Figure 9. E.coli Attachment on Patterned Silica Material.

alter surface topography by masking and (A) Fluorescent image showing attachment of E.coli on silica
with thin wells (500 nm diameter; 200 nm inter-well spacing),

filling surface patterns, which render the o )
areas inside the wells were avoided by E.coli. Red = dead cells;

proposed strategies ineffective (Wu ef al., Green = live cells. (B) Same image in black and white to

accentuate topographical details of the material. (Modified from
2018). Hsu et al., 2013).
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Bacterial interference is another intriguing technique involving the use of host-native pathogens
to compete with incoming pathogens, creating a healthier and competitive environment (Darouiche
& Hull, 2012). Lower-virulence pathogens can be artificially introduced into the bladder to
establish this competitive environment against CAUTI causing pathogens (Darouiche & Hull,
2012). However, clinical studies have yielded mixed results. Some studies demonstrated that
catheters pre-treated with E. coli could lower UTI rates in catheterized patients (Prasad et al.,
2009). Conversely, other studies showed that precoating catheters with E. coli did not lower UTI
cases and even led to overgrowth of pathogens (Horwitz ef al., 2015). This technique poses the
potential risk of non-pathogenic pathogens colonizing the bladder if not properly controlled:
further research is needed to refine and understand the effectiveness and potential risks associated

with bacterial interference.

1.1.8.3.1 Cranberries and Probiotics

Cranberry juice has gained popularity as a home remedy for UTI patients, with its proposed
mechanism involving proanthocyanins inhibiting the P pilus-mediated attachment of pathogens to
bladder or vagina epithelial cells (Gupta et al., 2007). Additionally, fructose, another abundant
component in cranberries, has been shown to inhibit E. coli attachment to urinary tract epithelial
cells (Zafriri et al., 1989; Schaeffer et al., 1980). Despite these promising attributes, clinical trials
have produced conflicting results. Some studies indicate that daily cranberry consumption could
reduce the pathogen colony count in urine by half (Thomas et al., 2017). In contrast, other research
suggests no significant benefit associated with consuming cranberry juice concentrate to prevent
CAUTI occurrence (Gunnarsson et al., 2017). Discrepancies in these findings may be attributed
to variations in cranberry ingredient contents, such as sugar levels, or the different forms of

consumption, whether in juice or as whole fruits. Currently, there is limited information and
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research on the effectiveness of cranberry in combatting CAUTI, necessitating further

investigation.

Lactobacillus spp, a type of probiotic, has become a subject of research interest in several studies.
However, akin to cranberry consumption, clinical trials have produced diverse outcomes. For
instance, in trials involving spinal cord injured patients with indwelling catheters, no significant
difference was observed between those who consumed probiotics and the control group (Toh et
al., 2019). Conversely, another study revealed a noteworthy alteration in microbial communities
within catheter biofilms when probiotics were administered to patients (Bossa et al., 2017). This
potential form of bacterial interference in combating CAUTI and other harmful pathogens, though
temporary, warrants attention (Bossa et al., 2017). Despite these findings, a comprehensive
understanding of the mechanisms and outcomes of probiotics administration is still in its infancy.
Further studies are imperative to elucidate the potential role of probiotics in treating CAUTI,

possibly in conjunction with other preventive measures.

1.1.8.3.2 Prophylactic Antibiotics

Oral antibiotics are frequently prescribed both during catheterization and post-urethral catheter
removal as a prophylactic measure (preventive measure in medical terms), aimed at preventing
potential infections. A survey conducted in the United Kingdom revealed that more than 50% of
practitioners adhere to this practice (Wazait et al., 2004). Typically, the approach to treating
CAUTTI involves a three-day antibiotic course for women under 65 years of age following catheter
removal. For others, a prescription spanning five to seven days is standard, with the possibility of
extending it to two weeks in the absence of prompt clinical improvement (Hooton et al., 2010;

Inge, 2010; Pfefferkorn et al., 2009).
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Despite its prevalence, the use of prophylactic antibiotics raises concerns. This practice contributes
to the alarming issue of antibiotic resistance, a problem exacerbated by the aftermath of the COVID
pandemic, wherein the U.S. witnesses at least 2.8 million cases of antimicrobial-resistant
infections annually (D’Incau et al., 2023; CDC, 2019). Moreover, the efficacy of prophylactic
antibiotics is questionable, as demonstrated in a study involving over 40 patients treated with
ciprofloxacin, where a two-day antibiotic regimen failed to prevent UTIs in the subsequent weeks
(Wazait et al., 2004a, 2004b). A potential cause of this result is that the effectiveness of antibiotics
can be compromised by the formation of biofilm on catheter surfaces, shielding pathogens from
antibiotic action (Feneley et al., 2015; Jarrel et al., 2015; Tenke et al., 2014; Niél-Weise et al.,
2012; Hooton et al., 2010; Darouiche ef al., 2008; Ha & Cho, 2006; Thomas et al., 2004; J. R.
Johnson et al., 1993). The biofilm environment also intensifies antimicrobial resistance, fostering
rapid sharing of genetic material among pathogens and accelerating the spread of antibiotic-

resistant genes (Hooton et al., 2010).

The CDC discourages the use of prophylactic antibiotics in catheterized patients unless there are
clear indications of bacteriuria or infection symptoms (Gould et al., 2009). Notably, there are no
guidelines for the use of prophylactic antibiotics at the time of catheter removal. Attempts to
mitigate contamination, such as adding antibiotics to urine collection bags or employing periodic
catheter irrigation, have proven ineffective (Hooton et al., 2010). For instance, the use of a
neomycin-polymyxin B sulfate irrigation system did not yield significant benefits compared to
non-irrigated catheters, and uropathogens in irrigated catheters demonstrated increased resistance
to the irrigation system's antibiotics (Warren et al., 1978). Similarly, bladder irrigation with
neomycin-polymyxin showed no discernible difference from the control group (Waites et al.,

2006).
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1.1.8.3.3 Vaccinations

The effectiveness of vaccination strategies against CAUTI remains uncertain; however, ongoing
research has identified several promising candidates for vaccination. Against uncomplicated UTIs,

clinical trials have explored MV-140 and OM-89 vaccines:

MV-140, a sublingual (administered under the tongue) spray composed of inactivated cell lysates
from common uropathogens such as E. coli, E. faecalis, and K. pneumonia, demonstrated positive
outcomes in a study where patients with recurrent UTIs received the vaccine for three months
(Yang and Foley, 2017; Lorenzo-Gomez et al., 2015). More than 50% of the study group remained
free of recurring UTIs in the subsequent year, though one patient experienced a rash reaction
necessitating treatment cessation (Yang and Foley, 2017). Other clinical studies also revealed a
higher UTI-free rate for MV-140-treated patients compared to placebo controls in the following
nine months, albeit with five reported adverse reactions among the testing groups (Nickel et al.,

2021).

On the other hand, the OM-89 vaccine, administered orally for 30 days, is a lyophilized (freeze-
dry) formulation containing 18 different E. coli strain membrane proteins. Meta-analysis on five
different clinical trials involving over 1000 patients with recurrent infections and acute UTI
indicate a significant reduction in the average occurrence of UTIs compared to placebo treatment
(Naber et al., 2009). Other vaccines incorporating multi-strain cell lysates are still in development,

with no available clinical trial data (Magistro and Stief, 2019).

In the specific context of combatting CAUTI, a noteworthy study identified the EbpA tip of
Enterococcus spp. as a potential vaccination candidate (Flores-Mireles et al., 2014). EbpA, a

component of the endocarditis and biofilm-associated pilus in E.faecalis, is an adhesin (cell surface
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proteins that allows adhesion to other cells or surfaces) that facilitates attachment to host Fb
released during catheterization (Flores-Mireles et al., 2014). Immunization against the N-terminal
domain of EbpA protected mouse models against CAUTI by blocking the attachment of E. faecalis
to Fb-coated catheters (Flores-Mireles et al., 2014). This strategy showed promise not only against
E. faecalis but also E. gallinarum, E. faecium, and vancomycin-resistant Enterococci (Flores-
Mireles et al., 2014). This discovery is particularly intriguing due to the prevalent occurrence of
gram-positive pathogens and fungal adhesion to Fb (Andersen et al., 2022; Flores-Mireles et al.,
2016). The revelation that hindering Fb deposition on catheter material can also impede the
colonization of such pathogens highlights the potential efficacy of blocking the adhesion proteins
presented by these pathogens as a promising strategy for infection prevention (Andersen et al.,

2022).

Similarly, the FimCH vaccine, targeting the FimH, adhesin of type 1 pilus in pathogens,
demonstrated effectiveness in preventing colonization in cynomolgus monkey and murine models
(Langermann ef al., 2000; Langermann et al., 1997). FimH recognizes uroplakins (a type of cell
membrane protein) and integrins (a type of cell receptor) on bladder cells, facilitating pathogen
internalization. Vaccination allows the generation of antibodies that block FimH, preventing the
binding of pathogens on bladder cells and hence protecting against pathogen colonization.
However, this vaccine has only completed phase 1 of clinical trials, further results are necessary

to assess its effectiveness (Eldridge ef al., 2021).

Vaccination presents an exciting alternative to antibiotics for preventing pathogen colonization in
the bladder or catheter material, though ongoing research is essential to validate their efficacy and
safety. Moreover, certain constraints on vaccination may diminish its effectiveness in addressing

CAUTL. For instance, the protection of vaccines like MV-140 and OM-89 did not protect against
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all CAUTI-causing pathogens, as only prevalent uropathogens were targeted (Yang and Foley,
2017; Lorenzo-Gomez et al., 2015; Naber et al., 2009). Moreover, rare adverse reactions, such as
those observed in some patients treated with MV-140 (Nickel et al., 2021), render this intervention
unsuitable for all, particularly individuals with compromised immune systems. Additionally,
public skepticism towards vaccines, fueled by misinformation, could further dampen public
willingness to undergo vaccination, as evidenced during the COVID pandemic (Skafle et al.,

2022).

1.1.9 Limitations of Existing Prevention Strategies

CAUTI poses a substantial challenge in healthcare, and the herein methods discussed to address it
can have significant limitations. While minimizing catheter usage and early removal is crucial, it
might not be feasible for patients with complex medical conditions requiring long-term
catheterization. Although emphasizing good hand hygiene and aseptic techniques is important,
human errors and challenges in continuous protocol monitoring in healthcare settings can limit
their effectiveness. Even with appropriate catheter size selection and lubrication during
catheterization, tissue damage can still occur, weakening the tissue's defense against pathogens
and leading to increased Fb release, which subsequently deposits on the catheter surface, providing
a docking site for pathogens. Coating catheters with materials like polymers, antibiotics, and
nanoparticles has shown inconsistent results, and the translation from successful in vitro outcomes
to in vivo scenarios varies, limiting their widespread use. Antibiotics, commonly used for CAUTI
prevention, are associated with antibiotic resistance, and their prophylactic overuse raises concerns
in the healthcare sector. Moreover, their effectiveness is compromised by biofilm formation on
catheters, shielding pathogens from antibiotic action. While vaccination strategies show promise

in murine models, further research is needed to validate their efficacy and safety in human patients.
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Natural remedies, such as cranberry consumption and probiotics, lack conclusive evidence in

preventing CAUTI, with conflicting results in clinical trials raising concerns about their reliability.

In conclusion, existing preventive measures are either not entirely effective or lack consistent
results, prompting the need for a novel, reliable approach. An ideal preventive measure should (1)
effectively counter pathogen fouling of catheters or eliminate pathogens, (2) be cost-effective, (3)

not compromise patient comfort, and (4) avoid side effects on patient health.

1.2 Liquid Infused Materials

Placing medical instruments within the human body presents numerous challenges due to the
inevitable exposure of medical materials to various contaminants such as bodily fluids, proteins,
and mucus. This exposure can lead to contamination and the colonization of pathogens. Urinary
catheters are no exception: as previously discussed in detail, the deposition of Fb on the material
surface significantly amplifies pathogen attachment, resulting in infections (Flores-Mireles et al.,

2014; Jennewein et al., 2011; Goble et al., 1989)

Nature has already devised inherent mechanisms to prevent adhesion of foreign substances to
surfaces. A variety of substrates in the natural world are usually enveloped in fluid as a defense
strategy. In the human body, several interfaces are similarly lined with liquid, such as our eyes,
joints, and intestines. The tear film in our eyes, for instance, not only maintains moisture but also
houses enzymes that combat bacteria and function as natural pain relievers (Akkurt Arslan et al.,
2023; Figure 10A). The synovial fluid enveloping our joints prevents bone friction during daily
activities, while the mucus layers in our intestines are physical barriers to bacteria (Herath et al.,

2020; Tamer, 2013; Figure 10B).
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including polyvinyl chloride (Wylie et 2018).

al., 2020; Leslie et al., 2014), polypropylene (Brown and Bhushan, 2017; Leslie et al., 2014),
polystyrene (Abdulkareem et al., 2022; Leslie et al., 2014), and silicone (Abdulkareem et al., 2022;
Andersen et al., 2022; Leslie ef al., 2014). Moreover, liquid infusion goes beyond polymer medical
materials, finding applications on surfaces such as glass (Togasawa et al., 2018; Wang et al., 2017,
Sunny et al., 2016), fabric (Damle et al., 2015; Shilling et al., 2013), paper (Regan et al., 2019;
Glavan et al., 2014), metals (R. Liu et al., 2020; Togasawa et al., 2018; Doll et al., 2017; Kim et
al., 2012), other polymers of daily use (Yong et al., 2018), or even biological tissue such as enamel

(Yin et al., 2016).

Methods for applying a liquid layer onto solids include liquid-infused surfaces and infused
polymers. While both techniques yield a liquid layer that covers the substrate, they exhibit
fundamental distinctions. Liquid-infused surfaces feature a liquid covering the material's surface

(R. Liuetal., 2020; Doll et al., 2017; Sunny et al., 2016), whereas for infused polymers, the liquid
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not only coats the surface but also penetrates the polymer matrix (Fong et al., 2023; Andersen et

al., 2022, MacCallum et al., 2015).

1.2.1 Liquid Infused Surfaces

Creating a liquid-infused surface requires a solid to support the liquid layer, and a liquid that has
a higher affinity for the solid than a contaminant (Howell et al., 2018; Bohn & Federle, 2004).
Once submerged or in contact with the infusing liquid, the liquid adheres to the solid through van
der Waals force and capillary force (if the solid surface is rough) (Quéré, 2005). When the infusing
liquid is immiscible with potential foulants, it becomes less energetically favorable for foulants to
penetrate the liquid layer and contact the solid below, rendering the infused surface antifouling—
where foulants simply slide off the surface (T.-S. Wong ef al., 2011). The solid being infused can
possess varying degrees of roughness, but the essential criterion is that the infusing liquid must
share a chemical nature that matches the solid’s surface chemistry. While surface roughness is not
indispensable, a textured solid can enhance liquid retention compared to planar materials (Liu et

al., 2020; Huang and Guo, 2019; Howell et al., 2018; Wen et al., 2017; Bohn & Federle, 2004).

To construct liquid infused surfaces, several methods can be employed to enhance the affinity
between the liquid and the solid underneath: Artificial enhancement of liquid affinity with the
infusing material can be accomplished through chemical functionalization of the surface. Liquid
phase deposition, a method involving the immersion of materials in a solution for chemical
reactions to take place, offers a means of achieving this. For instance, perfluorocarbon lubricants
can be deposited onto surfaces containing fluorous elements. The robust intermolecular interaction
between the fluorinated lubricant and the fluorosilane layer ensures the retention of the liquid layer,
resulting in a stable coating (Badv et al., 2017). Chemical vapor deposition can overcome certain

drawbacks of liquid phase such as solvent wastage, and potential exposure of the substrate to by-
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products during chemical reactions (Badv et al., 2017; Hang et al., 2017). In this widely adopted
technique, substrates undergo treatment with plasma, while the infusing liquid is supplied in a
gaseous form (Badv et al., 2017; Hang et al., 2017). Chemical reactions then occur on the substrate
surface, facilitating the formation of liquid coatings. Examples include reactions between

halosilanes and surface hydroxyl groups, and silanization (Howell et al., 2018).

Achieving surface roughness to further increase liquid affinity to the solid can be realized by
adding a textured layer through various methods such as chemical vapor deposition, liquid phase
deposition, or electrochemical deposition. Layer-by-layer or self-assembly techniques have also
been explored in research (Kasapgil et al., 2022; Zhou et al., 2018; Zhu et al., 2018; Badv et al.,
2017; Sunny et al., 2016; Manabe et al., 2015; Tesler et al., 2015). Porous coatings on materials
can be created through the deposition of charged polymers and particles via layer-by-layer
deposition, while surface textures can result from the use of porogenic solvents to create porous
surfaces (Manabe ef al., 2015; Manna and Lynn, 2015; Sunny et al., 2014; Li et al., 2013; Levkin
et al., 2009). Nanostructures have been employed for this purpose as well (Lv ef al., 2022; Boveri
et al.,2021; Cai et al., 2021, 2020; Huang and Guo, 2019). Alternatively, surface roughness can
be achieved by removing a portion of the surface, employing methods like laser ablation, etching,
or lithography (Yan et al., 2023; Fang et al., 2022; Zhang et al., 2022; Atthi et al., 2021; M. Liu et
al.,2020; R. Liu et al., 2020; Yu et al., 2020; Yong et al., 2018; Yin et al., 2016; Kim et al., 2012).
Large-area textured surfaces can even be produced by evaporating water off polyphenylene oxide
surfaces (Zhang et al., 2015). These methods typically generate random surface topography, but

ordered surface patterns can also be achieved through colloidal self-assembly (Vogel et al., 2013).
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1.2.2 Infused Polymers

In the case of infused polymers, the underlying principle resembles that of liquid-infused surfaces.
However, instead of the liquid layer remaining solely on the surface of the substrate, in infused
polymers, the infusing liquid penetrates the polymer matrix. As long as the liquid demonstrates a
higher affinity for the solid material than contaminants, it can effectively repel them, much like in
liquid-infused surfaces (Howell et al., 2018; Bohn & Federle, 2004). Similarly, a crucial
requirement is that the infusing liquid must share a chemical nature that aligns with the surface
chemistry of the polymer, facilitating its infusion into the polymer matrix. This compatibility is
easily achieved by pairing the solid material with a corresponding infusing liquid. For instance,
silicone material can be effectively paired with silicone oil. (Fong et al.,, 2023; Andersen et al.,

2022; MacCallum et al., 2015).

While not an absolute prerequisite for infusion, the introduction of surface roughness onto the
infusing polymer can also enhance stability through capillary forces. For instance, the
incorporation of small pore sizes in substrates can generate high capillary pressure, facilitating the
retention of the lubricant within the substrate (Lv et al., 2022; Boveri et al., 2021; Cai et al., 2021,
2020; Huang and Guo, 2019). Similarly, highly porous substrates increase the surface contact area
between the liquid layer and foulants, thereby enhancing antifouling effects. Although both liquid
infused surfaces and infused polymers are capable of creating a liquid-repellent surface, they are
different from the construction of superhydrophobic surfaces, which is typically achieved through
the use of surface structures to deter contaminants (Figure 11). An iconic example in nature
inspiring the development of superhydrophobic surfaces is the lotus leaf, exhibiting what is
commonly known as the lotus effect (Barthlott & Neinhuis, 1997). This natural mechanism

involves micro-scaled pillars distributed across the lotus leaf. When a water droplet contacts this
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superhydrophobic  surface, it avoids
penetration into the spaces between the
pillars (Yao et al., 2022; Sotiri et al., 2016).
Instead, the droplets remain suspended on
the elevated edges of the surface, supported
by air pockets—a condition known as the
Cassie-Baxter State (Figure 11A). This
unique state enables water to effortlessly
roll off the surface because it is not pinned
down and in full contact with the material

(as in the Wenzel State; Figure 11A).

In contrast to superhydrophobic surfaces

that trap air pockets in their textured

A

Cassie-Baxter State Wenzel State

LLLL I L]

Micro-scaled pillars Micro-scaled pillars

|Superhydrophobic surfaces|

B Cc

Infusing liquid Infusing liquid

|Liquid-infused surface| Infused polymer

Figure 11. Different Liquid-repellent Surfaces

(A) Schematic superhydrophobic surfaces, where fouling
liquid transitioned from Cassie-Baxter to Wenzel state; (B)
Schematic of liquid infused surface; (C) Schematic of infused

polymer.

structure, the liquid infusion technique involves introducing liquid between the structures (Figure

11B and 11C). This distinction allows liquid infusion to overcome certain limitations associated

with superhydrophobic surfaces. For instance, under high pressure, the air pockets in

superhydrophobic surfaces may fail to support liquids, causing them to be compressed and pinned

onto the material (Figure 11A) (Bocquet & Lauga, 2011). Additionally, superhydrophobic surfaces

may struggle to effectively repel liquids with low surface tension (Yao ef al., 2022). Furthermore,

the longevity of superhydrophobic surfaces may be compromised when subjected to physical

damage (Bocquet & Lauga, 2011). Conversely, liquid infusion retains liquid within the textured

structure rather than air pockets. The resulting liquid layer proves highly stable, capable of

withstanding high pressures and physiological shear rates (Wong et al., 2011; Howell et al., 2015).
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This stability ensures the effectiveness of liquid-infused substrates in repelling foulants, as long as
the foulant is immiscible with the infused liquid. Additionally, owing to the liquid nature of the
infusing liquid, the liquid layer is capable of self-healing by flowing and filling any damaged sites

(Xiao et al., 2013; Epstein et al., 2012; Kim et al., 2012).

1.2.3 Liquid Choices for Medical Applications

While a diverse range of liquids has been employed for generating liquid-infused materials, only
a select few exhibit biocompatibilities or have been used in medical applications. Identifying
infusing liquids suitable for medical use can be a formidable task, necessitating regulatory
approvals and sterilization methods prior to implementation. Nonetheless, certain infusing liquids
are anticipated to be biocompatible and hold potential for use in infusing medical instruments.
Examples include edible oils such as almond, coconut, and canola oil (Manna et al., 2015; Manabe
et al., 2015). Infusion is made possible by employing polymers containing azlactone groups and
treating the polymers with amine containing molecules (Manna et al., 2015; Manabe et al., 2015).
Additionally, medical-grade perfluorocarbons like perfluorodecaline and
perfluoroperhydrophenanethene could be employed in infusion owing to their fluorinated groups.
Fluorous molecules can be physically adsorbed onto surfaces containing fluorous elements,
allowing a variety of substrates to be infused with the mentioned perfluorocarbons (Horvath, 2012;
Harris and Chess, 2003). FDA-approved and used as blood substitutes and ocular tamponades
respectively, these perfluorocarbons make promising candidates for infusing medical instruments
(Badv et al., 2017) (Castro et al., 2010; Kertes et al., 1997). Silicone oil, widely used as ocular
tamponades and in cosmetics, is also a favorable candidate due to its biocompatibility (Pavlidis,
2015; Narins and Beer, 2006). Its application as a lubricant in existing urinary catheters (e.g.

CompactCath) further highlights its potential for medical instrument infusion.
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1.2.4 Characterizing Liquid Infused Materials

To develop an effective system, researchers must possess a comprehensive understanding of the
system's parameters and properties. In the context of liquid-infused systems, researchers typically
measure the distribution, thickness, and stability of the liquid layer. However, obtaining such
measurements can sometimes be challenging due to the minute volume of the liquid layer on the
material, necessitating the use of specialized instruments that may not be readily available in all

research laboratories.

1.2.4.1 Thickness and Distribution

Microscopic methods represent a direct and valuable approach for visualizing liquid layers, with
confocal microscopy standing out for its capability to generate 3D reconstructions from image
stacks (Elliott, 2020). When employing fluorescently labeled infusing liquids in liquid infusion,
this method allows visualization of the thickness of the liquid layer on a flat surface (Song &
Rutledge, 2023; Peppou-Chapman et al., 2020; Howell et al., 2015). However, confocal
microscopy has limitations: it cannot quantify liquid layers with a thickness below 500 nm, and
issues such as poor matching of index of refraction between infusing liquid and the substrate may
lead to significant scattering (Song & Rutledge, 2023; Peppou-Chapman et al., 2020, Cox and
Sheppard, 2003). The lateral resolution of this method is also limited to a maximum of 250 nm

(Cox and Sheppard, 2003).

To enhance resolution, researchers can use scanning electron microscopy, which offers insights
into the behavior of droplets on liquid-infused surfaces. While this method facilitates the
visualization of liquid distribution, directly quantifying thickness may prove challenging without
additional treatments such as cryogenic processing of the samples. (Smith et al., 2013). Atomic

force microscopy (AFM) has proven more successful in estimating and quantifying liquid layer
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thickness. By employing contact mode force spectroscopy, researchers can use AFM probe’s tip to
determine the location of the top and bottom layers of the liquid (Peppou-Chapman et al., 2020).
However, limitations include dependence on the microscope's hardware, where the radius of the

tip determines image resolution, and the slow process compared to other microscopy techniques.

Alternatively, thickness estimation can be calculated by knowing the mass before and after infusion
and the surface area being infused, assuming a uniform liquid layer on the surface (Goodband et
al., 2020). This method is not universally applicable to all experimental substrates and may be
influenced by the sensitivity of the balance used. Ultra-violet visible spectrophotometry has been
used to indirectly measure the amount of oil in liquid-infused materials, where liquid quantity can
be estimated via a standard curve after dissolving all infused liquid in the material with extraction
solvents (Wu et al., 2021). Similarly, a fluorimeter can be employed if the infusing liquid is
fluorescent, providing information about the amount of liquid left in the material (Ware ef al.,

2018). These methods however lack spatial information and are destructive to the samples.

Characterizing liquid layers poses a significant challenge, primarily attributed to the minimal
volume of liquid on infused surfaces and constraints imposed by analysis protocols. Nevertheless,
overcoming these challenges might be feasible through the synergistic application of various
characterization methods in research studies, offering a more comprehensive and nuanced

understanding of the liquid layer.

1.2.4.2 Damage and Aging
Liquid-infused materials serve as effective systems in preventing fouling and contamination.

However, concerns arise regarding the depletion and aging of these materials, given that their
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antifouling property is contingent on the
presence of a functional liquid layer.
Researchers have devised multiple

methods to assess the depletion of this

liquid layer.

Figure 12. Stained Membrane With and Without Liquid

Visual detection of liquid presence can be .
Infusion.

achieved through dye staining (Shah et Crystal violet treated (A) bare membrane; and (B) membrane

) ) ) infused with commercial Krytox oil with low viscosity (K103).
al., 2022; Figure 12). By using a dye with

Membranes show here are made of poly(vinylidenefluoride).
different hydrophobicity ~than the (Modified from Shah eral.,2022).

infusing liquid, researchers can qualitatively reveal areas of substrates lacking the lubricant, as the
dye is immiscible with the infusing liquid (Shah ef al., 2022). Another simple yet effective method

is the paper stain test, where intentional damage to the liquid layer is followed by pressing the

sample on paper to detect stains, indicating the presence of the liquid layer (Cai & Pham, 2022).

The sliding angle test measures the critical angle at which a water droplet, of specific volume,
initiates sliding down an inclined plate of the infused material. This angle serves as a crucial
parameter for assessing the hydrophobic characteristics and fluid repellency of surfaces (Nongnual
et al., 2022; Miwa et al., 2000). Previous research has established that surface roughness
contributes to the resistance encountered by water droplets during sliding (Bikerman, 1950). A
smaller sliding angle is therefore indicative of a smoother and more slippery surface, suggesting
that the liquid layer is likely intact and not damaged. Additionally, if the substrate is placed at a
fixed angle, the volume of liquid required to make the droplet start rolling off from the surface also
indirectly measures the slipperiness and smoothness, indicating potential damage to the liquid

layer (Cai & Pham, 2022). Monitoring the damage or aging of the liquid layer can also be
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accomplished through periodic measurements of wetting properties. Researchers also assess the
contact angle of a water droplet on infused surfaces before and after aging treatments (Goodband
et al.,2020; Sotiri et al., 2018). The contact angle is the angle at which a liquid droplet forms when
in contact with the infusing substrate. A decrease in the contact angle suggests increased wetting
of the substrate by the fouling droplet, potentially indicating damage to the infused material.
However, this testing method cannot accurately be used to assess liquid-infused materials. This
limitation arises from the presence of infusing liquid on the surface of materials, which can interact
with the liquid droplet applied for testing (Semprebon et al., 2017). For instance, factors such as
the volume of infusing liquid in the infused material, the contact time of the liquid droplet applied
on the infused material, viscosity of the infusing liquid, and the wetting ridge formed by the
infusing liquid around the testing droplet can significantly influence the observed contact angle in

the test (Cai et al., 2021; Wong et al., 2020; Semprebon ef al., 2017; Figure 13).

While various methods exist to detect liquid layer damage, a lack of standardization in depleting
or damaging liquid-infused surfaces complicates direct comparisons between different studies and

surfaces in the current literature.

1.2.5 Interaction of Infused

Material with the

Silicone oil
(Infusing liquid)

Silicone Merge image

Environment

Figure 13. Confocal Images of Infused Silicone Polymer With
quujd_infused materials have Water Droplet Deposited on Surface.

. . . Confocal images were captured following the application of a water
garnered attention for their potential s P s PP

droplet on an infused silicone polymer. The images depict (A) the
applications in biomedical settings, silicone polymer, (B) the infusing liquid, and (C) the merged image.
In (C), the infusing liquid is highlighted in red, whereas areas where
primarily owing to their remarkable silicone and the infusing liquid co-localize appear in yellow.

antifouling  properties. This is (Modified from Cai ez al, 2021).
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significant as attachment of pathogens, biofilms or other biological foulants on medical devices
can lead to device failure or even infections. For example, as discussed in Section 1.1.8.2,
numerous surface modifications, including polymer coatings and substrate-releasing coatings like
those incorporating antibiotics and nanoparticles, often fail to transition effectively to in vivo

settings due to issues related to biofilm contamination.

1.2.5.1 Biological Fluids

Preventing contamination by biological fluids on medical devices presents a formidable challenge
due to the diverse composition and protein/biomolecule content of fluids such as blood, mucus,
and urine. An effective antifouling medical device must be able to repel these fouling proteins and

biomolecule content, each with distinct surface attachment properties.

Researchers have achieved success in preventing biological fluid contamination through liquid-
infused materials, with many studies revolving around the prevention of blood fouling. Liquid
infused surfaces such as slippery tungsten oxide coatings on medical-grade steel devices
effectively repel blood (Tesler et al., 2015). Infusing sesame oil on endoscopes prevents blood
coagulation, ensuring clear visualization of murine stomachs (Nishioka et al., 2016). Liquid-
infused endoscopes can also maintain their antifouling properties over a hundred blood-dipping
cycles (Sunny et al., 2016). Investigating biocompatible liquids like almond oil for antifouling
biodevices, researchers have also found that blood does not coagulate on edible oil coated surfaces
(Manabe et al., 2015). Coating surfaces with liquid perfluorodecalin, an artificial blood substitutes,
prevents fibrin and blood platelet attachment; these types of liquid layers have also been shown to
remain stable under physiological relevant flow rate (Leslie ef al., 2014). Perfluorocarbon-coated
and fluorine-based organosilane-coated catheters have also demonstrated lower thrombogenicity

than uncoated counterparts, with blood-repelling properties lasting up to 8 hours without
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anticoagulants- values comparable to coagulant-based coatings (Badv et al., 2017; Leslie et al.,
2014). In addition, liquid infusion can also transform cotton coatings, preventing permeation of
water and blood (Sasaki et al., 2016). These findings are of significant interest as implants or
wound dressings often encounter various biological fluids, and fouling or contaminant

accumulation can lead to implant failure or infections.

Beyond blood fouling, liquid-infused materials can be further functionalized by incorporating
molecules into the infusion liquid (Applebee and Howell, 2024). For instance, liquid infusion
incorporated into vascular grafts prevents coagulation while promoting endothelial cell adhesion
by adding antibodies as a coupling agent (Badv et al., 2019). This infused material can selectively

capture endothelial cells while preventing other proteins and cells.

Silicone oil-infused urinary catheters (infused polymer) have recently demonstrated excellent
fouling resistance in the bladder or urinary environment against Fb adhesion in vivo in murine
models (Andersen ef al., 2022). The complex bladder environment, involving periodic filling and
voiding of liquid, as well as protein secretions in case of catheter-induced wounds, makes the
success of liquid infusion in vivo promising for creating antifouling medical devices that can
effectively combat contaminations and infections. Further elaboration on liquid infused urinary

catheter will be provided in Section 1.2.6.

1.2.5.2 Cells and Pathogens

To better be able to take advantage of liquid-infused materials in medical settings, researchers aim
to enhance understanding of the interaction between liquid-infused surfaces and cells or pathogens.
Achieving a delicate balance between repelling pathogen or biological foulant adhesion and

avoiding immune responses is crucial for materials implanted or placed in the human body. Various
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factors, including cell signaling, protein or pathogen adhesion properties, and the potential

influence of the liquid on the infused surface, must be considered to achieve this balance.

In vitro studies have demonstrated the ability of liquid infused surfaces to transport cells.
Hydrophobic liquid barriers on infused surfaces allow researchers to control the adhesion and
migration of eukaryotic cells, confining them within liquid barriers with minimal cell toxicity
(Ueda and Levkin, 2013). Similarly, preparing mouse cell suspensions in a solution that can gel
into a bead on liquid-infused surfaces enables the encapsulation of cells, while maintaining
viability and healthy growth (Schlaich et al., 2018). Additionally, mesenchymal stem cells were
able to proliferate on silicone oil-infused silicone surfaces coated with fibronectin. Notably, the
resulting cell sheet could detach from the infused substrate while maintaining viability. (Juthani et
al., 2016). These findings highlight the capability of liquid-infused surfaces to prevent mammalian
cell adhesion without compromising viability, demonstrating the promise of liquid-infused surface

for applications in medical devices.

1.2.5.3 Environmental Damage

The durability of the liquid layer on infused materials is a crucial aspect of research, as it could
impact the functionality of the infused material. Remarkably, infused materials subjected to
various forms of mechanical damage have exhibited robust stability and functionality. For
instance, silicone oil infused materials have demonstrated resilience against challenging
conditions, including icing and deicing cycles, frosting and defrosting cycles, exposure to liquid
nitrogen and water cycles, submersion under ice, and contact with acidic or basic solutions (Jamil
et al., 2020). Furthermore, these materials have proven their resistance to mechanical damage such
as pressing, sandpaper abrasions, touching, and knife cuts, all while maintaining their slippery

performance (Jamil et al., 2020, Yu et al., 2020). Similarly, perfluoropolyether infused nanofibers
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have displayed enduring slippery properties, with the lubricant layer remaining stable even during
long-term storage in harsh temperature environments ranging from -10°C to 70°C, water

immersion, and exposure to ultraviolet radiation (Yu et al., 2020).

The liquid nature of the lubricant layer plays a crucial role in this resilience, allowing self-healing
of external damage to restore functionality. Additionally, the affinity of the liquid layer to the
infused solid also contributes to the overall stability of liquid-infused materials (Howell et al.,
2018). The versatility of liquid-infused materials is noteworthy, as they can be applied in a wide
range of settings. The stability and durability against damage can be further enhanced by increasing
the surface roughness of the infusing substrate and the viscosity of the infusing liquid of the coating
(Bazyar et al., 2018; Bjelobrk et al., 2016; Colosqui ef al., 2016). This highlights the potential for

tailoring liquid-infused materials to meet specific requirements in diverse environments.

1.2.6 Using Liquid Infusion to Combat CAUTI

As discussed in Section 1.1.9, despite the exploration of various coatings for urinary catheter
materials, such as hydrogel and antibiotic-releasing coatings, a common challenge is the difficulty
in translating their efficacy from in vitro to in vivo environments. Moreover, the undesirable
consequences of antibiotic resistance and the ineffectiveness of substance-releasing coatings in
CAUTI due to biofilm formation have led to the search for alternative solutions (Hunt ez al., 2023;
Gaston et al., 2020). Given that deposition of Fb on catheters has been identified as the primary
cause of the persistence of pathogens and subsequent biofilm formation on catheter surfaces (as
elaborated in Section 1.1.5.2; Figure 14), efforts aimed at reducing the availability of pathogen

binding sites by lowering Fb adhesion could effectively reduce microbial colonization. Recent
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effective compared to

alternative antifouling polymer modifications (Andersen and Flores-Mireles, 2019). To prepare
liquid-infused mouse catheters for in vivo testing, we submerged silicone mouse catheters in
silicone oil until reaching saturation, as determined by the absence of further weight gain. The
polymer matrix of the resulting mouse catheters had been fully saturated with silicone oil, in
contrast to liquid-infused surfaces where the infusing liquid merely coats the surface without liquid

penetration.

Following catheterization of mice with either unmodified or liquid-infused mouse catheters, the
mice were subsequently infected with uropathogens for a duration of 24 hours. Our results showed
a significant reduction in microbial colonization in the bladder and on the catheter surface among
mice catheterized with liquid-infused mouse catheters, irrespective of the infecting pathogen
(Figure 15). Additionally, deposition of other host-secreted proteins such as serum albumin was
notably diminished. Furthermore, hematoxylin and eosin analysis revealed that catheterization
with liquid-infused catheters did not exacerbate bladder inflammation, regardless of the presence

of infection. Our study is significant as it shows that the liquid infused technique can be applied to
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urinary catheters and most importantly, proved to
function effectively in in vivo environment. This
differs from other antifouling coatings, as they
frequently struggle to maintain efficacy when
transitioning from in vitro to in vivo environments
(as described in Section 1.1.8.2). Nevertheless,
gaining a deeper understanding of the impact of
silicone oil on the immune system or host tissue will
be essential for ensuring the safe and successful

translation of this technique into the market.

1.2.6.1 Acknowledgement
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L Flores-Mireles.

1.2.7 Potential Health Impact of Silicone Oil

While silicone oil boasts excellent biocompatibility and has garnered FDA approval as a catheter

lubricant in current market catheter products, concerns persist regarding its potential to cause

health impacts to the host system. Addressing this concern, researchers have conducted toxicity

tests on silicone oil, revealing that while silicone oil infused surfaces can repel adhesions and

prevent biofilm formation by various microorganisms, and it does not induce suffocation of cells

in Botrycoccus braunii—a type of algae heavily reliant on gases for photosynthesis (Howell ez al.,
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2014). This biocompatibility extends to mammalian cells, as evidenced by the growth of mouse
mesenchymal stem cells on silicone oil-infused coatings, where no toxicity is observed, and cell
coverage mirrors that on plain glass (Sunny et al., 2016). Additionally, mesenchymal stem cells
can grow on silicone oil-infused surfaces, where they remained viable and exhibited continued
growth and proliferation after being transferred from these surfaces. (Juthani et al., 2016). While
these studies indicate that cytotoxicity or loss of cell functionality does not occur in algae and
mammalian cells, it does not necessarily imply complete safety for human use, given the inherent
differences between these experimental systems and the human body. For example, high
concentrations of silicone oil, at ~5.4 mg/mL, have been associated with potential protein structural
alterations and the potential initiation of antibody responses (Krayukhina et al., 2019; Chisholm

etal.,2015).

Silicone oil is widely used in medical devices, such as syringe lubricants and ocular tamponades.
The precise threshold of free silicone oil required to trigger an immune response however remains
poorly understood and likely varies among individuals. It has been estimated that the volume of
silicone liquid coating clinically used prefilled siliconized syringes can range from 0.6 to 1 mg/mL,
with around 0.11+0.03 mg/mL of this volume typically released into the bloodstream (Chisholm
et al.,2015). This suggests that the host system can tolerate a limited exposure of free silicone oil.
Previous studies on ocular tamponades and connective tissue have also suggested adverse effects
of silicone liquid leakage, including heightened inflammatory cell response and antibody
production (Melo et al., 2021; Cheng et al., 2020; Krayukhina et al., 2019; Chisholm et al., 2015).
It is believed that the immune response is linked to the formation of protein aggregates around
silicone liquid droplets. In vivo studies have indicated elevated concentrations of antidrug

antibodies in the presence of silicone liquid-protein complexes (Cheng ef al., 2020; Krayukhina et
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al., 2019; Chisholm et al., 2015). Recent findings also suggest that liquid silicone droplets can

trigger the formation of adherent cell masses similar to granuloma formation (Cheng et al., 2020).

Previous studies have demonstrated that repeated exposure to an air/water interface is an effective
method for removing the free liquid layer from infused systems, as the lower-surface-energy liquid
will spontaneously move to cover the higher-surface-energy water interface and be carried away
into the environment (Sotiri et al., 2018; Howell et al., 2015). In urinary catheters, the intermittent
flow of urine over the surface of the catheter is very likely to result in the loss of free silicone
liquid from liquid-infused surfaces. At the same time, repeated contact of the exterior surface of
the catheter with urethral and bladder tissue is likely to physically remove free liquid present there
(Veronesi et al., 2021). It is therefore critical to understand the potential for surface liquid loss in
liquid infused catheters and explore methods of reducing such loss while continuing to preserve

their antifouling capabilities.

1.3 Dissertation: Rationale, Scope, and Contribution
In this dissertation, we explore the development of liquid-infused urinary catheters, focusing on
controlling protein and pathogen deposition, and improving the safety of liquid-infused urinary

catheters. The comprehensive approach involved three key aspects:

(1) Fabricating and characterizing the infused material: One notable advantage of producing
silicone oil-infused silicone urinary catheters is their compatibility with existing commercial
silicone catheters (Andersen et al., 2023), obviating the need to produce catheters from the
ground up. Understanding how the infusion process affects the infused material is crucial
for manufacturing. Our investigation delved into parameter alterations of silicone catheters
during the infusion process, encompassing changes in length, outer diameter, inner diameter,

and the quantity of silicone oil intake. Additionally, we explored various fabrication methods
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for liquid-infused catheters aimed at minimizing the quantity of silicone oil within the
catheter material to enhance safety.

(2) Assessing the functionality of the infused catheters in terms of protein and pathogen
adhesion: Following the fabrication of liquid-infused catheters with reduced quantities of
silicone oil, our investigation focused on assessing whether these catheters maintained their
ability to repel protein and pathogen adhesion. Preserving this crucial functionality is
essential for combating CAUTI, making it a critical aspect to evaluate.

(3) Investigating the impact of removing the free liquid layer from infused catheter on liquid
loss into the environment. Another crucial aspect to investigate is whether these methods
aimed to reduce free liquid layer from infused catheters also minimize the release of silicone
oil into the environment into the host bladder. Gaining insight into the potential quantity of
silicone oil lost could facilitate further testing to ascertain the safety levels associated with

using liquid-infused urinary catheters as a medical instrument.

In conclusion, the primary objective of this dissertation was to advance the safe use of liquid-
infused catheters in combating CAUTI, as this technique has shown to be successful in in vivo
settings (Andersen et al., 2023). This holds significance as it represents one of the rare instances
where a surface modification approach has effectively transitioned from in vitro to in vivo
applications, notably without resorting to antibiotics, thus mitigating the risk of contributing to
antibiotic resistance. Given the indispensable role of urinary catheters in the care of a diverse range
of patients, we aspire for this study to offer an alternative in the future, enabling patients to mitigate

infections without facing repercussions for a crucial medical treatment they require.
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CHAPTER 2
LIQUID INFUSED SILICONE CATHETERS IN MOUSE MODELS

2.1 Introduction

Recent findings in mouse and human urinary catheterization have unveiled the importance of the
host clotting factor 1, fibrinogen (Fg), for surface adhesion and subsequent establishment of
biofilms and persistence of CAUTIs in Enterococcus faecalis and Staphylococcus aureus
infections (Flores-Mireles et al., 2019; Flores-Mireles et al., 2014; Flores-Mireles et al., 2016a;
Flores-Mireles et al., 2016b; Gaston et al., 2020; Klein and Hultgren, 2020). Fg is continuously
released into the bladder lumen in response to mechanical damage to the urothelial lining caused
by catheterization (Flores-Mireles et al., 2019; Flores-Mireles et al., 2014; Flores-Mireles et al.,
2016a; Klein and Hultgren, 2020). Once in the lumen, Fg is deposited on the catheter, providing a
scaffold for these incoming uropathogens to bind and establish infection in human and mouse
CAUTI. When blocking the interaction between Fg and E. faecalis using antibodies, the pathogen
is not able to effectively colonize the bladder (Di Venanzio et al., 2019; Flores-Mireles et al., 2014;

Flores-Mireles et al., 2016a; Gaston et al., 2020; Walker et al., 2017).

Thus, we hypothesized that reducing availability of binding scaffolds, in this case Fg, would
decrease microbial colonization in a catheterized bladder. To test our hypothesis, we used a mouse
model of CAUTI and a diverse panel of uropathogens, including E. faecalis, C. albicans,
uropathogenic Escherichia coli, Pseudomonas aeruginosa, A. baumannii, and Klebsiella
pneumonia, which we found all bind more extensively to catheters with Fg present. To resolve the
deposition of Fg, we focus on antifouling modifications, specifically, liquid-infused silicone (LIS).
LIS is simpler to make, more stable, and more cost effective than other antifouling polymer
modifications (Andersen and Flores-Mireles, 2019; Campoccia et al., 2013; Homeyer et al., 2019;

Howell ef al., 2018; Chamy, 2013; Singha et al., 2017; Sotiri et al., 2018; Villegas et al., 2019).
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Additionally, LIS has been shown to reduce clotting in central lines and infection in skin implants
(Chen et al., 2017; Leslie et al., 2014). We show that our LIS-catheters reduced Fg deposition and
microbial binding not only in vitro but also in vivo. Furthermore, LIS-catheters significantly
decrease host-protein deposition when compared to unmodified (UM)-catheters as well as
reducing catheter-induced inflammation. These findings suggest that targeting host-protein
deposition on catheter surfaces and the use of LIS-catheters are plausible strategies for reducing

instances of CAUTI.

2.1.1 Special Introduction

This chapter is based on work previously published in eLife, doi: 10.7554/eLife.75798; authors:

Marissa Jeme Andersen, ChunKi Fong, Alyssa Ann La Bella, Jonathan Jesus Molina, Alex

Molesan, Matthew M Champion, Caitlin Howell, and Ana L Flores-Mireles. This published paper
is the collaboration work between University of Maine and University of Notre Dame, we have
contributed to paper review, and the following experimental sections: infused tube fabrication and

infused tube parameter characterization.

2.2 Materials and Methods

2.2.1 Mouse infection models

Mice used in this study were ~6-week-old female wild-type C57BL/6 mice purchased from
Jackson Laboratory and The National Institute of Cancer Research. Mice were subjected to
transurethral implantation and inoculated as previously described (Conover et al., 2015). Briefly,
mice were anesthetized by inhalation of isoflurane and implanted with a 6-mm-long UM-silicone
or LIS-catheter. Mice were infected immediately following catheter implantation with 50 ul of ~2

x 107 CFU/ml in phosphate-buffered saline (PBS) introduced into the bladder lumen by
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transurethral inoculation. To harvest the catheters and organs, mice were sacrificed at 24 hpi by
cervical dislocation after anesthesia inhalation; the silicone catheter, bladder, kidneys, heart, and
spleen were aseptically harvested. Catheters were either subjected to sonication (Branson,
Ultrasonic Bath) for CFU enumeration analysis, fixed for imaging via standard IF described below,
or sent for proteomic analysis as described below using nonimplanted catheters as controls for all
assays. Bladders for IF and histology were fixed and processed as described below. Kidneys,
spleens, and hearts were all used for CFU analysis. The University of Notre Dame Institutional
Animal Care and Use Committee approved all mouse infections and procedures as part of protocol
number 18-08-4792MD. All animal care was consistent with the Guide for the Care and Use of

Laboratory Animals from the National Research Council.

2.2.2 Bladder Immunohistochemistry (IHC) and H&E staining of mouse bladders

Mouse bladders were fixed in 10% neutralized formalin (Leica) overnight, before being processed
and sectioned by ND CORE. Staining was done as previously described (Walker et al., 2017).
Briefly, bladder sections were deparaffinized, rehydrated, and rinsed with water. Antigen retrieval
was accomplished by boiling the samples in Na-citrate, washing in water, and then incubating in
PBS three times. Sections were then blocked (1x PBS, 1.5% BSA, 0.1% sodium azide), washed
in PBS, and incubated with appropriate primary antibodies overnight at 4°C. Next, sections were
washed with PBS, incubated with secondary antibodies for 2 hr at RT, and washed once more in
PBS prior to Hoechst dye staining. H&E stain for light microscopy was done by the CORE
facilities at the University of Notre Dame (ND CORE). All imaging was done using a Zeiss
inverted light microscope (Carl Zeiss, Axio Observer). Zen Pro (Carl Zeiss, Thornwood, NY) and

Imagel software were used to analyze the images.

2.2.3 Quantifying catheter colonization and Fg deposition

61



As previously described (Colomer-Winter ef al., 2019). Briefly, catheters were fixed with 10%
neutralized formalin, blocked, and stained using Goat anti-Fg primary antibody (Sigma) (1:1000)
and Rabbit anti-pathogen followed by Donkey anti-Goat IRD800 antibody (Invitrogen) (1:5000)
and Donkey anti-Rabbit IRD680 antibody (Invitrogen) (1:5000) secondary. The catheters were
then dried over night at 4°C and imaged on an Odyssey Imaging System (LI-COR Biosciences) to
examine the infrared signal. Images of the signals (Fg in green and pathogens in red) were analyzed

in ImagelJ using Pixel color counter (Gaston et al., 2020).

2.2.4 Human urine collection

Human urine was collected and pooled from at least two healthy female donors between 20 and
40 years of age. Donors had no history of kidney disease, diabetes, or recent antibiotic treatment.
Urine was sterilized using a 0.22 pum filter (Sigma-Aldrich) and pH adjusted to 6.0-6.5. When
supplemented with BSA (VWR Lifesciences), urine was filter sterilized again following BSA
addition. All participants signed an informed consent form and protocols were approved by the

local Internal Review Board at the University of Notre Dame under study #19-04-5273.

2.2.5 Microbial growth conditions in supplemented urine

E. faecalis and C. albicans were grown static for ~5 hr in 5 ml of respective media (Supplementary
file 1) followed by static overnight culture in human urine supplemented with 20 mg/ml BSA
(urine BSA20). E. coli, K. pneumoniae, P. mirabilis, A. baumanii, and P. aeruginosa were grown
5 hr shaking at 37°C in LB then static in fresh urine BSA for 24 hr then, supplemented into fresh
urine BSA for an additional 24 hr static (2 x 24 hr) in urine BSA20. All cultures were washed in

PBS (Sigma) three times and resuspended in assay appropriate media.

2.2.6 Silicone disk preparation
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Disks of UM-silicone (Nalgene 50 silicone tubing, Brand Products) or LIS were cut using an 8
mm leather hole punch. UM disks were washed three times in PBS and air dried. LIS disks were
stored in filter sterilized silicone oil at RT. Disks were skewered onto needles (BD) to hold them
in place and put in 5 ml glass tubes (Thermo Scientific) or placed on the bottom of 96-well plate
wells (Fisher Scientific) (UM-silicone only). Plates and glass tubes were UV sterilized for >30 min

prior to use.

2.2.7 Protein-binding assays

Human Fg free from plasminogen and von Willebrand factor (Enzyme Research Laboratory #FB3)
was diluted to 150 pg/ml in PBS. 500 pL of 150 pg/ml Fg was added to each disk in glass tubes,
sealed, and left over night at 4°C. Disks were then processed according to standard IF procedure
as described above (Colomer-Winter ef al., 2019). Briefly, disks were washed three times in PBS,
fixed with 10% neutralized formalin (Leica), blocked, and stained using Goat anti-Fg primary
antibody (Sigma) (1:1000) and Donkey anti-Goat IRD800 secondary antibody (Invitrogen)
(1:5000). Disks were then dried over night at 4°C and imaged on an Odyssey Imaging System (LI-
COR Biosciences) to examine the infrared signal. Intensities for each catheter piece were
normalized against a negative control and then made relative to the pieces coated with Fg which
was assigned to 100%. Images were processed using Image Studio Software (LI-COR, Lincoln,

NE) Microsoft Excel and graphed on GraphPad Prism (GraphPad Software, San Diego, CA).

2.2.8 Microbial-binding assays

For assessing the effect of protein deposition on microbial binding, 100 pl of 150 pg/ml Human

Fg, 100 pul of 150 pg/ml BSA, or 100 pul of PBS were incubated on UM-silicone disks in 96-well
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plates overnight at 4°C. The following day disks were washed three times with PBS followed by

a 2-hr RT incubation in 100 ul of urine containing microbes at a concentration of ~108 CFU/ml.

For assessing microbial binding to UM-silicone vs LIS, 500 pl of microbe containing media was
added to prepared disks in glass tubes. Standard IF procedure was then followed as described
above using goat anti-Fg and rabbit anti-microbe primary antibodies (1:1000) (see Supplementary
file 1 for details). Secondary antibodies used were Donkey anti-Goat IRD800 and Donkey anti-
Rabbit IRD680 (1:5000). Quantification of binding was done using ImageStudio Software (LI-
COR). Intensities for each catheter piece were normalized against a negative control and then made

relative to the pieces coated with Fg which was assigned to 100%.

2.2.9 Silicone and Tygon tube infusion

Five samples of 20-cm Tygon tube (14-171-219, Saint-Gobain Tygon S3 TM 3603 Flexible
Tubings, Fisher Scientific, USA) or silicone tube (8060-0030, NalgeneTM 50 Platinum-cured
Silicone Tubing, Thermo Scientific, USA) were utilized in weight measurement. Weight of the
tubes prior to infusion were measured with an analytical balance (AL204, Analytical Balance,
Mettler Toledo, Germany). After the measurement of the initial weights, the tubes were submerged
in silicone oil (DMS-T15, polydimethylsiloxane, trimethylsiloxy, 50 c¢St, GelestSInc, USA) and
weighed at designated time points. For each time point, tubes were removed from the oil with
forceps and held vertically for 30 s for the excess silicone oil to flow out of the tube. The bottoms
of the tubes were then gently dabbed with Kimwipes (Kimwipe, Kimberly-Clark Corp., USA).
After measurement, the tubes were again submerged in silicone oil until the next time point. Tubes
were measured every 3 hr for the first 2 days; every 6 hr from days 3 to 6; and every 24 hr from
day 6 and onwards. Measurements were taken until data showed no significant increase, and that

the plateau trendline consisted of at least three data points. Based on these data, for all the protein-
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and microbial-binding assays, silicone catheters were submerged in silicone oil for 5 days prior to

use to ensure full infusion.

2.2.10 Mouse catheter infusion

Five samples of 20-cm mouse catheter (SIL 025, RenaSil Silicone Rubber Tubing, Braintree
Scientific, Inc, USA) were utilized in weight measurement. Weight of the tubes prior to infusion
were measured with an analytical balance. After the measurement of the initial weights, the tubes
were submerged in silicone oil for different time points. For each time point, catheters were
removed from the oil with forceps and a Kimwipes was immediately pressed against the bottom
of the catheters to remove the excess silicone oil via capillary action. After the excess oil was
drained, catheters were weighed and placed back into silicone oil to continue with the infusion
until the next time point. Catheters were measured every 1 min for the first 5 min of the experiment;
every 2 min from 5 to 15 min; and every 5 min from 15 min and onwards. Measurements were
taken until weight showed no significant increase, and that the plateau trendline consisted of at
least three data points. Silicone catheters modified and used in mouse infections were submerged

in silicone oil for at least 30 min prior to use.

2.2.11 Parameter measurement of silicone tube before and after infusion

The length, inner diameter, and outer diameter of silicone tubes were measured before silicone oil
infusion and following complete infusion (after incubating with silicone oil for >5 days). All
parameters were measured using a digital caliper (06-664-16, Fisherbrand Traceable Digital
Calipers, Fisher Scientific, USA). For mouse catheters, length was measured using a digital caliper.

For inner and outer diameter measurement, photos of the tube openings of the catheters and a scale
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of known length were taken and estimated using ImageJ. Percentage weight change of Tygon tube,

silicone tube, and mouse catheters were calculated based on the formula below:

Weight of the tube after infusion — Initial weight of the tube

1009
Initial weight of the tube i %

2.2.12 Proteomic analysis of mouse catheters

Five mice catheterized with a LIS-catheter and four mice were catheterized with an UM-catheter
were sacrificed after 24 hr of infection with E. faecalis OG1RF. Catheters were harvested and put
into 100 pl of sodium dodecyl sulfate (SDS buffer (100 mM Tris—HCI, pH 8.8, 10 mM
Dithiothreitol (DTT), and 2% SDS)), then vortexed for 30 s, heated for 5 min at 90°C, sonicated
for 30 min and the process repeated once more. Samples were sent to the Mass Spectrometry and
Proteomics Facility at Notre Dame (MSPF) for proteomic analysis. Proteins were further reduced
in DTT, alkylated and digested with trypsin using Suspension Trap and protocols (Zougman et al.,
2014). nLC-MS-MS/MS was performed essentially as described in Sanchez et al., 2020 on a Q-
Exactive instrument (Thermo). Proteins were identified and quantified using MaxLFQ (Label Free
Quantification) within MaxQuant and cutoff at a 1% FDR (Cox and Mann, 2008). This generated
a total of eight data records from UM-catheters and 10 from LIS-catheters. Data reduction was
performed by removing contaminants proteins. Protein abundance for each catheter type was then
calculated by summing the LFQ intensity of proteins which comprised 95% of the total abundance
on the catheters. Strict filtering criteria of at least two replicates with technical duplication from
the UM-catheters and three replicates with technical duplication from the LIS-catheters were
required to keep an identification. Abundance of the reduced proteins was plotted using GraphPad

Prism. Statistical significance was tested using Mann—Whitney U. A volcano plot was created
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using the ranked mean difference for each protein and —log of calculated p values with alpha =

0.05.
2.2.13 Statistical analysis

Unless otherwise stated, data from at least three experiments were pooled for each assay.
Significance of experimental results was assessed by Mann—Whitney U test using GraphPad Prism,
version 7.03 (GraphPad Software, San Diego, CA). Significance values on graphs are *p < 0.05,

**p <0.01, ***p <0.0001, and ****p <.00001.

2.3 Results

2.3.1 Uropathogens interact with Fg during CAUTI

Due to the understood interaction between Fg and some uropathogens and Fg accumulation on

catheters over time in human and mice, we assessed potential interaction of E. faecalis OG1RF,
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Figure 16. Uropathogens interact with fibrinogen (Fg) in vivo.

(A) Urinary catheters stained with immunofluorescence (IF) for Fg deposition (Fg; green) and microbe binding
(respective pathogen; red). Unimplanted catheters were used as controls for autofluorescence, n = 3—4. (B)
Quantification of uropathogen—Fg colocalization on catheters from panel A. (C) Representative images from a single
bladder illustrating the interaction of uropathogens (red), Fg (green), and nuclei (blue) on the bladder urothelium (U)
and in the lumen (L). Scale bar, 50 nm. For all graphs error bars show the standard error of the mean (SEM). Between

3 and 5 replicates of n = 4—12 each were performed for each pathogen and condition.
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uropathogenic E. coli UTI&9, P. aeruginosa PAO1, K. pneumoniae TOP52, A. baumannii UPAB1,
and C. albicans SC5314 with Fg in vivo, using a CAUTI mouse model, which recapitulates human
CAUTI pathophysiology (Flores-Mireles et al., 2019; Flores-Mireles et al., 2014; Flores-Mireles
et al., 2016a; Flores-Mireles et al., 2016b). Mice catheterized and infected with the respective
uropathogen were sacrificed at 24 hours post infection (hpi). Catheters and bladders were
harvested, stained, and imaged. Visual and quantitative analysis of the catheters showed all
uropathogens colocalizing strongly with Fg deposits exhibiting preference for Fg (Figure 16A, B)
and robust Fg deposition on catheters, validating previous studies on human catheters (Flores-
Mireles et al., 2019; Flores-Mireles et al., 2014; Flores-Mireles et al., 2016a; Flores-Mireles et al.,
2016b). Importantly, immunofluorescence (IF) analysis of bladder sections showed that all
uropathogens interact with Fg on the bladder urothelium or in the lumen during CAUTI (Figure
16C). Although we show interaction between the pathogens and Fg, further studies are needed to
characterize each pathogen—Fg interaction mechanism, as previously done with E. faecalis and S.

aureus (Flores-Mireles et al., 2014; Flores-Mireles et al., 2016b; Walker et al., 2017).

2.3.2 Fg on urinary catheter material enhances microbial binding

Based on our in vivo findings, we assessed whether Fg could promote initial binding of the
uropathogens to silicone catheters as previously seen for E. faecalis (Flores-Mireles et al., 2014).
In addition to Fg, bovine serum albumin (BSA) was tested since serum albumin is one of the most
abundant proteins on human and mouse urinary catheters (Molina et al., 2024). We compared
uropathogen binding to Fg-, BSA-, and uncoated silicone, finding that Fg significantly enhanced
the binding to the catheter for all uropathogens when compared with uncoated and BSA-coated
silicone catheters (Figure 17). Interestingly, P. aeruginosa and A. baumannii binding to BSA-

coated silicone was ~14% and ~10% higher than uncoated controls, respectively (Figure 17C, E),

68



>

alluding to a role for other host-secreted

E. faecalis OG1RF E. coli UTI89 P. aeruginosa PA01
’\?150 ns 150 ns 150 *
. . . . < Sokkk ko sdeokdkok  kokokok skkk  kokokk
proteins during infection. However, these 2
5 100 100
c
£
. . . o
values were still significantly lower than the 2 .
g o 0
increase in binding observed on Fg-coated D Uc Fa BSA UG: Fg BSA UG Fg BSA
K. pneumoniae TOP52 A. baumannii UPAB1 C. albicans SC5314
silicone (Figure 17C, E). Taken together, £ e N B I
i=2
'.g 1004 100
5 .
these data suggest that wuropathogen @
g 50- 50
£
. . . . . Q
interaction with host proteins deposited on = ° C
ucC Fg BSA UC Fg BSA UC Fg BSA
silicone surfaces, partiCUIarly Fg, increases G Tube Infusions H mouse Catheter Infusions
g b iiinid g
g . [ -
the ability of uropathogens to colonize %m o g1 ® ol 2L
5 5
£ £
. - 50 -
urinary catheters. 5 & g "
G I @
(-8 o od
0 50 100 150 0 10 20 30
Time in infustion oil (hr) Time in infustion oil (min)

2.3.3 Characterization of liquid-infused catheters to prevent host-protein deposition

Based on the exploitative interaction of uropathogens with deposited Fg, we hypothesized that
development of a material to prevent protein deposition would also reduce microbial colonization.
Recent work with liquid-infused surfaces has demonstrated resistance to protein and bacterial

fouling (Goudie et al., 2017; Howell et al., Figure 17. Silicone infusion and fibrinogen (Fg)

enhancement of microbial surface binding.

2018; Leslie et al., 2014; Sotiri et al., 2018).

. . (A-F) Uropathogens were tested for their ability to bind to
This prompted us to develop a LIS material . "

protein coated and uncoated (UC) silicone catheters. For all

by modifying medical-grade silicone using graphs, error bars show the standard error of the mean (SEM).

Between 3 and 5 replicates of n = 4-12 each were performed
Inert trimethyl-terminated for each pathogen and condition. (G) Kinetics of silicone oil
polydimethylsiloxane fluid (silicone oil) infusion on silicone and Tygon tubes, as well as (H) mouse
silicone catheters. Differences between groups were tested for
(Goudie et al., 2017). Infusion was significance using the Mann-Whitney U test. *, P < 0.05; **, P

_ N . <0.005; and **** P < 0.0001.
completed by submerging silicone into
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medical-grade silicone oil, the oil was then naturally taken up by the silicone tube creating a fully
infused silicone tube with a slippery surface. Analysis of the oil’s infusion rate showed a significant
increase in silicone weight during the first 3 days of infusion then a gradual decrease in infusion
until a plateau was reached after ~50 hr (Figure 17G). Plastic Tygon tubes (non-silicone) were used
as negative controls (Figure 17G). Full infusion of mouse silicone catheters was achieved by 10

min of infusion (Figure 17H).

2.3.4 LIS modification reduces Fg deposition and microbial-binding in vitro

The ability of the LIS-catheters to reduce Fg deposition in vitro was tested for infused medical-
grade silicone material and two commercially available urinary catheters, Dover and Bardex with
UM versions of each used as controls. The UM- and LIS-catheters were incubated with Fg
overnight and assessment of Fg deposition by IF. We found that Fg deposition was reduced in all
LIS-catheters, showing ~90% decrease on Dover and ~100% on the Bardex and medical-grade

silicone tubing when compared with the corresponding UM controls (Figure 18A, B).
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Based on previous reports of the biofouling ability of liquid-infused surfaces and our LIS’s success

in reducing Fg deposition, we tested its ability to prevent microbial surface binding (Howell et al.,

2018). Our six uropathogens were grown in urine
supplemented with BSA at 37°C (Supplementary
file 1), cultures were normalized in urine, added
to UM control and LIS-catheters, incubated under
static conditions and quantified via IF. Binding
analysis by each of the uropathogens showed that
all were able to bind in significantly higher
densities to the UM-catheters than to the LIS-
catheters (Figure 18C). These results further

demonstrate the capability of silicone LIS-
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Figure 18. Liquid-infused silicone (LIS) modification
reduces fibrinogen (Fg) deposition and microbial-

binding in vitro.

(A) Visualization and (B) quantification of Fg (green)
deposition on unmodified (UM)-catheter material (black
bars) and LIS-catheter materials (white bars) by
immunofluorescence (IF) staining. Three replicates with
n = 2-3 each. (C) Microbial binding on UM and LIS.
For all graphs, error bars show the standard error of the
mean (SEM) and each condition had 3 replicates with n
= 3 each. Differences between groups were tested for
significance using the Mann-Whitney U test. *** P <

0.0005; and **** P <0.0001*.

catheters to reduce not only protein deposition

but to also impede microbial colonization.

23,5 Fg deposition and microbial

biofilms on catheters was reduced by LIS

Mice were catheterized with either an UM- or
LIS-catheter and infected with one of six
uropathogens for 24 hr. Bladders and catheters
were harvested and assessed for microbial

burden by CFU enumeration or fixed for



staining. Kidneys, spleens, and hearts were collected to determine microbial burden. We found that
mice with LIS-catheters significantly reduced microbial colonization in the bladder and on
catheters when compared with UM-catheterized mice regardless of the infecting uropathogen
(Figure 19). Additionally, colonization was significantly lower in LIS-catheterized mouse kidneys
for P. aeruginosa, A. baumannii, and E. coli infections (Figure 19C, E, G) and LIS-catheterized
mice infected with E. coli or C. albicans showed significantly less colonization of the spleen

(Figure 19G, K). K. pneumoniae kidney and spleen colonization difference was not statistically
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Figure 19. In vivo reduction of fibrinogen (Fg) deposition to restrict microbial burden.

Mice were catheterized and infected with one of six uropathogens. (A, C, E, G, I, K) Organ and catheter CFUs
from mice with either an unmodified (UM)-catheter (closed circles) or liquid-infused silicone (LIS)-catheter (open
circles) show the dissemination profile of the pathogen. (B, D, F, H,J,L) Imaging of catheters for Fg (green),
respective uropathogen (red), and a merged image compare deposition on UM-catheters (left) with LIS-catheters
(right); nonimplanted catheters as controls. Quantification of microbial colonization and colocalization on the
catheters can be found in Figure 4—figure supplement 1. All animal studies for CFUs, catheter and bladder
imaging had at least 10 animals per strain and catheter type. Differences between groups were tested for

significance using the Mann-Whitney U test. *, P <0.05; **, P <0.005; *** P <0.0005; and **** P <0.0001.

significant, however they showed a trend of less colonization and there was significantly less
colonization of the heart (Figure 191). Furthermore, IF imaging and quantification of catheters
confirmed decreased Fg deposition and microbial biofilms on LIS-catheters compared to UM
(Figure 19B, D, F, H, J, I). These data demonstrate pathogens preferentially bind to Fg, and that
the LIS modification successfully reduced Fg deposition (the microbes’ binding platform), disrupts
uropathogen biofilm formation on catheters, and colonization of the bladder in vivo. Importantly,

hematoxylin and eosin (H&E) analysis shows the Ll-catheter does not exacerbate bladder
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inflammation regardless of the presence of infection or not (Figure 20A—G), an important factor

to account for when developing a new medical device. In fact, for some pathogens, the LI-catheter

results in less inflammation than bladders catheterized with an UM-catheter (Figure 20B, C, G).

Furthermore, we examine Fg presence, uropathogen colonization, and neutrophil recruitment in

UM- and LIS-catheterized and infected bladders by IF microscopy. This analysis revealed a

reduction of microbial colonization as well as decreased neutrophil recruitment (Figure 20H-M).
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Figure 20. Liquid-infused silicone (LIS)-catheters

reduce bladder colonization and inflammation.

Mice were catheterized and inoculated one of six
strains. (A) Naive or bladders catheterized with an
unmodified (UM)- or LIS-catheter were uninfected
controls. (B—G) Bladder sections were stained with
eosin (H&E)
inflammation from UM-catheters (left) and LIS-
(right). (C-M) x20
immunofluorescence  (IF)

catheterized with an UM-catheter (left panels) or a

hematoxylin and to compare

images of

bladders

catheters

stained

LIS-catheter (right panels). Bladders stained for
nuclei (blue), fibrinogen (Fg; green), respective
uropathogens (red), and neutrophils (white). The
urothelial/lumen boundaries are outlined in white
dotted lines and labeled U (urothelium) and L

(lumen) and all scale bars are 500 pm.



2.3.6 LIS modification reduces

protein deposition on
catheters in CAUTI mouse

model of E. faecalis

A quantitative-proteomics comparison
was performed to identify proteins
deposited on UM- and LIS-catheters
retrieved 24 hpi with E. faecalis.
Harvested catheters were prepared and
protease digested with trypsin as in
Zougman et al., 2014. nLC-MS/MS
was performed in technical duplicate

and  label-free-proteomics

(LFQ)

processed as in Cox and Mann, 865

proteins were identified at a 1% False
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Figure 21. Liquid-infused silicone (LIS)-catheter reduces host-

protein deposition in vivo.

A subset of unmodified (UM)- and LIS-catheters taken from mice
24 hpi with E. faecalis were assessed for protein deposition via mass
spectrometry four UM-catheters and five LIS-catheters were used.
(A) Intensities of the 95% most abundant proteins were summed in
a total proteome approach and compared between the UM- and LIS-
catheter groups. (B) A volcano plot for a subset of proteins.
Negative mean rank difference indicates less protein on the LIS-
catheter then on the UM-catheter and a significant difference is a
—log10(p value) over 1.3. The fibrinogen (Fg) chains (a, B, and y)
are highlighted in green, serum albumin in orange, UDP-glucose 6-
dehydrogenase, filamin-B, and proteasome subunit beta type-5 in
yellow. Differences between groups were tested for significance

using the Mann-Whitney U test. *** P < (.0005.

Discovery Rate (FDR) (Cox and Mann, 2008). Total abundance of protein was significantly

reduced in LIS- vs UM-catheters (Figure 21A). Additionally, abundance of Fg and over 130 other

proteins significantly decreased while only three proteins showed a significant increase (UDP-

glucose 6-dehydrogenase, filamin-B, and proteasome subunit beta type-5) (Figure 21B). These

data further demonstrate that the LIS modification not only reduced Fg deposition but also a wide

variety of host proteins, which could play a role in microbial colonization and biofilm formation

as demonstrated earlier with BSA (Figure 17).
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2.4 Discussion

This is the first study to show a diverse set of uropathogens including gram-negative, gram-
positive, and fungal species interact with Fg to more effectively bind to silicone urinary catheter
surfaces. Furthermore, we found that by disrupting Fg deposition with LIS-catheters we reduced
the ability of uropathogens to bind and colonize the catheter surface and bladder in an in vivo
CAUTI mouse model. Moreover, LIS also reduced dissemination of E. coli, P. aeruginosa, and A.
baumannii into the kidneys and other organs. Furthermore, LIS-catheters did not increase
inflammation and for half of the pathogens inflammation was reduced. Finally, the deposition of
other host-secreted proteins on LIS-catheters was around 6.5-fold less then UM-catheters.
Together, these findings indicate that catheters made using LIS are a promising new antibiotic
sparring approach for reducing or even preventing CAUTIs by interfering with protein deposition

(Figure 22).

Pathogen—Fg interaction has been shown to be important for both E. faecalis and S. aureus during
human and mouse CAUTI (Flores-Mireles et al., 2016b; Walker et al., 2017). Binding to Fg is
critical for efficient bladder colonization and biofilm formation on the catheter via protein—protein
interaction using EbpA and CIfB adhesins, respectively, and their disruption hinders colonization
(Flores-Mireles et al., 2014; Walker ef al., 2017). Gram-negative pathogens, 4. baumannii and P
mirabilis, have shown colocalization with Fg during urinary catheterization (Gaston et al., 2020);
however, the bacterial factors and any mode of interaction have not been described. While
interaction of E. coli and K. pneumoniae with Fg during CAUTT has not been described previously,
pathogenesis during urinary tract infection (UTI) (no catheterization) has been extensively studied.
These studies show that type 1 pili, a chaperone—usher pathway (CUP) pili, allows them to colonize

the bladder urothelium by binding to mannosylated receptors on the urothelial surface through the
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tip adhesin FimH (Klein and Hultgren, 2020). Furthermore, other CUP pili including the P pili,
important for pyelonephritis, and the Fml pilus, important for colonizing inflamed bladder
urothelium, bind specifically to sugar residues Gala1-4Gal in glycolipids and Gal(B1-3)GalNAc
in glycoproteins, respectively (Campoccia et al., 2013). Interestingly, Fg is highly glycosylated,
containing a wide variety of sugar residues including mannose, N-acetyl glucosamine, fucose,
galactose, and N-acetylneuraminic acid (Adamczyk et al., 2013). Therefore, the glycosylation in
Fg may be recognized by CUP pili, allowing pathogens expressing CPU adhesins to become
established and colonize the bladder. Furthermore, 4. baumannii CUP1 and CUP2 pili are essential
for CAUTI, this together with A. baumannii interactions with Fg in vivo, suggests that these pili
may play a role in Fg interaction (Di Venanzio et al., 2019). Similarly, P. aeruginosa also encodes
CUP pili, CupA, CupB, CupC, and CupD, which have shown to be important for biofilm formation

(Mikkelsen et al., 2013); however, their contribution during CAUTI has yet to be investigated.
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Figure 22. Liquid-infused silicone (LIS)-catheter reduces bladder inflammation, incidence of catheter-

associated urinary tract infection (CAUTI), and dissemination.

Urinary catheter-induced inflammation promotes the release of fibrinogen (Fg) into the bladder to heal physical
damage. Consequently, this Fg is deposited onto the catheter creating a scaffold for incoming pathogens to bind,
establish infection, and promote systemic dissemination. However, catheterization with a LIS-catheter reduces Fg
deposition onto its surface; thus, reducing the availability of a binding scaffolds for incoming pathogens.
Consequently, overall bladder colonization and systemic dissemination are reduced making LIS-catheters a strong

candidate for CAUTI prevention.
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Furthermore, C. albicans has several adhesins, ALS1, ALS3, and ALS9, which have a conserved

peptide-binding cavity shown to bind to Fg y-chain (Hoyer and Cota, 2016).

Inhibition of initial uropathogen binding is crucial to reduce colonization and biofilm formation
on urinary catheter surfaces and prevent subsequent CAUTI (Flores-Mireles et al., 2014; Flores-
Mireles et al., 2016b). To prevent surface binding, a variety of modified surfaces impregnated with
antimicrobial or bacteriostatic compounds have been generated and have proven to reduce
microbial-binding in vitro but not in vivo (Andersen and Flores-Mireles, 2019; Singha et al.,
2017). It is possible that in vitro studies do not efficiently mimic the complexities of the in vivo
environment, for example; (1) Growth media: the majority of in vitro studies use laboratory rich
or defined culture media, and it has been shown that laboratory media do not recapitulate the
catheterized bladder environment that pathogens encounter (Colomer-Winter ef al., 2019; Xu et
al., 2017). Specifically, urine culture conditions have shown to activate different bacterial
transcriptional profiles than when cultures are grown in defined media (Conover et al., 2016; Xu
et al., 2017), which may affect microbial persistence and survival. (2) Host factors: host-secreted
proteins are released into the bladder due to catheter-induced physical damage and subsequent
inflammation. These proteins are deposited on the catheter surface and may hinder the release of
antimicrobials or block interaction of antimicrobials with the pathogen if the antimicrobials are
tethered to the surface. As has been observed with Fg deposition on human and mouse catheters,
that host-protein deposition is not uniform, which may lead to antimicrobial release or pathogen—
antimicrobial agent interaction at a subinhibitory concentrations (Di Venanzio et al., 2019; Flores-
Mireles et al., 2014; Flores-Mireles et al., 2016a; Walker et al., 2017). Consequently, these
interactions can contribute to the development of multidrug resistance among uropathogens

(‘Antibiotic resistance threats in the Antibiotic resistance threats in the United States, 2019', 2019).
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Based on the role of deposited host proteins in promoting microbial colonization and presence in
human CAUTI (Flores-Mireles et al., 2016a; Flores-Mireles et al., 2016b; Walker et al., 2017),
antifouling catheter coatings present a better approach to decreasing CAUTI prevalence rather than
using biocidal or biostatic compounds, such as antibiotics, that promote resistance (Campoccia et
al., 2013; Singha et al., 2017). Antifouling coatings made from polymers have shown resistance
to protein deposition (He ef al., 2016); however, these coatings can become unstable over time and
be difficult to produce requiring extensive wet chemistry (Singha et al., 2017). Most reports on the
use of purely antifouling coatings to combat CAUTI have shown a successful reduction in bacterial
colonization in vitro yet have not been successfully tested in vivo (Andersen and Flores-Mireles,
2019). This may be partly explained by the fact that many of the antifouling coatings are optimized
to target bacterial adhesion, as it is understood that the first stage of biofilm development is
bacterial attachment to a surface (Faustino et al., 2020). However, in a complex environment such
as the in vivo bladder, the first change to the catheter surface is the adhesion of a complex set of
host-generated proteins and biological molecules, generally referred to as a conditioning film,
which can mask the surface (Faustino et al., 2020; Gaston et al., 2020; Scotland et al., 2020). Yet
studies on catheter coatings to-date have rarely focused on the role of the host in infection
establishment; namely, the host-secreted proteins. The data we present here suggest that this
missing element may at least partly explain the differing results seen for most antifouling catheter

treatments in vitro vs in vivo.

This study used clinically relevant silicone oil to create a simple to make LIS that was not only
microbial resistant but also protein resistant, filling in the missing link between in vitro and in vivo
work, the conditioning film. Interestingly, despite the increased weight, length, inner diameter, and

outer diameter of the LIS mouse catheter by full silicone infusion, the LIS-catheters did not

79



exacerbated the inflammation response. This findings are consistent with previous in vivo work
showing reduced fibrous capsule formation in implants coated with a liquid layer, suggesting that

the use of a liquid surface may convey additional anti-inflammatory benefits (Chen et al., 2017).

Our mouse model of CAUTI has shown to faithfully recapitulate the pathophysiology of human
CAUTI, showing urinary catheterization induces inflammation and contribution of Fg to biofilm
formation on catheters recovered from humans suffering of CAUTI (Delnay et al., 1999; Flores-
Mireles et al., 2014; Flores-Mireles et al., 2016a; Flores-Mireles et al., 2016b; Glahn et al., 1988;
Peychl and Zalud, 2008; Walker et al., 2017). This suggests that our findings have the potential to
be translated for prevention and management of human CAUTI. However, for successful
translation of this technology into humans, we need to further understand the effects of silicone oil
on the immune response to infection as well as bladder tissue and better understand the impact the

swelling of the material will have on manufacturing these catheters.

A deeper understanding of the pathogenesis of CAUTI is critical to moving beyond current
developmental roadblocks and creating more efficient intervention strategies. Here, we have
shown that that infusion of silicone with an immiscible liquid coating significantly decreases Fg
deposition and microbial binding by using in vitro conditions that more thoroughly recapitulate
the catheterized bladder environment. Importantly, our in vitro results were confirmed in vivo using
our established mouse model of CAUTI. Our data showed that LIS-catheters are refractory to
bacterial colonization without targeting microbial survival, which often leads to antimicrobial
resistance. This study has found that protein deposition on urinary catheters is the Achilles heel of
CAUTI pathogens, disrupting pathogen—Fg interaction represent a vulnerability that could be

exploited. Thus, LIS-catheters hold tremendous potential for the development of lasting and
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effective CAUTI treatments. These types of technologies are desperately needed to achieve better

public health by decreasing healthcare-associated infections and promoting long-term wellness.
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CHAPTER 3
LIQUID INFUSED SILICONE CATHETERS:
FABRICATION AND CHARACTERIZATION

3.1 Introduction

Although liquid-infused silicone catheters have shown promise in repelling host proteins and
bacterial adhesion in vivo, providing an alternative for combating CAUTI without the need for
antibiotics (Andersen et al., 2023), transitioning to entirely new technologies can be challenging
for patients requiring long-term catheter use. Fortunately, silicone oil infusion can be applied to
commercially available silicone catheters, allowing patients to utilize pre-existing manufactured
catheters without undergoing a significant transition process. This not only simplifies the adoption
of the new technology but also maintains continuity of care for patients who rely on urinary

catheters for their medical needs.

However, the infusion of pre-existing manufactured
CH, CH; CH;

I I I
R =—5i =— O==Si—Q01—Si—R
I I I
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silicone catheters may lead to mechanical changes. The

n
backbone, silicone oil consists of the same chemical units

Figure 23. Chemical structure of silicone.

(Figure 23; Kashi et al., 2018). Previous research has

Silicone  material  chemical  structure

indicated that laboratory-made silicone squares infused - o .
consisting of silicon-oxygen (siloxane)

with silicone oil exhibit swelling, leading to infusion Packbone (Figure from Kashi ez al., 2018).

time-dependent increases in both mass and length of the silicone squares. (Sotiri ef al., 2018). The
extent of swelling in silicone was found to depend on both the viscosities of the silicone oil and
the ratio of base to curing agents: silicone formulations with fewer crosslinking sites showed
greater expansion and incorporation of silicone oil into the silicone matrix; lower viscosity silicone

oil was found to be more readily incorporated into the silicone polymer. (Cai and Pham, 2022;
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Sotiri et al., 2018). Moreover, research has demonstrated that infused silicone polymers can
undergo a process called syneresis, in which unbound oligomers or silicone oil molecules slowly
migrate to the surface of the material, re-forming a free liquid layer which is then available to be
lost into the environment (Kolle et al., 2022; Lavielle et al., 2021; Wong et al., 2020). Oligomer
here is defined as silicone polymers possessing identical chemical structure outlined in Figure 23.
However, it is distinguished by its low molecular weight and comprises a smaller number of
repeating siloxane units. However, this can be minimized by reducing the amount of free silicone

oil in the system (Cai & Pham, 2022).

Understanding the fabrication of the material and characterizing the production process are crucial
steps in ensuring the successful deployment of liquid-infused catheters in the market, this also
offers an important tool for ongoing research and innovation in catheter technology. Due to the
reported changes in material dimensions, it is important to analyze the impact of swelling on
urinary catheters to ensure that the resulting material would remain suitable for use. This section
demonstrates that liquid infusion can lead to significant changes in catheter length, outer and inner
diameter, and that these changes can be controlled by adjusting the infusion duration. We
hypothesized that by only partially infusing catheter samples, we could reduce the amount of free
silicone oil that could be lost. We demonstrate in this section our success in reducing the amount
of free liquid layer on liquid-infused catheters through mechanical removal, and by minimizing
the infusion time of the material. These fabrication methods suggest potential future manufacturing
techniques that could minimize the amount of silicone oil present in the material. Catheters infused

using these techniques will also be utilized in subsequent sections for functionality testing.
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3.2 Materials and Methods

The experimental protocol in this section involves characterizing the infusion of silicone catheter
materials (Thermo Scientific, Silicone Tubing, 8060-0030) using various viscosities of silicone oil
(Gelest, polydimethylsiloxane). All catheters used here were pre-cut into approximately 2-
centimeter (cm) sections before the experiment, and the entire infusion process was conducted at

room temperature.

3.2.1 Infusion Duration and Extent

The initial mass of catheters was measured using a digital analytical balance (Fisher Science
Education, Analytical Balance, S72473) and recorded. Subsequently, the catheters were fully
immersed in commercially available silicone oil with varying viscosities (3, 5, 10, 20, or 50
centistokes (cSt)) for the infusion process. At designated time intervals, catheters were removed
from the oil using forceps and held vertically for 30 seconds (s) or until excess oil was drained off.
Excess oil was then absorbed using a Kimwipe (Kimwipe, Kimberly-Clark Corp., USA), and the
mass of the catheters was measured and recorded. Following this, the catheters were returned to
the oil to continue the infusion process. This was repeated until the mass reached a plateau,
indicating the complete infusion, where their mass was measured again. The quantity of silicone
oil integrated into the catheters is determined by calculating the mass differences before and after
the infusion process. To obtain volume of liquid per length of catheters, mass difference of the
catheters between before and after infusion was divided by the measured catheter length. Non-

silicone tubing (Saint-Gobain, Tygon tubing, E-3603; PVC-based tubing) was used as a control.
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3.2.2 Length, inner and outer diameter measurements

The initial length, outer diameter, and inner diameter of the catheters were measured using a digital
caliper (Fisher Scientific, Fisherbrand™ Traceable™ Digital Calipers, 14-648-17), and the values
were recorded. The catheters were then infused and extracted from the oil as previously described
in Section 3.2.1. The length, outer diameter, and inner diameter of the samples were measured and
recorded. The samples were then returned to the oil to resume infusion. These steps were repeated
until the catheters were fully infused (indicated by plateau in mass). For mouse catheters (SIL 025,
RenaSil Silicone Rubber Tubing, Braintree Scientific, Inc, USA), a similar procedure was followed
with a modification in the measurement process. Instead of using a digital caliper, photos of the
mouse catheters were taken with a digital camera (EOS Rebel TS5 Digital SLR Camera; Canon;
USA). These images were then imported into ImageJ for parameter estimation due to the small

size of mouse catheters.

3.2.3 Fabrication of Infused Catheters Without Free Liquid Layer

3.2.3.1 Physical Removal

The catheters were fully submerged in 20 ¢St silicone oil, and any air bubbles in the catheter lumen
were removed to ensure uniform infusion. Silicone oil of 20 ¢St viscosity was chosen due to its
use in recent in vivo CAUTI models (Andersen et al., 2022). The catheters were removed from the
silicone oil after 5 days and excess liquid was allowed to flow out of the tube by holding the
samples vertically for at least one minute or until all the excess liquid had dripped off the sample.
These materials were then used as samples with intact liquid layer (LL); for the samples without
intact liquid layer (JLL), the catheters were gently blotted on both the exterior and interior surfaces
using absorbent cellulose wipe (Kimwipe, Kimberly-Clark Corp., USA) to absorb the free liquid.

Schematic representation of this fabrication method is shown in Figure 24.
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3.2.3.2 Partial Infusion

The catheters underwent complete immersion in
20 cSt silicone oil and were removed at specified
time intervals to achieve distinct infusion
percentages. The mass of the catheters was
measured both before and after infusion for the
calculation of infusion percentage, as outlined in
Section 3.1.2. Specifically, the catheters were
removed from the silicone oil after 30 minutes, 6
hours and 30 minutes, 30 hours and 30 minutes,
and beyond 5 days, respectively, resulting in
catheters with varying infusion percentages. All
infused samples were allowed to equilibrate for a
minimum of 24 hours before undergoing

additional testing. Schematic representation of

this fabrication method is shown in Figure 24.

3.2.4 Confocal Imaging

Silicone squares crafted in the laboratory, along with dyed silicone oil, were employed for
visualizing the liquid layer. The squares were used instead of silicone catheter material because
silicone catheter material lacks fluorescent molecules, making it difficult to distinguish between
solid and liquid silicone. To create fluorescent silicone squares, a mixture of 850 ug of BDP FL
alkyne laser dye (D14B0, Lumiprobe, USA), 10 mL of dichloromethane, and 100g of silicone

elastomer base (Dow SILGARDTM 184 Clear, Dow, USA) were combined in a planetary
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centrifugal mixer (ARE-310, Thinky, USA) at 2000 rpm for 1 minute, followed by an additional
mixing at 2200 rpm for 1 minute. The mixture was left in a desiccator overnight to remove any
trapped gases. Next, 10 g of curing agent (Dow SILGARDTM 184 Clear, Dow, USA; in a 10:1
ratio) was added to the resulting solution, which was mixed again in the centrifugal mixer using
the same settings. Aliquots of 0.9 mL were then transferred into the square depressions (2.0 cm x

2.0 cm x 0.5 cm) of a mold master and were degassed for 2 hours and cured overnight at 70°C.

To prepare the dyed silicone liquid for infusion, approximately 9 mg of pyrromethene (05971,
Pyrromethene 597-8C9, Exciton, USA) was added to every 100 mL of silicone liquid and
thoroughly mixed. The solution was filtered through a 0.45 um filter to remove any particulates.
The silicone squares were fully submerged in the infusion liquid for over 5 days. LL samples were
placed vertically to drain off excess liquid; @LL samples were placed vertically to allow excess
infusion solution to drain off then gently dabbed on a Kimwipe (Kimwipe, Kimberly-Clark Corp.,
USA). Finally, the samples were imaged using a Leica Stellaris confocal microscope equipped
with a white light laser, using an HC PL APO CS2 20x/0.75 mm objective lens. False coloring was

added to the image with Clip Studio Paint (Clip Studio Paint, Japan).
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viscosities of silicone oil. The viscosity of silicone oil is contingent upon the length of its polymer
chains. Longer polymer chains, characterized by higher molecular weights, result in greater
viscosity (Steel et al., 2021). As indicated in the manufacturer's datasheet (Gelest, Inc.), silicone
oils exhibit a range of molecular weights corresponding to their viscosity levels. Specifically, the
molecular weights for silicone oils with viscosities of 3 ¢St, 5 ¢St, 10 ¢St, 20 ¢St, and 50 ¢St are
reported as 550, 770, 1250, 2000, and 3780, respectively. The degree of polymerization varies
accordingly, with values ranging from 3-7 for 3 ¢St, 8 for 5 ¢St, 15 for 10 cSt, 25 for 20 cSt, and

50 for 50 ¢St viscosity of silicone oils (Mojsiewicz-Pienkowska, 2012).

Upon complete infusion of catheters, the amount of oil incorporated into the material varied based
on the viscosity of the silicone oil used for infusion, reflected by the mass gain after infusion
(Figure 25A). Generally, a higher quantity of oil was infused when the infusing liquid had a lower
viscosity, which aligned with previous literature (Sotiri et al., 2018). The specific amounts of oil
infused into the catheters were 27.70 (£3.15) pL/mm, 28.68 (£0.68) pL/mm, 24.71 (£0.67)
pL/mm, 20.96 (£0.47) pL/mm, and 15.64 (£0.14) pL/mm for viscosities of the infusing liquid at
3, 5, 10, 20, and 50 cSt, respectively (Figure 25B). This observation highlights the impact of
viscosity on the infusion process, with lower viscosity oils demonstrating a higher capacity for

incorporation into the catheters.

To investigate the influence of infusion duration on the extent of infusion, the mass change of

1.5 n=5
[ ] [ ] u n
124 o TF

2099
@
=

silicone material over time during the infusion

= 10cSt Figure 26. Catheter Mass Increase with Increasing
0.6 4 20cSt

v 50 cSt Infusion Time.
3] e Control

0.0 I 1 1 I I 1 1
0 20 40 60 80 100 120 140 o . ' . '
Infusion time (h) oil is plotted against infusion time. Error bars

process was examined (Figure 26). The results represent the standard deviation.

Catheter mass infused with 10, 20 or 50 ¢St of silicone
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indicated a consistent trend for all viscosities of silicone oil used in the infusion. There was a
gradual increase in mass over time, indicating the uptake of silicone oil by the sample. This
increase continued until reaching a plateau after approximately 100 hours of infusion. These data
provide important insights into the duration of infusion required to achieve a specific percentage

of material infusion for subsequent experiments.

The above results indicate that catheters infused with different viscosities of oil can incorporate
varying amounts of oil when fully infused. Therefore, it is challenging to compare infusion extent

between infused catheters based solely on mass difference. To address this, infusion percentages
are standardized using the Qmax value, representing the maximum infusion ratio when the catheter

is fully infused. It is calculated through the formula:

m
Qmax = —
my

where my i1s the mass of fully infused catheter (measured at the last infusion time point); and my,
is the mass of non-infused catheter (Cai & Pham, 2022). The max values for catheters infused

with 3, 5, 10, 20, and 50 cSt silicone oil are ~2.56 + 0.05, 2.39 £ 0.02, 2.17 +£ 0.02, 1.95 + 0.02,

and 1.68 £ 0.01, respectively (Figure 27A).

With the Qmax values established, infusion percentages (I%) for catheters infused at different
viscosities of infusing liquid or durations can be calculated once their degree of infusion (Q) is
known.

The Q value can be calculated through the formula:

m;
Q= —

mgy

&9



where m; is the mass after infusion; A

B
n=5
) ) 3.0 n=5 100 .y m Eow
and m, is the mass of non-infused S "
o
|28 5. % 6 = 10cSt
. . ] g 4 20cSt
catheter. The infusion percentage < | - . £ 4 .
-é 20 e Control
L
(I%) can then be calculated though 154 , , , £, 20 e . 4 o
0 20 40 60 0 20 40 60 80 100 120 140
Silicone oil viscosity (cSt) Infusion time (h)
the formula:
1% = (Q-1)/(Qmax-1 )X 100% Figure 27. Development of Standardized Infusion Percentage.

This approach yields infusion (A) The Qmax value was experimentally determined through mass

measurements taken after complete infusion. (B) Infusion percentages

percentages ranging from 0—100%, for catheters were calculated and plotted against infusion time. In all
) ) o ) ) graphs presented, the error bars represent the standard deviation.

despite the viscosities of infusing
liquid used, facilitating straightforward comparisons between samples infused to different extents
(Figure 27B). These data are crucial for subsequent characterization experiments as they provide
information regarding the potential production time of infused catheter samples in a manufacturing
process. For example, catheters infused to 50% of its maximum uptake (%I) requires

approximately 6 hours of incubation when using 20 cSt silicone oil, but only around 5 hours with

50 ¢St silicone oil.

The results obtained here align with previous literature, which indicate that infused materials
typically undergo a progressive weight increase and swelling during the infusion process until
reaching a state of saturation, commonly referred to as full infusion (Sotiri et al., 2016).
Regardless, there is significance in independently characterizing the infusion process for our
materials, as the size and shape of the infused material can necessitate varying infusion times and
result in different degrees of swelling. For instance, we applied the same procedure to characterize
mouse catheter materials for in vivo experiments, and the time required for complete infusion was

found to be 30 minutes, contrasting with over 5 days for our catheters (Figure A1).
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3.3.2 Physical Parameter Changes: Length, Inner and Outer Diameter

The infusion of liquid into catheters induces swelling, causing changes in physical parameters such
as wall thickness and length. These alterations are critical in the context of catheter materials,
where achieving an optimal fit with the patient's urethra is essential for enhancing comfort and
minimizing friction during catheterization. As part of our study, we aimed to characterize these
parameters, as it would be useful for the production process. This characterization serves as a
foundation for technical transfer to industries, enabling the application of this innovative approach

in the development and manufacturing of catheters.

To understand how liquid infusion alters the catheter's physical parameters, including length, inner
diameter, and outer diameter, measurements were conducted throughout the infusion process. The
results reveal significant differences in these parameters after complete infusion, depending on the
viscosity of the silicone oil used. After full infusion, the length increases for catheters infused with
10, 20, and 50 cSt silicone oil was ~26%, ~25%, and ~17%, respectively. (Figure 28Ai) The
corresponding increases in inner diameter were ~33%, ~27%, and ~18% (Figure 28Bi), and in

outer diameter were ~35%, ~28%, and ~21% for the same viscosities of silicone oil (Figure 28Ci).

Continuous measurements over time depicted a similar trend as observed in the mass change
section, where length (Figure 28Aii), inner diameter (Figure 28Bii), and outer diameter (Figure
28Cii) increased gradually over time, eventually reaching a plateau. This trend indicates a

progressive incorporation of infusing liquid, causing swelling and expansion of these parameters.
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Figure 28. Parameter Changes of Catheters After Infusion.

The (A) length; (B) inner diameter; and (C) outer diameter change of catheters
network swelling (Metze et was measured under two conditions: (i) after complete infusion and (i) during
infusion in silicone oil. Statistical significance between the groups was assessed

al., 2023). using ANOVA. * = P <0.05; *** =P < 0.001; **** =P < 0.0001. In all graphs

3D polymer
L presented, the error bars represent the standard deviation.

network swelling is defined

as scenarios where the polymer network can freely swell from all directions, as observed in our

liquid-infused catheters. This stands in contrast to situations where the polymer is attached to a

solid surface and swells under physical constraints. However, the changes observed in the
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properties of our catheters upon silicone oil infusion align with some of our current understanding

of polymer material swelling:

According to the Flory-Rehner theory, polymer swelling induced by solvent uptake can be seen as
a balance between the disorder (entropy) of polymer chains (where swelling is promoted) and the
energy changes associated with the interaction between the polymer chains and the solvent
(enthalpy; where swelling is prevented) (Flory, 1950; Flory and Rehner, 1943). In our case, the
enthalpy change might not be substantial as silicone oil and silicone have closely matched
chemical compositions (Sotiri et al., 2018). The observed differences in swelling when the
catheters were infused with various viscosities of silicone oil likely stem from entropy. Higher
viscosities of silicone oil correspond to higher molecular weights, resulting in fewer molecules per
volume (Steel et al., 2021). Consequently, this reduction in molecular density diminishes the
entropic driving force for swelling. This may explain why a lower amount of higher viscosity
silicone oil was infused into the silicone catheter as observed in Figure 26. As the polymer chains
elongate during their interaction with the infusing liquid, an elastic retractive force may arise
within the polymer network, counteracting the continuous swelling (Toomey et al., 2003). The
increase in swelling at the beginning of the infusion process gradually decreases the entropy as the
polymer chains stretch with the incorporation of silicone oil, while simultaneously increasing the
elastic retractive force. This process continues until both forces reach equilibrium, where no further
infusing liquid enters the polymer matrix, reflected by the plateauing of mass (Figure 26; Sotiri et

al., 2018).

Gedde et al. (1996) utilized Fick’s second law of diffusion to describe the diffusivity of silicone
liquids in silicone rubbers. They found that the rate of penetrant liquid into the polymer decreases

with increasing molar mass, coinciding with our data showing that catheters incorporated higher
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amounts of silicone oil into the polymer matrix when infused with decreasing viscosities of
silicone oil (Figure 26). Additionally, the increase in length and diameter in response to the
increasing oil content was more prominent with lower viscosity infusion (Figure 28Aii, 28Bii and

28 Cii).

Sotiri et al. (2018) demonstrated that the swelling of silicone material in silicone oil can also be
described by poroelasticity theory and Darcy’s law. They found that the diffusivity of the infusing
liquid is linearly proportional to permeability, with higher cross-link density leading to lower
permeability and a reduced rate of diffusion (Sotiri et al., 2018). Future research endeavors could
involve measuring the crosslink density of proprietary catheter materials and further evaluating

and modeling the infusion phenomenon in these commercially available catheters.

In clinical practice, literature suggests that both reduced catheter length and increased outer
diameter exhibits faster drainage time, while catheter sizes exceeding 18 Fr (equivalent to 0.236
inches in outer diameter) do not significantly enhance drainage (Lee et al., 2017). In our infused
catheters, dimensions such as length, inner, and outer diameter increase in a time-dependent
manner during infusion. With complete infusion, all three parameters experience a roughly 20-
30% increase. While the diameter increase may increase urine flow, further testing is necessary to
confirm this effect. Commercially available urinary catheters come in various lengths and
diameters, the initial catheter should be shorter in length and smaller in diameter to accommodate
the anticipated swelling-induced changes adequately. As appropriate sizes can minimize friction
with urinary tissue and enhance comfort in patients (Bagley & Severud, 2021), this will be an

important consideration for the manufacturing of liquid infused catheters.
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3.3.3 Removal of Free Liquid Layer

As mentioned in Section 1.3, the removal of infused liquid, specifically silicone oil in our context,
into the host system raises health considerations (Melo et al., 2021; Cheng et al., 2020; Krayukhina
et al., 2019; Chisholm et al., 2015). We have therefore devised two methods to fabricate liquid
infused catheters with minimal or no free liquid layer: (1) physical removal: fully infused catheters
were wiped with cellulosic wipe; and (2) partial Infusion: catheters were not fully infused but were

removed from infusing liquid at designated time points.

To better understand the role of the free liquid layer in a protein and bacterial adhesion system, we
fabricated infused catheter samples by immersing them in 20 ¢St silicone oil until complete
saturation was achieved, indicated by a plateau in weight gain (Andersen et al., 2022; Sotiri et al.,
2018). Silicone oil with a viscosity of 20 ¢St was chosen because it has been documented to
effectively repel protein and pathogens in vivo (Andersen et al., 2022). The catheters were then
removed from the silicone oil and all excess oil was allowed to drain from the surface; these
samples were considered to have an intact free liquid layer (LL). A subset of catheters was then
subjected to removal of the free liquid layer (OLL) via absorption of the liquid from both interior
and exterior surfaces by light contact with a cellulosic wipe (Figure 29A). Unlike previous reports
where the free liquid layer was removed via rinsing with water (Cai & Pham, 2022; Lavielle et al.,
2021; Wong et al., 2020; Scherer, 1989), this physical removal treatment was intended to deplete
the surface layer to the point where it would not substantially increase via syneresis, defined as

free silicone liquid molecules migrating to the surface of the material, over the duration of the
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experiments (< 48 hours), as
has been recently reported to
occur in infused silicones
(Lavielle et al., 2021; Scherer,
1989). The results of
removing the free liquid layer
from the surface were
visualized using confocal
microscopy with different
fluorescent dyes for the solid
silicone and liquid silicone
(Figure 29B) (Cai et al., 2021;

Kovalenko et al., 2017).

The images of LL samples
showed a layer ~60 pum in
thickness, in agreement with

previous reports on similar

A (NS 8

Silicone catheter material

Non-infused LL oLL
( Catheter r | Catheter
Non-infused With Without 50 um
liquid layer liquid layer —_— —
(LL) (BLL)
C Catheter removed from silicone oil D Infusion 0 1030 3050 70-50 >30
- ~=* 00000
—— 5 ot e . ]
9 H . . 100 3 : o
3 S : ; :
. o*° & { bt
=) @ 80 i i |
£ g
3 § 60
e g
a o 40
c
S s
9 B 20
T —T T T 1 0 3 . *
20 40 60 80 100 0 05 6.5 30.5 >96
Infusion time (h) Infusion time (h)

Figure 29. Fabrication of Catheter Samples With and Without Liquid
Layer.

(A) Schematic of catheters fabricated with or without a liquid layer (LL; @LL).
(B) Confocal image analysis was performed on (from left to right) a non-
infused catheter, a catheter with a liquid layer, and a catheter without a liquid
layer. (C) Various levels of infusion percentage versus infusion time. The
arrows denote the timepoint when the catheters were removed from the
infusing silicone oil. (D) (Top) Images of catheter cross sections in which the
infusing silicone oil was dyed for visualization of the distribution throughout

the material. Close-up images of the color are shown in boxes underneath.

systems (Kovalenko et al., 2017). In contrast, @LL samples showed a marked reduction of the

free liquid layer to a value below what could be observed using this technique (<500nm),

confirming the successful removal of nearly all, if not all, the free liquid at the catheter surface.

In our system, partial infusion was achieved by removing the catheter samples at defined points

during the infusion process, as shown in Figure 29C, followed by absorbing excess liquid from the

surface to prevent further infusion. The result was a series of well-defined groups of samples with
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increasingly less free liquid distributed throughout the matrix (Figure 29D). In particular, samples
infused for 0.5 hours exhibited a 17.4+0.99 infusion percentage, those infused for 6.5 hours
achieved a 45.25+0.94 infusion percentage, and samples infused for 30.5 hours reached an
81.98+1.08 infusion percentage. Samples were considered as fully infused if they were removed

from the silicone oil after more than 5 days and exhibited an infusion percentage exceeding 90.0%.

Our approaches outlined here present a replicable method for infusing catheter samples with
varying degrees of silicone oil incorporated into the catheter, as well as creating catheter surfaces
with or without a liquid overlayer. Previous literature has indicated that in silicone oil-infused
silicone materials, lower degrees of infusion can prevent oil leaching behavior, with the silicone
oil remaining within the polymer matrix due to a strong affinity between the polymer and the
silicone oil (Cai and Pham, 2022; Cai et al., 2021). This suggests that catheter materials with lower
infusion levels might effectively prevent silicone oil leaching from the polymer matrix into the

bladder, thereby increasing safety levels.

As a potential material for catheter use, it is important to understand the properties of the material
before practical application. For urinary catheters, the material should not be too stiff, as increased
stiffness can lead to urethral injury, nor too soft, as it must maintain mechanical integrity to prevent
device breakage (Hendlin et al., 2009). It was found that the shear modulus, which indicates the
material's rigidity, decreases with increasing infusion: the higher the infusion level, the lower the
material's rigidity (Cai and Pham, 2022). This suggests that increased levels of liquid infusion
percentage in catheters would result in lower stiffness levels, potentially increasing the comfort of
catheter insertion. In three brands of commercially available catheters, it was found in the literature
that the coefficient of friction varies from 0.45 to 0.62, while tensile strength varies from 6.6 to

8.0 mPa (Ramesh et al., 2001). A lower coefficient of friction is desired as it aids in the
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catheterization process and reduces the potential for injury and pain to patients, while higher
flexural strength is preferred as it indicates greater mechanical stability. These are factors that have
not been tested in this dissertation and will require future exploration to understand how these

infusion treatments affect these properties and ensure suitability for real-life application.

3.4 Summary

The presented results highlight the development of our liquid infused catheter as a tool for
subsequent experiments. The fabricated catheters were characterized by their physical properties,
with higher amounts of silicone oil infused into catheters when lower viscosities of infusing
silicone oil were used. This is evident in increased mass, longer length, and larger inner and outer
diameters, and vice versa. Crucially, the establishment of standardization through infusion
percentage proved valuable for achieving specific material infusion percentages in later
experiments. This standardization method is not limited to our infused catheter samples and can
be applied to other infusion materials. Additionally, catheters with the removal of free liquid layers
were generated through physical removal or partial infusion. The method of physical removal was
validated through confocal imaging, which confirmed the effective removal of nearly all, if not all,
free liquid from the catheter surface. The method of partial infusion limits the presence of silicone
oil in the system, and thereby reduces excess oil migrating to the catheter surface. The creation of
these catheter samples allows us to test infused catheters without a free liquid layer for
functionality in subsequent experimental sections. Overall, the swelling observed in silicone oil-
infused catheters and the resulting length and diameter changes align with existing theories of
polymer swelling. Additional mechanical tests, such as flexural strength and friction, are still

necessary for these materials. This dissertation will provide an analysis of functionality, as
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documented in Chapter 4. This aspect is crucial for understanding the performance of urinary

catheters and is an essential consideration in their development and application.
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CHAPTER 4
FUNCTIONALITY OF INFUSED CATHETERS

4.1 Introduction

It is most likely that liquid-infused urinary catheters in vivo are frequently subjected to conditions
which can disrupt and/or remove any free liquid layer present on the catheter surface. The potential
for loss of the free liquid layer from liquid-infused system is well documented (Dutta et al., 2022;
Johnson et al., 2006; Rother et al., 1996). Under water, silicone oil infused silicone surface can
maintain a low sliding angle under both turbulent flow and laminar flow conditions for a little over
an hour before experiencing a significant loss of the free liquid layer (Gadalla et al., 2019).
However, it is also documented that when a surface with a free liquid layer is exposed to an
air/water interface, the amount of liquid lost undergoes a substantial increase of 1-2 orders of
magnitude, compared to being placed directly in water under flow (Rother ez al., 1996). In addition,
it is understood that physical contact of a solid with a free liquid layer can also easily result in
layer disruption and removal (National Healthcare Safety Network, 2024). Catheter insertion,
which involves the catheter rubbing against urinary tissue, and urine drainage, which exposes the
catheter to the air/water interface during the catheterization period, are likely to disrupt or remove
the free liquid layer on the infused catheter surface. Yet recent in vivo results demonstrate that
infused catheters remain highly effective at resisting surface adhesion (Andersen et al.,2023),
despite the fact that they are unlikely to have a uniform liquid layer at the surface. It is therefore
possible that infused catheters may not require full infusion to still provide antifouling

functionality.

To gain further insight into the functionality criteria for infused catheters, we developed catheters
without a liquid layer on the surface and partially infused catheters (as detailed in Chapter 3) for
functionality testing. To provide insights into whether the infused catheters retain hydrophobic
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characteristics or fluid repellency after the removal of surface liquid layer, partial infusion, or
infusion with different viscosities, we conducted a preliminary slippery surface assessment using
a sliding angle test and droplet speed test, as described in Regan et al., 2019. To further ensure
their ability to prevent foulant adhesion, we also conducted tests on infused catheters with low
amount or no free liquid layer against whey proteins and Fb adhesion. Whey proteins contain a
mixture of proteins, including immunoglobulins and bovine serum albumin, creating a complex
environment that can lead to fouling on material surface (Liu et al., 2022; Madureira et al., 2007).
The significance of testing Fb lies in its role as a docking site for pathogen adhesion. Within 1-2
hours of catheterization, Fb tends to coat the entire catheter surface (Flores-Mireles et al., 2017).
Therefore, if our liquid-infused catheter can repel Fb adhesion, it suggests a high likelihood of
lower bacteria adhesion levels via reducing their docking site, as supported by existing literature
(Andersen ef al., 2023; Flores-Mireles et al., 2017, 2014). To confirm and investigate whether the
infused catheters can repel bacterial adhesion, we conducted immunolabelling tests for E. faecalis

adhesion, which is one of the most prevalent pathogens found in CAUTIs.

Through sliding angle and droplet speed tests, we observed an inverse relationship between
infusion percentages and the slipperiness of materials. Specifically, higher infusion percentages
correlated with surfaces being more slippery, potentially indicating higher antifouling capability.
This finding is further supported by the results showing that increased infusion percentages led to
decreased adhesion levels of whey protein, Fb, and E. faecalis. These results suggest that not only
can the adhesion levels of foulants be tuned, but full infusion may not be necessary for antifouling

function.
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4.2 Materials and Methods

4.2.1 Slippery Surface Characterization

Catheter samples underwent infusion for more than 5 days to ensure complete infusion (Figure
26). For details regarding samples with the free liquid layer removed or partially infused, please
refer to Section 3.3.1. All samples, regardless of infusion status, were standardized to a length of

2 cm.

4.2.1.1 Sliding Angle Test

Sections of catheters were placed on a tilt stage at 0°. A digital angle gauge (AccuMASTER 2 in
1 Magnetic Digital Level and Angle Finder, Calculated Industries) was affixed to the tilt stage to
measure changes in the angle. Using a pipette, a 20ul crystal violet dye or water droplet was
deposited into the catheter's lumen. Immediately after the droplet was deposited, the tilt stage was
gradually inclined until the droplet began to move out of the tubing. The minimum angle at which

the droplet began to move was recorded.

4.2.1.2 Droplet Speed Test

Sections of the catheters were placed on a tilt stage at 30°. A digital camera (EOS Rebel T5 Digital
SLR Camera; Canon; USA) was used to record the sliding of a 20ul water droplet down the lumen.
A frame-by-frame analysis was then used to determine the time the droplet took to travel from one

end to the other.

4.2.2 Protein Adhesion Characterization

4.2.2.1 Whey Protein Incubation and Analysis
The catheters were infused with various percentages as described in Sections 3.3.1, they were then

submerged in whey protein solution (21.5g in 100 ml deionized water) or deionized water (used
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as a negative control) for 30 minutes at room temperature. The catheters were then gently rinsed
with deionized water to remove unattached protein. Subsequently, they were immersed in a 0.01%
crystal violet solution for 10 minutes at room temperature. Post-staining with crystal violet, the
catheters were rinsed with deionized water to remove excess crystal violet solution. The resulting
samples were then placed on a lightbox to ensure consistent lighting for each photograph. Photos
were captured with a digital camera (EOS Rebel TS5 Digital SLR Camera; Canon; USA). For
analysis, the photos were processed using Imagel software. In addition, areas stained by crystal
violet were manually selected through the color threshold function. This function allows the
software to count the number of pixels stained purple, providing a quantitative measure of crystal
violet presence on the catheters. The area coverage percentage was determined by dividing the

number of purplish pixels by the total pixel count and multiplying the result by 100%.

Following staining, catheter samples were immersed in 3 mL of 70% ethanol for 30 minutes. After
vortexing to ensure dissolution of all crystal violet stains on the catheters, the resulting solution
was analyzed using a ultra-violet spectrophotometer (Thermo Scientific™ BioMate™ 160 UV-Vis
Spectrophotometer; Thermo Fisher; USA) to measure peak absorbance at 590 nm (Ghanadan et

al., 2019).

4.2.2.2 Fb Incubation and Immunolabelling

The catheters were infused with various percentages or fully infused with physical removal of
liquid overlayer as described in Sections 3.3.1. Adhesion testing with human Fb free from
plasminogen and von Willebrand factor (Enzyme Research Laboratory #FB3) were conducted
using previously published methods (Andersen et al., 2022). Briefly, after overnight incubation
with Fb in PBS (150pg/mL), the catheters were fixed using 10% neutralized formalin, followed

by blocking with PBS with 1.5% bovine serum albumin (BSA). Goat anti-Fg primary antibody
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(Sigma) was used in 4°C overnight staining at a dilution of 1:1000, followed by Donkey anti-Goat
IRD800 antibody (Invitrogen; 1:5000) staining at room temperature for 2 hours. The antibodies
were diluted with PBS with 0.05% Tween-20 and 0.1% BSA. The images were visualized uwing
Odyssey Imaging System (LICOR Biosciences), the fluorescent signals were then analyzed using

Image Studio™ software.
4.2.3 Bacteria Adhesion Characterization

Adhesion testing with E. faecalis (ATCC 47077) was conducted using previously described
methods (Andersen et al., 2022). Human urine was collected from 2 female donors between 20
and 40 years of age. The urine was first sterilized with 0.22 um filter, the pH level of the urine was
then adjusted to 6.0 to 6.5 before use. E. faecalis were then inoculated and cultured in human urine
supplemented with 20 mg/mL BSA overnight at 37°C. The E.faecalis was separated from the urine
with centrifugation, then resuspended with sterile PBS. The ODgoo of the resulting media is
adjusted to ~0.5. The catheters sections were then immersed in E. faecalis for 2 hours under room
temperature. They were then fixed using 10% neutralized formalin, followed by blocking and
staining steps. Anti-strep group D rabbit primary antibody (1:1000) was used followed by Donkey
anti-Rabbit IRD680 antibody (Invitrogen; 1:5000). The dilution and analyzation method are the

same as described in Section 4.2.2.2.

4.3 Results and Discussion

4.3.1 Slippery Surface Characterization of Fully Infused Catheters

To validate that our fully infused catheters exhibit similar antifouling properties as reported in the
literature, where a slippery surface effectively repels droplets, we conducted a sliding angle test

using crystal violet as a droplet foulant for better visualization (Fang ef al., 2021; Geraldi et al.,
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2019; Chen et al., 2017; MacCallum et al., 2015). In the sliding angle test, we measured the critical

angle at which a droplet initiates sliding down the sample (Figure 30A7). It has been reported that

the sliding angle serves as an indicator of the surface's fluid repellency and, consequently, its ability

to resist adhesion (Fang et al., 2021; Geraldi et al., 2019; Chen et al., 2017; MacCallum et al.,

2015).

The results indicate that non infused catheters have a sliding angle of approximately 53.6 (£1.6) °,

while catheters infused with 10, 20, or 50 cSt silicone oil exhibit significantly lower sliding angles

of 1.4 (£0.4)°, 1.0 (£0.4) °, and 1.5 (£0.1) °, respectively (Figure 30Ai7). Additionally, we measured

the droplet speed, representing the time taken for a droplet to traverse the length of the catheter

(Figure 30Bi). For non-infused catheters, only one sample was able to complete the course with a

time of ~9.4 s, while the remaining samples experienced droplet entrapment within the lumen. In
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Figure 30. Sliding Angle and Droplet
Speed Test on Fully Infused
Catheters.

Representative images of (Ai) sliding
angle test on 20 cSt silicone oil infused
catheters, where the numbers on the
right upper corner indicated the angle;
and (Bi) droplet speed test on 20 cSt
silicone oil infused catheters, where t
denotes time in seconds. (Aif) Results
of sliding angle test. (Bii) Results of
droplet speed test. In all graphs
presented, the error bars represent the
standard error of the mean. Statistical
significance between the groups was
assessed using ANOVA, **** = p <
0.0001. In all graphs presented, the error

bars represent the standard deviation.



contrast, for catheters infused with 10, 20, or 50 ¢St silicone oil, the respective times were 0.3

(£0.009) s, 0.3 (£0.02) s, and 0.78 (£0.06) s (Figure 30Bii).

Consistent with previously published studies, it is generally expected that samples with low sliding
angles and high sliding rates would result in the most effective antifouling surfaces (Kovalenko et
al.,2017; Sotiri et al., 2016; Sunny et al., 2014). The combined results from both tests suggest that
liquid infusion on catheter material creates a slippery surface indicative of antifouling properties,

providing preliminary data for our next stage of testing.

4.3.2 Slippery Surface Characterization of Catheters with Lower Liquid Content

As outlined in Section 3.3.3, the removal or reduction of the free liquid overlayer on catheters can
be achieved through physical removal or partial infusion. To assess the impact of such removal or
reduction on functionality, we conducted investigations using the sliding angle and droplet speed
tests. In this set of experiments, water droplets were employed to ensure that the results were not
influenced by electric charge of the droplet, as crystal violet is a positively charged dye. We
observed no difference in sliding angle between the LL and @LL samples (Figure 31A, P>0.9999).
Measurements of the droplet sliding velocity, which provide an indication of surface uniformity
(Regan et al., 2019), yielded comparable results (Figure 31B). Similar results can also be achieved
when charged liquids such as crystal violet (positively charged) and bromophenol blue (negatively

charged) dye were used as foulant droplets (Figure A2Ai and Figure A2Bji).
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Similarly, this is also tested
in partially infused catheters
with 20 ¢St silicone oil. The
results of the sliding angle
test (Figure 32A) showed
that as the infusion
percentage increases, (i.e. a
higher amount of free
silicone liquid is present in
the system), the sliding angle
gradually decreases.

Samples at 30—50% infusion
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Figure 31. Sliding Angle and Droplet Speed Tests on Catheters Infused with
Free Liquid Layer Removed.

(A) Sliding angle test of non-infused catheters, and catheters with (LL) or without
liquid layer (OLL). (B) Droplet Speed test results for LL and OLL catheters. In
all graphs presented, the error bars represent the standard error of the mean.
Statistical significance between the groups was evaluated using ANOVA test.

**=P <0.05; *** =P <0.0005; **** =P < 0.0001 and ns = not significant.

already showed a significant difference in sliding angle compared to non-infused controls (P =

0.03). Although samples 70-90% of infusion showed somewhat higher values than fully infused

samples (24.71+2.54 compared to 8.41+1.20, respectively), the difference was found to be non-

significant (P > 0.9999). In the droplet speed test, a similar outcome was observed (Figure 32B).

This observed trend, where an increase in infusion percentage results in a more slippery surface,

1s consistent across various conditions. This includes scenarios where different viscosities of

silicone oil were used for infusion (Figure A3), as well as when charged liquids were employed as

foulant droplets (Figure A2Aii and Figure A2Bii).
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for catheter infused into various infusion percentage. In all graphs presented,

we assessed whe rotein e
y P the error bars represent the standard error of the mean. Statistical significance

adhesion levels on catheters between groups was assessed using the ANOVA test. * = P<0.05 and ns = not

significant.
infused at various infusion
percentages through image analysis and UV-vis spectrophotometer measurements. As discussed
in Section 3.3.3, partially infused catheters incorporate a lower amount of silicone oil into the

catheters' polymer network, making the occurrence of syneresis, i.e. the migration of silicone oil

molecules onto the surface, unlikely (Cai & Pham, 2022).

Crystal violet served as an indirect method for visualizing the locations where whey protein had
attached to the catheter surface. The results indicated that as the infusion percentage increased, the
amount of whey protein adhesion observed decreased, as evidenced by lower percentage of crystal
violet stained areas (Figures 33A and B). This trend was consistent across catheter samples infused

with different viscosities of silicone oil.
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However, this method has its
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spectrophotometer was

percentage (%). (C) Crystal violet stains were stripped off with ethanol,
used to quantify the amount of absorbance at 590 nm were measured for catheters incubated in whey protein
) o solution. The data has been fit with linear function.
crystal violet staining on the
catheter materials. Similarly, the results showed that higher infusion percentages were associated
with lower absorbance levels at 589 nm, indicating reduced crystal violet presence on the samples
and suggesting a lower protein adhesion level (Figure 33C). This decreasing trend in absorbance

was observed across catheter samples infused using different viscosities of silicone oil, though less

prominent in 50 cSt silicone oil infused catheters (Figure A4).

4.3.3.2 Fibrinogen Adhesion

Previous studies on liquid-infused silicone have indicated that a thin and stable free liquid layer is
crucial for effective fouling resistance (Kolle et al., 2022; Amini et al., 2017). This layer serves as
a physical barrier, reducing the force required to release attached fouling organisms. To evaluate

whether the removal of the free liquid layer in our system affects the adherence of relevant CAUTI
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foulants to the surface, we incubated fully infused catheters, with (LL) or without a free liquid
layer (OLL), with Fb. The results demonstrated that both fully infused catheters, LL and OLL,
effectively resisted Fb adhesion, exhibiting significantly less surface attachment compared to
controls (P <0.0001 and P =0.0001, respectively) (Figures 34Ai and Aii). Additionally, there was
no significant difference in Fb adhesion between the samples (P > 0.9999), suggesting that
removing the free liquid overlayer does not significantly impact the material's ability to resist

fouling in terms of Fb adhesion (Figures 34Ai and Aii).

To assess the effectiveness of partially infused silicone catheter material in repelling fouling
agents, we again incubated the samples with Fb followed by immunolabeling to assess the levels
of adhesion. The results indicate that, as the infusion level increased, the adhesion levels of Fb
gradually decreased (Figure 34Bi and Bii). Notably, the first significant difference was observed
between non-infused catheters and those infused to the 70-90% of infusion (P < 0.0001). In

addition, silicone catheter material infused to 70-90% of infusion did not show a significant

Figure 34. Fb Adhesion on Infused

difference compared to fully infused materials (P = 0.19). Catheters.
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The results obtained here are consistent with the findings from the sliding angle and droplet speed
tests presented in Section 4.3.1. In these tests, both liquid layer (LL) and OLL demonstrated
significantly more slippery surfaces compared to controls, with no significant difference observed
between LL and OLL (Figures 31A and B). This increased slipperiness is reflected in the results
for Fb adhesion, where both LL and OLL exhibited significantly lower Fb adhesion levels
compared to non-infused controls (Figures 34Ai and Aii). For partially infused catheters, the
sliding angle and droplet speed tests indicated a trend towards increased slipperiness as the
infusion percentage increased (Figure 32A and B). This trend was similarly observed in the
adhesion of whey protein and Fb, with less protein being attached to the surface as the infusion

level increased (Figure 34Bi and Bii).

Current understanding of the mechanism of antifouling action of liquid-infused surfaces relies
most heavily on the presence of a free and continuous liquid layer. It is thought that such a layer
presents a physical barrier to contaminants and can deceive the mechanosensing mechanism of
fouling organisms, preventing the initiation of their adhesive behavior (Amini et al., 2017;
Kovalenko et al., 2017; Manna et al., 2015; Epstein et al., 2012). Furthermore, the presence of the
free liquid overlayer is thought to contribute to increased slipperiness on the infused surface,
reducing the energy required for detaching fouling organisms and facilitating their release (Sotiri
et al., 2016). The results indicating no significant difference in slippery properties and antifouling
functionality between LL and OLL are therefore surprising to us. Several possibilities could
explain this phenomenon: it is possible that the presence of a free and continuous liquid layer is
still necessary for optimal functionality, and that OLL still contains a surface liquid layer, albeit
significantly thinner than LL (Figure 29B). Since the characterization of the liquid layer in @LL

was conducted under a confocal microscope, which has a resolution limitation of 500nm, meaning
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that any liquid layer below 500nm thickness cannot be visualized. In this case, our results may

suggest that a liquid layer below 500nm thickness can still maintain functionality.

However, it is unlikely that this is the case, as adhesion tests on partially infused catheters showed
a decrease in adhesion, albeit not significant compared to controls, even at infusion percentages as
low as 30-50%. This decrease in adhesion corresponded with increasing infusion percentage.
According to literature, the lower concentration of excess liquid in partially infused materials
reduces the amount of free liquid available to accumulate at the surface (Cai & Pham, 2022). This
suggests that the decrease in adhesion may not be entirely due to the presence of a free continuous

liquid layer.

In fact, the understanding that liquid-infused silicone surfaces are more nuanced and dynamic than
previously thought has been growing. Hatton et al. (2021) reported that when the free liquid layer
was removed via washing with water, it would spontaneously regenerate over the following 360
hours (h), increasing linearly from ~50 nm to ~lum (Lavielle et al., 2021). Cai et al. (2021)
demonstrated that free silicone liquid could spontaneously separate from the silicone solid at the
edge of a water droplet (Scherer, 1989). Wong et al. (2020) also showed that free molecules within
the silicone solid could migrate to the surface in response to the presence of a water drop, but,
importantly, also showed that they could return to the bulk after the droplet was removed (Wong
et al., 2020). These studies point to infused silicone surfaces as able to dynamically respond to
changes in conditions, which might explain our results. Understanding how free molecules in the
silicone polymer matrix respond to protein foulants attaching to the surface, and whether the liquid
layer dynamically reacts to protein foulants similarly to what has been reported in the literature,

still requires further investigation.
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4.3.4 Bacteria Adhesion Characterization

To directly visualize the attachment of pathogens relevant to CAUTI on infused catheter surface
with a minimal amount of free liquid layer on the surface, we incubated both LL and OLL samples
with the bacterium E. faecalis. The results (Figures 35Ai and Aii) showed that both LL and @LL
catheters effectively resisted E. faecalis adhesion, showing significantly less surface attachment
compared to controls (P < 0.0001 and P = 0.009, respectively). Moreover, the results showed no
significant difference in E. faecalis adhesion between LL and OLL samples (P = 0.25), suggesting
that removing the free liquid overlayer does not have a significant impact on the material’s ability
to resist fouling in terms of E. faecalis adhesion. These results, similar to protein adhesion, also
align with the findings from sliding angle and droplet speed tests, where a more slippery surface

in LL and OLL corresponded to significantly lower bacteria adhesion.

Similarly, we again incubated the samples with E. faecalis followed by immunolabeling to assess
the levels of adhesion on partially infused catheters (Figures 35Bi and Bii). The results indicate

that, as the infusion level increased, the adhesion levels of £. Figure 35. E. faecalis Adhesion on
Infused Catheters.
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faecalis gradually decreased. Notably, the first significant difference was observed between non-
infused catheters and those infused to the 70-90% of infusion percentage (P < 0.0001 E. faecalis).
In addition, catheters infused to 70-90% of infusion percentage did not show a significant
difference compared to fully infused materials (P > 0.9999 for E. faecalis). Once more, this finding
is reflected with the results from sliding angle and droplet speed tests, where an increase in slippery

properties on catheters with increasing infusion percentage led to a decrease in bacteria adhesion.

In addition to potential factors such as the interaction between the fouling substrate and the catheter
surface, as discussed in Section 4.3.2.2, other factors may also contribute to our results when it
comes to the adhesion of living organisms. Previous studies have suggested that in silicone oil-
infused silicone material, bacterial flagella, such as those found in E. coli and P. aeruginosa,
interact with the liquid layer (Kovalenko et al., 2016). It has been demonstrated that biofilm-
forming signals are triggered when bacterial flagella come into contact with a solid material (Belas,
2013). The interaction between bacterial flagella and the liquid layer may enable some degree of
flagellar movement, thereby reducing the likelihood of initiating such signals and consequently
lowering adhesion. Recent RNA sequencing research has also revealed that the introduction of
silicone liquid to silicone solids leads to an upregulation of 10 distinct genes in P. aeruginosa while
simultaneously downregulating a gene that may impede initial adhesion, although the precise
mechanism behind this phenomenon remains unknown (Shen et al., 2023). Furthermore, factors
such as the stiffness of material might also impact adhesion levels of bacteria. Research on non-
infused dry silicone materials with varying degrees of stiffness has revealed that E. coli and P.
aeruginosa attach more readily to softer silicone surfaces than to harder ones (Straub et al., 2019).
This phenomenon is unlikely to be solely attributed to the presence of flagella, as the researchers

have found similar results when testing the same silicone surfaces with mutants lacking flagella
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and abiotic carboxylated-modified polystyrene beads. As it has been observed that stiffness levels
correspond to the extent of infusion (Cai and Pham, 2022), the alteration in stiffness level may also
be a contributing factor affecting bacterial adhesion on infused materials. All these studies suggest
that the adhesion of bacteria in our infused catheter material involves numerous complex
interactions and is influenced by various factors. It cannot be explained solely by one factor,

highlighting the multifaceted nature of bacterial adhesion on infused materials.

4.4 Summary

Our results collectively demonstrate that catheters with minimal or absent free liquid layers
maintained their antifouling properties effectively. This is evidenced by the lack of significant
differences in sliding angle, droplet speed, protein adhesion, and bacterial adhesion between fully
infused catheters with and without the removal of liquid layers. Furthermore, we investigated
catheters with varying infusion percentages, revealing a positive correlation between infusion
percentage and antifouling ability. Importantly, achieving a significant difference from non-infused
controls may not require complete infusion; it can be accomplished with an infusion percentage
ranging from 70% to 90%. However, this may vary depending on the type of foulant tested or the
bacterial species involved. These findings highlight two key points: first, the ability to adjust
foulant levels on infused materials by controlling infusion levels, and second, the potential to
reduce the amount of infusing liquid while maintaining functionality that is comparable to

materials fully saturated with infusion liquid.
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CHAPTER 5
DETECTING INFUSING LIQUID LOSS OF INFUSED CATHETERS

5.1 Introduction

From our experiments detailed in Chapter 3 and 4, we have observed that infused catheters,
whether with the surface free liquid layer removed or with a lower infusion of liquid into the
material, still exhibit antifouling properties comparable to catheters fully saturated with infusing
liquid. As highlighted in Section 1.2.7, it is important to minimize the loss of infusing silicone
liquid from the catheters into the environment, as silicone oil droplets may trigger immune

responses (Melo et al., 2021; Cheng et al., 2020; Krayukhina et al., 2019; Chisholm et al., 2015).

As discussed in Section 1.2.4.1, characterizing the thickness of infused materials presents
significant challenges due to the minimal volume of liquid and the constraints imposed by analysis
protocols. This challenge is further compounded when attempting to measure the loss of infusing
liquid from our catheters, as the volume becomes even smaller. As shown in Figure 25B, the
maximum amount of silicone oil present in fully infused catheter is less than 30 uL/mm. While
highly sensitive instruments do exist, they often come with a significant price tag, such as flow
cytometers, which can range from $80,000 to $150,000 for a single unit and require extensive
training to operate. In light of these considerations, the development of our protocol to detect liquid
loss from infused catheters in water prioritizes the use of instruments readily available on the
University of Maine campus or with our collaborators, and aims to establish a method that is quick,
easy to implement, and widely applicable across laboratories. By doing so, we hope to enable
future researchers to detect small amounts of infusing liquid loss with our developed protocol
without the need for substantial financial investment, thereby preserving resources for other areas

of research.
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Previous studies have demonstrated the visualization of silicone oil droplets in distilled water
under microscopes (Melo et al., 2021). Researchers observed these droplets by filling silicone oil-
lubricated syringes with water and agitating them. Literature has also demonstrated the
detectability of silicone in biological liquid samples using Inductively coupled plasma — optical
emission spectrometry (ICP-OES; Hauptkorn et al., 2001). In this analytical technique, samples
are typically dissolved in hot acidic solutions, allowing elemental components to remain in
solution. Subsequently, the ICP-OES instrument analyzes and quantifies the elemental
composition of the sample. Within the instrument, argon plasma generates high heat, enabling the
absorption of energy by the sample's atoms and ions. This energy causes electrons to transition
from their ground state to an excited state. Upon returning to lower energy levels, specific
wavelengths corresponding to the elements present are emitted. The instrument detects the
intensity of light emitted, allowing the quantification of trace elements in a sample. Moreover,
previous studies have demonstrated the detection and quantification of oil-in-water emulsions
using UV-Vis spectrophotometry (Banan Khorshid et al., 2021). The underlying hypothesis is that
an oil-in-water emulsion would render the solution more turbid compared to water with lower
concentration of silicone oil. This increased turbidity is expected to generate a distinct absorbance
profile contingent upon the concentration of silicone oil present (Banan Khorshid et al., 2021).
Dynamic Light Scattering was used in past studies to study small molecule, such as protein-protein
or protein-nucleic acid interactions (Stetefeld et al., 2016), although not commonly used in
studying silicone oil in water. This instrument operates by passing a laser through a 1 mL liquid
sample, with scattered light detected by a photon detector. Different particle sizes suspended in the

liquid sample scatter light uniquely, allowing the instrument to provide information on particle
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number and size distribution, a principle potentially applicable to detecting oil droplets suspended

1n water.

Building upon previous literature and taking advantage of the availability of these instruments on
campus or from collaborators, we investigated the potential use of light microscopy, dynamic light
scattering instruments, ICP-OES, and UV-Vis instruments for detecting oil loss in infused
catheters. By experimenting with various protocols, we successfully developed a method using
UV-Vis to detect silicone oil content as low as 0.004 pL in 10 ml of water. With this successful
protocol, we quantify the potential loss of silicone oil from our infused catheter material into the

environment.

5.2 Materials and Methods

5.2.1 Microscopy

Standards were first established to assess whether small amounts of silicone oil droplets could be
visualized. 0.1% (v/v) and 0.2% (v/v) of 10 cSt silicone oil was pipetted respectively into 1 mL of
deionized water. After vortexing, 100 uL from each resulting solution was quickly transferred onto

a glass slide, and the samples were visualized under a light microscope at 100X magnification.

To begin testing this protocol with infused catheter samples, fully infused catheters were cut into
2 cm sections and subjected to full submersion into 1 mL of deionized water and removal for a 20
or 40 cycles. Following this, the resulting solution was vortexed, and similarly, 100 puL of the
solution was quickly transferred onto a glass slide for visualization under light microscopy at 100X
magnification. We opted for a small volume of solution for dipping to increase the likelihood of

extracting water containing oil for visualization.
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5.2.2 Dynamic Light Scattering

To assess the suitability of Dynamic Light Scattering (Zetasizer Nano ZS, Malvern Panalytical,
US) in detecting oil loss, standards of silicone oil were created by spiking silicone oil into
deionized water at concentrations of 0.1% (v/v) and 0.2% (v/v). After vortexing, 1 mL of samples
were pipetted into a glass cuvette and measured with DLS for approximately 5 minutes. To mitigate
low counts from the measurements, the same procedure was followed, except that the standards
were allowed to settle for 15 and 30 minutes after vortexing, respectively, before measurement.
Additionally, 2 cm fully infused catheters were submerged and removed from 1 mL of deionized
water for 20 cycles and tested using the same protocol as the standards. Various modifications were
also attempted to decrease polydispersity and allow droplets to coalesce for a more uniform
suspension, including (1) increased measurement times to 1 or 3 hours, (2) settling periods for at
least 30 minutes, and (3) filtration through a Nylon filter to eliminate dust particles. Furthermore,
25% infused catheters, representing samples with the lowest infusion percentage of interest, were

also tested using the same protocol.

5.2.3 Inductively Coupled Plasma Optical Emission spectroscopy (ICP-OES)

Mouse models were catheterized for 24 hours with mouse catheters fully infused with 20 cSt
silicone oil, as described in Section 1.2.6. Subsequently, 10 bladders of the catheterized mice were
carefully extracted using aseptic techniques (Andersen et al., 2023). Four bladders from non-
catheterized mice were also extracted as negative control; and two 15 mg standard soil samples
were used as positive control. All samples were then digested with hydrofluoric acid and nitric
acid using a microwave digester. The digested liquid was then measured with ICP-OES (from

Dartmouth College) for silicone detection.
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5.2.4 Ultraviolet-visible spectrophotometry

5.2.4.1 Turbidity Method

A known amount of 10 ¢St silicone oil was pipetted into 10 mL deionized water to create standard
suspensions of 0%; 20%; 40%; 60%; 80% and 100% silicone oil (v/v for all percentages). The
standard solution was then subjected to vortexing for one minute. 1 mL of the solution was quickly
transferred to a glass cuvette for absorbance measurement in the UV-Vis spectrophotometer. The
vortexing aimed to temporarily create a water-in-oil emulsion for measurement (Wang et al.,
2022). Another refined methodology was also performed the same way as above, except that a

surfactant, 40 uL of Tween-20, was pipetted into the 10 mL water solution before vortexing.

To assess silicone oil loss in catheters, 10 cm segments of fully infused catheters (infused for at
least 5 days) were fully submerged and removed from 10 mL of deionized water for a designated
number of cycles. Similarly, 40 pL of Tween-20 was added into the water. After the water was
vortexed, 1 mL of the sample was immediately transferred into a glass cuvette for absorbance
measurement with UV-Vis spectrophotometry. An alternate method involved cutting fully infused
2 cm catheters into quarters, then conducted the full submersion and removal of catheters from a
glass cuvette filled with 1 ml of deionized water. 4 pL of Tween-20 were then pipetted into the

glass cuvette, and subjected to UV-Vis measurements.

5.2.4.2 Homogenization Method

For every 9.5 mL of 20 cSt silicone oil, 0.5 mL of oil dye (LF2001, Leak Detection Dye, Leak
Finder) was added to create a silicone oil/dye mixture. A known amount of silicone oil/dye mixture
was then pipetted into 10 mL deionized water to create standard solutions of 0.1%; 0.5% and 1%
silicone oil (v/v). Next, 40 pL of Novec™ 7100 engineered fluid (3M™), an agent that has some

level of solubility in water and can dissolve silicone oil, was introduced into the mixture to attempt
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the creation of a homogenized solution with uniform color. After vortexing for 1 minute, 1 mL of

the total liquid was transferred to a cuvette for UV-vis detection.

5.2.4.3 Water Evaporation Method

Approximately 9 mg of pyrromethene (05971, Pyrromethene 597-8C9, Exciton, USA) was added
to every 100 mL of silicone oil and thoroughly mixed. Pyrromethene was selected for its better
documented characteristics in absorption and emission wavelengths compared to the commercial
oil dye referenced in Section 4.2.4.2, facilitating easier characterization. The solution was then

filtered through a 0.45 pm filter to remove any particulates.

Standard solutions were created by pipetting a known quantity of the silicone oil/pyrromethene
mixture into a 10 mL water. Subsequently, employing a heat plate, water content was evaporated.
Due to the absence of precise temperature control on our heat plate, adjustments were made to
achieve intermittent boiling of water, indicative of a fluctuating temperature around 100°C. After
water evaporation, 1 mL of toluene was then introduced into the container to dissolve all remaining
silicone oil/pyrromethene, allowing sufficient volume to be transferred into the glass cuvette for

UV-VIS measurement.

5.2.4.4 Extraction Method

5.2.4.4.1 Standard Curve Development

A standard curve of the silicone oil/pyrromethene mixture in 18.2MQ-cm water (Millipore Milli-
Q Direct 8 Water Purification System; 18.2MQ-cm) was created by adding a fixed percentage of
dyed silicone oil in 10 mL of MilliQ water. Afterward, 1 mL of toluene (108-883, Toluene
anhydrous, Alfa Aesar, USA) was pipetted into the MilliQ water, and the mixture was manually

shaken for 10 seconds and left to settle for at least a minute to separate into upper and bottom
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layers. The top layer was then carefully extracted and placed in a glass cuvette for UV-Vis (840-
277000, GENESYS™ 30 Visible Spectrophotometer, Thermo Fisher, USA) measurement. The

absorbance of the samples was measured at 2nm intervals within the 350-650 nm range.

5.2.4.4.2 Sample Preparation

To prepare the dyed silicone oil for infusion, approximately 9 mg of pyrromethene (05971,
Pyrromethene 597-8C9, Exciton, USA) was added to every 100 mL of silicone oil and thoroughly
mixed. The solution was filtered through a 0.45 pum filter to remove any particulates. The
fabrication process for catheters with a liquid layer (LL), those with no liquid layer (JLL), and
partially infused catheters remains consistent with the method described in Section 3.3.1, but with

dyed silicone oil used as the infusing liquid.

5.2.4.4.3 Silicone Oil Loss from Infused Catheters

The assessment of silicone oil removal from infused catheters infused with dyed silicone oil
followed a consistent procedure as the standard curve development protocol. Instead of dispensing
a fixed volume of liquid into 18.2MQ-cm water, we immersed catheters, prepared using the
aforementioned infusion method, into 10 mL of 18.2MQ-cm water. This immersion-withdrawal
cycle was repeated ten times. Subsequently, the absorbance readings from UV-Vis
Spectrophotometer were compared against the standard curve to quantify the amount of silicone

oil extracted.

5.3 Results and Discussion

5.3.1 Microscopy

To initiate testing the visualization of small amounts of silicone oil in water, we used a microscope
at 100X magnification to observe whether we could visualize 0.1% and 0.2% concentrations of
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silicone oil in 100 pL of deionized water. Results indicated that we could indeed visualize silicone

oil droplets in the samples
(Figure 36A). We selected

areas occupied by the oil

droplets and counted the
number of pixels of oil
droplets  using  Imagel.
Samples containing 0.2%

silicone oil exhibited roughly
double the number of relative
pixel area (~3803) compared
to those with 0.1% silicone
oil (~9962), providing an
indirect method of
quantifying oil present in
water samples, which might
be applicable to catheters

subjected to water stripping

cycles (Figure 36B).

Having achieved success in
visualization, we proceeded to
test this protocol with infused
Results

catheter samples.

A Silicone oil concentration
0.2%

0.1%

Control

15000

10000

5000

Oil particle area

0.1%
L 1

1
Control 0.2%

Silicone oil concentration

Ci Cii

20 cycles 40 cycles

Figure 36. ImageJ Analysis of Silicone Oil in Water.

(A) Microscopic images depict water samples containing trace amounts of
silicone oil. From left to right: deionized water control, 0.1% silicone oil in
deionized water, and 0.2% silicone oil in deionized water, respectively. (B)
Quantification of the area occupied by oil particles, analyzed using Image J.
Error bars represent the standard error of the mean. n=3. The catheters were
fully submerged in water and subsequently removed for either (Ci) 20 cycles
or (Cii) 40 cycles. The resulting water sample was then visualized under a
microscope to detect silicone oil droplets. Arrows indicate the location of
several, but not all, silicone oil droplets. In (Cii), a zoomed-in image of the

figure is displayed in the lower left corner.
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revealed the presence of silicone oil droplets in the water, but the particles were too minuscule for
quantification (Figure 36C). This shows a limitation of the method, wherein with a small volume
of solution, only a limited surface area of fully infused catheters may come into contact with the
water body. Consequently, this could potentially reduce the amount of oil that could be stripped
off and detected. Nonetheless, this observation confirms the loss of some amount of silicone oil
from fully infused samples. We chose not to proceed with partially infused samples due to their

even lower silicone oil content, rendering them unlikely to be visualized under light microscopy.

5.3.2 Dynamic Light Scattering

To assess the suitability of Dynamic Light Scattering (DLS) for measuring oil loss, 0.1% (v/v) and
0.2% (v/v) silicone oil standards in deionized water were measured with DLS for ~5 minutes.
However, detection results showed significant variations in count rate indicating sample instability,
likely caused by active coalescence of silicone oil droplets during measurement (Bera et al., 2021).
The DLS instrument therefore was not able to provide a proper size or count measurement of oil

droplets suspended in the deionized water.

The coalescence rate of silicone oil is influenced by various factors, including the size and distance
of oil droplets (Li ef al., 2024). To obtain preliminary data and assess the reliability of results, we
followed the same procedure used for measuring silicone oil standards. However, in this case, the
standards were allowed to settle for 15 and 30 minutes after vortexing before measurement.
Although signals were detected this time (Figures 37A and B), the DLS instrument produced count
rates with extremely low data quality, as reported by the DLS instrument software. The
ineffectiveness of the DLS measurements can be attributed to the high polydispersity of the
silicone oil droplets in the water sample (Danaei et al., 2018). Polydispersity refers to the non-

uniformity in the size distribution of oil particles within the sample. Given that DLS relies on
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measuring fluctuations in scattered light intensity from a collection of particles, excessively

polydisperse samples can lead to inaccurate results (Danaei et al., 2018). This is because different
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infused catheters, representing samples with the lowest infusion percentage of interest, were tested
using the same protocol. Even after evaporating the deionized water, then pooling 3 samples to
increase oil content, results remained unsatisfactory, with samples exhibiting count signals too low
for detection. In conclusion, despite extensive attempts to optimize the protocol, the DLS
instrument proved ineffective for accurately measuring silicone oil content in water samples due

to the oil droplets being too polydisperse in deionized water.

5.3.3 Inductively Coupled Plasma Optical Emission spectroscopy (ICP-OES)

In order to explore the use of ICP-OES in detecting silicone oil loss in catheter samples, mouse
bladders were extracted from mice that had been catheterized with fully infused catheters. These
extracted bladders were then subjected to digestion for subsequent measurement in Dartmouth
College using ICP-OES. Our previous experimental data suggested that if all silicone oil were lost
from the mouse catheter to the bladder, only approximately 1.08 uL of silicone oil would be lost
(Figure A1) which is below the literature's detection limit (Hauptkorn ez al., 2001). However, since
each mouse bladder weighs more than 100 mg (~0.15 - 0.7g), there is a possibility that some signals
could still be detected, we therefore proceeded with the analysis. The results indicated very low
silicon recovery with only 25-30%, as referenced with a soil positive control (4-5 mg of silicon
present). Among the 10 bladders obtained from catheterized mice and subjected to testing, silicone
signals were detected in only 2 bladder samples. (19292 and 48706 ng silicon/mL). Additionally,
3 out of 4 bladders without catheterization exhibited silicon signals (5935; 57326; 16595 ng
silicon/mL respectively). Since silicon can naturally occur in mammalian connective tissues
(Jugdaohsingh et al., 2015), the silicon signals detected in the non-catheterized mouse bladders
are likely attributed to the presence of silicon within the animal tissue itself. Since most sample

signals were below the detection limit for fully infused catheters, detecting silicon signals is even
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less likely with lower oil amounts, in the case of partially infused catheters. The findings suggest
that the current method may not be optimal for our purposes, primarily due to the minimal amount
of silicone oil content. In literature, it was also reported that silicone's low solubility in acid and
high volatility could also exacerbate its loss during sample preparation (Hornung & Krivan, 1997;
Van Dyck et al., 1997). This could potentially further diminish the amount of detectable silicone

oil in our samples, rendering this method non-effective for our purposes.

5.3.4 Ultraviolet- visible (UV-Vis) spectrophotometry

5.3.4.1 Turbidity Method

To investigate the application of UV-Vis spectrophotometry in detecting silicone oil, standard
solutions with varying concentrations of silicone oil in deionized water were prepared. These
solutions were quickly vortexed before being measured. Results revealed differences in
absorbance across wavelength ranges; however, these differences did not correlate with the
concentration of silicone oil in the samples and exhibited inconsistency (Figure 38A). This
outcome was somewhat anticipated, as vortexing creates the suspension of various sizes of silicone
oil droplets in water, this unstable emulsion of silicone oil would also migrate to the surface during

absorbance measurements in the spectrophotometer.

To refine our methodology, we follow the same protocol, but introduced Tween-20 as a surfactant
in an attempt to establish a more stable and uniform emulsion suitable for absorbance

measurements. This adjustment yielded improved results, although typical absorbance peaks were
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not observed (Figures 38B and 38C). Nonetheless,
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With promising initial results, we proceeded to investigate the removal of silicone oil from fully
infused catheters. We chose to test this protocol on fully infused catheters, as they contain the
highest amount of oil integrated into the polymer. Therefore, theoretically, the potential for silicone
oil removal from these catheters should be the highest. If successful in detecting silicone oil loss
from fully infused catheters, there would be a greater likelihood of detecting oil loss from catheters
with lower infusion percentages. Resulting signals did not exhibit any significant difference

compared to negative controls, suggesting that this method lacks the sensitivity required to detect
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the desired amount of silicone
oil (Figures 40Ai, Bi and Ci).
Another potential explanation
is the absence of silicone oil
removal  through  water
stripping, which is unlikely
since it was reported that
repeated exposure to an
air/water interface as an
effective means of removing
the free liquid layer from
infused systems (Sotiri et al.,
2018). A possible flaw in this
protocol is the risk of losing
silicone oil samples during

the transfer process of 1 mL of
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Figure 39. Absorbance Measurement for Small Concentration of Silicone
Oil in 4% Tween-20 with Water.

Absorbance values within the range of 400-500 nm were graphed for difference
viscosities of silicone oil: (A#) 3 ¢St, (Bi) 5 c¢St, and (Ci) 50 cSt. On the right
panel, standard curves were generated with five randomly selected points
between 400-500 nm: (Aii) for 3 ¢St, (Bii) for 5 cSt, and (Cii) for 50 ¢St silicone

oil.

solution from the bulk water solution, which could lead to the under detection of silicone oil

signals, especially given the minute amounts of oil present. To address this flaw, we eliminated the

transfer process and instead cut fully infused 2 cm catheters into quarters to conduct silicone oil

removal and surfactant addition directly in the glass cuvette. This modification ensured that all oil

content removed remained in the container for measurement. However, despite these adjustments,

the results remained similar, with no significant signals detected (Figures 40Aii, Bii and Cii). The

challenge with these protocols lies in the smaller size of the infused catheter samples, resulting in
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a reduced amount of oil that could
potentially be lost. Alternatively,
using a larger sample size would
require a larger volume of water,
making the transfer of solution into
the cuvette inevitable and risking
the exclusion of oil content during

detection.

5.3.4.2 Homogenization Method

From our exploration in Section
5.3.4.1, we have uncovered some
limitations. First of all, given that
we are

essentially creating a

solution comprising oil suspended
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Figure 40. Absorbance Measurement for Fully Infused Catheter
Samples.

Absorbance values within the range of 400-500 nm were graphed for

catheters fully infused with different viscosities of silicone oil: (A) 3 ¢St,

(B) 5 cSt, and (C) 50 cSt. The left panel (i) displays absorbance when

samples were generated by dipping catheters in a larger volume of

deionized water and then transferred to a cuvette. On the right panel (ii),

samples were generated by directly dipping catheters into the cuvette

used in UV-Vis for absorbance measurement.

in water, the transfer of this solution into the cuvette may not accurately represent the total oil loss,

as there is a risk of excluding some oil content during the transfer process. To address this, our

upcoming protocol integrates a silicone oil emulsifier into the water, thereby facilitating the

creation of a homogenized solution. By emulsifying the silicone oil into a uniform solution,

regardless of which portion of the solution is being transferred into the cuvette for measurement,

the results should remain relatively consistent. The second limitation arises from the fact that we

are dealing with minute quantities of silicone oil, resulting in very small signals for measurement.

In response to this challenge, we also introduced a dye to the silicone oil to enhance signal

detection using UV-VIS spectrophotometry.
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In order to assess the effectiveness of these approaches, we prepared standard solutions containing
known concentrations of silicone oil/oil dye mixture in deionized water. With the inclusion of
silicone oil dye and emulsifier, we have noted a significant change. In samples containing lower
percentages of silicone oil, unlike in previous protocols where we observed varying levels of flat
absorbances (Figure 39), we now detected a distinct peak corresponding to the color of the silicone
oil/oil dye mixture. (Figure 41A). The increase in absorbance corresponds to the amount of silicone
oil/oil dye mixture added to the water sample (Figure 41B). However, before further testing of
catheter samples with this protocol, we observed that although relatively stable emulsions seemed
to form at lower percentages (Figure 41C), at 5% silicone oil/dye in water, the silicone oil/dye
mixture floated to the top after 2-3 minutes (Figure 41D). This indicates that we may have
overlooked this phenomenon at the lower percentages’ standard samples due to their significantly
smaller volume. A significant portion of the oil could have floated to the top, and not have been

visible to the naked eye, potentially interfering with the results.

Figure 41. Absorbance Measurement of
Silicone Oil/Oil Dye.
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From the results presented in Sections 5.3.4.1 and 5.3.4.2, it becomes evident that achieving a

uniform oil/water emulsion is a challenging endeavor with our existing tools. To address this, we
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explore the possibility of isolating the oil layer from the water for measurement. We hypothesized
that following the creation of a silicone oil/pyrromethene (silicone oil dye) mixture in water, we
can isolate silicone oil/pyrromethene by evaporating all water content on a heat plate. To enhance
the volume of the remaining trace amount of silicone/pyrromethene, toluene was subsequently
introduced to dissolve all silicone oil. This process aimed to generate a liquid volume of at least
ImL, facilitating measurement with a UV-Vis spectrophotometer. Prior to testing the protocol, we
conducted preliminary tests on known quantities of silicone/pyrromethene dye in 1 mL toluene.
The resultant solutions exhibit a consistent and uniform coloration throughout, devoid of any
discernible phase separation after >30 minutes, where higher concentrations of silicone
oil/pyrromethene in toluene result in a more pronounced pinkish hue (Figure 42A). UV-Vis
measurements show that these solutions yield detectable peaks that correspond to silicone
oil/pyrromethene concentration (Figure 42B). This indicates that silicone oil/pyrromethene in

toluene is a stable homogenized mixture that allows analysis with the UV-Vis spectrophotometer.

To assess the efficacy of our newly devised protocol, we prepared a silicone oil/pyrromethene
mixture as previously outlined, and then introduced a known quantity of this mixture into
deionized water. Subsequently, we evaporated the water and added toluene to yield enough volume
for UV-Vis measurement. Results revealed a loss of silicone oil samples during the heating process,
evident in discrepancies between the expected and observed peaks of the silicone oil/pyrromethene
mixture (Figure 42C). For instance, in the standard solution depicted in Figure 42A, the peak
absorbance of 0.5% silicone oil/pyrromethene in toluene at 528nm is approximately 0.17.

However, when measuring the same concentration of silicone oil/pyrromethene under the water
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Figure 42. Absorbance Measurement of Silicone Oil/ Pyrromethene in Toluene.

(A) Appearance of silicone oil/pyrromethene mixture in toluene 30 minutes after vortexing. From left to right, the
toluene solution contains concentrations of 1%, 0.5%, 0.1%, 0.05%, and 0.01% of silicone oil/pyrromethene. (B)

Absorbance values within the range of 350-650 nm were graphed for 0.01%, 0.05%, 0.1%, 0.5%, and 1% of silicone
oil/pyrromethene mixture in toluene respectively. (C) After water evaporation treatment, Absorbance values within

the range of 350-650 nm were graphed for 0.01%, 0.05%, 0.1%, 0.5%, and 1% of silicone oil/pyrromethene mixture

in toluene respectively.

evaporation protocol, a notable decrease in absorbance is observed, dropping to approximately
0.013. Due to the lack of precise temperature control on our heat plate, we could only adjust the
temperature knobs to the extent where intermittent boiling of water was observed. Consequently,
it is plausible that the temperature fluctuated, possibly exceeding 100°C, which might have led to

the unintentional removal of some silicone oil.

5.3.4.4 Extraction Method

Section 5.3.4.3 has demonstrated that the silicone oil/pyrromethene mixture in toluene remains

stable, enabling UV-Vis analysis to quantify trace amounts of silicone oil. However, it was
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observed that using our existing heat plate led to the loss of silicone oil, likely due to the lack of

precise temperature control. An alternative protocol was devised to

isolate silicone

oil/pyrromethene from water without risking the loss of silicone oil.

In this protocol, silicone oil/pyrromethene was added into deionized water. Subsequently, toluene

was added directly into the mixture and mixed gently. Due to the fact that both toluene and the

silicone oil/pyrromethene mixture are less dense than water, the resulting solution exhibited a

gradual separation into two distinct phases
(Figure 43A). The upper layer, characterized by
its pink hue, consisted of silicone
oil/pyrromethene dissolved in toluene, while
the lower layer comprised water. With this clear
separation, we can pipette only the top layer,
which contains the silicone oil/pyrromethene in

toluene, for UV-Vis measurement.

To establish a standard curve for quantifying
infused catheter silicone oil loss in subsequent
experimental sections, silicone
oil/pyrromethene standards were extracted
from deionized water using the discussed
method. The resulting standard curve exhibited
a positive linear correlation between the

concentration of silicone oil/pyrromethene

mixture and absorbance at 528 nm (Figure
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Figure 43. Absorbance of Silicone Qil/ Pyrromethene in
Toluene at 528 nm.

(A) Appearance of silicone oil/pyrromethene in toluene
extracted from deionized water; (B) Absorbance at 528 nm
is plotted against the concentration of
silicone/pyrromethene. The error bars represent the

standard deviation. n=20.
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43B). We tested 20 samples per standard concentration of silicone oil, aligning with

recommendations from prior literature to ensure robust results. Following guidelines from the

Clinical and Laboratory Standards Institute (Armbruster and Pry, 2008), we calculated the limit of

detection to be 0.0012% (v/v). This ensured our ability to accurately measure silicone oil content

in subsequent experiments, facilitating the

generation of reliable data.

To compare the quantity of silicone oil that
could be lost into the environment in infused
catheters with a free liquid layer (LL) versus
without free liquid layer (JLL), the catheters
underwent repeated passage through air-water
interface to strip away the surface layer. In LL,
0.05+ 0.01 pL of silicone liquid/mm of sample
length were lost from the infused catheter,
while OLL samples lost significantly less, 0.02
+ 0.006 pL of liquid/mm (P = 0.038; Figure

36A).

To investigate the silicone oil loss levels of
partially infused silicone catheter materials, the
samples were again repeatedly exposed to an
air-water interface to strip away surface liquid
(Figure 44B). Fully infused samples were

found to lose 0.025+0.004 pL of liquid, while
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Figure 44. Silicone Oil Loss of Infused Catheter

Samples

(A) Liquid loss comparison between non-infused silicone
catheter samples; silicone catheter samples with (LL) and
without liquid layer (JLL) (B) Amount of liquid loss per
mm of sample’s length is plotted against catheters infused
into different infusion percentage (%). The error bars
represent the standard error of the mean. Statistical
significance between the groups was evaluated using
ANOVA test. * =P < 0.05; ** =P < 0.01; **** =P <

0.0001 and ns = not significant.
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samples at 70-90% infusion lost significantly less at 0.004+0.0004 uL (P < 0.0001). Samples at
30-50% infusion lost 0.004 +0.0013 pL of liquid, which was not significantly different from
samples at 70-90% infusion (P > 0.9999). Neither samples at 30-50% nor 70-90% of infusion
were found to be significantly different from non-infused controls (P = 0.50 and 0.52,

respectively), unlike fully infused samples, which were significantly higher (P < 0.0001).

Various absorption routes for silicone oil were tested in animal models in past literatures, including
oral ingestion, intraperitoneal, intramuscular, intravenous injections, and subcutaneous
administration (Hao et al., 2022; The Danish Environmental Protection Agency, 2014; Franklin,
1967; McGregor, 1961). The absorption into body tissues depends on factors like polymerization
degree and molecular weight, with silicone oil above a certain polymerization degree (>15,
equivalent to >10 cSt viscosity) unable to directly penetrate membrane systems (Hao et al., 2022).
In mouse models, oral administration of up to 1000 mg/kg of 10 cSt silicone oil over a year showed
no toxic reactions (Hao et al., 2022). Similarly, injections of 1-500 mL of silicone oil
intraperitoneally, subcutaneously, or intramuscularly in various animal species such as monkeys,
guinea pigs, rats, and mice did not result in toxicity responses (The Danish Environmental
Protection Agency, 2014; Franklin, 1967; McGregor, 1961). The permitted daily exposure of
inorganic silicon varies depending on the administration route: 18,919 pg/day for oral
administration, 93 pg/day for parenteral exposure, and 224 pg/day for inhalation route. (Hao et
al., 2022). In the context of liquid-infused catheters, removal of the free liquid layer in 40 cm
(typical longest catheter length) fully infused catheters would result in an estimated silicone oil
loss of ~8 puL (0.02 pL/mm x 400 mm; Figure 44A), i.e. ~7600 pg (0.008 mL x 0.95 g/mL). For
catheters infused to 70-90%, this loss could decrease further to an estimated of ~1.6 pL (0.004

pL/mm x 400 mm; Figure 44B), i.e. 1520 ug (0.0016 mL x 0.95 g/mL). In both scenarios, potential
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silicone oil loss remains below reported dosages that could cause health impacts via oral
administration, but above permitted daily exposure for parenteral and inhalation route. Further
testing is therefore essential to assess the safety implications of the detected amount of silicone oil

loss in urinary tissue.

5.4 Summary

We have successfully developed a protocol relying on the UV-VIS instrument for detecting silicone
oil loss in liquid-infused catheters after exploring various methodologies, including microscopy,
dynamic light scattering, ICP-OES, and UV-VIS instruments (Table 1). Together with the results
from Chapters 3 and 4, we observe that fully infused silicone catheter materials, devoid of a free
surface liquid layer, not only maintain their efficacy in repelling CAUTI-related pathogens but also
significantly reduce silicone oil loss into the environment. This enhancement elevates the safety
profile and usability of liquid-infused catheters in medical settings. Furthermore, similar benefits
are observed when catheters are infused to 70-90%, further diminishing the silicone oil content
within the catheter. Our reported liquid loss of infused catheters (7600 pg; if all silicone oil content
was removed in 40 cm fully infused catheter) falls below past literature's estimation of
conservative permitted daily exposure to silicone oil when administered orally (18919 pg/day),
but above permitted daily exposure in parenteral (93 pg/day) and inhalation route (224 pg/day).
Further understanding of the safety and impact of liquid-infused urinary catheters is therefore

warranted, as the impact of silicone oil on urinary tissue might differ.
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Table 1. Protocol for Detecting Minuscule Amounts of Silicone Oil.

microscope enables quantification.

Methods Principle Limitation
Transferring liquid from the water
body used to strip oil from catheters
could potentially result in the loss
. Direct visualization of silicone oil under a of silicone oil samples.
Microscopy

A high-resolution microscope is
required to visualize minute
quantities of silicone oil effectively.

Dynamic light
scattering

As a laser passes through the light sample, the
suspended molecules in the water scatter light in
a distinct manner based on their size, facilitating
the quantification of oil droplets.

The coalescence of silicone oil
droplets leads to significant sample
instability, resulting in
measurement failures.

The high polydispersity of silicone
oil droplets in terms of size
contributes to inaccurate results.

ICP-OES

Following the digestion of samples into their
elemental composition, the argon plasma within
the machine energizes the atoms and ions in the
sample. The subsequent transition of electrons
from an excited to a ground state releases
element-specific light, enabling the
quantification of silicon.

Silicone contamination is
frequently encountered in
containers.

The  utilization  of  highly
concentrated acids poses significant
dangers and risks.

Silicone's low solubility in acid and
high volatility could aggravate the
loss of samples, particularly when
the silicone being measured is
already on the smaller end.

UV-Vis
spectrometry

This instrument measures the light absorbance of
the liquid sample:

- An oil-in-water emulsion might render
the solution more turbid compared to
water with a lower concentration of
silicone oil.

- By adding an emulsifier, a homogenized
solution containing silicone oil and
water can be created, yielding solutions
with varying absorbance.

- By isolating the water layer from the
dyed oil-water mixture, the absorbance
of just the oil can be measured.

The transfer of liquid from the
water body used to strip oil from
catheters poses a risk of losing
silicone oil samples.

The use of a silicone oil dye was
necessary to enhance detection
signals.

To separate water from silicone oil
droplets, precise control  of
temperature is essential to prevent
accidental evaporation of oil
samples.
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CHAPTER 6
CONCLUSIONS

6.1 Summary of Dissertation Work

Previous studies have demonstrated that fully infused liquid-infused urinary catheters possess the
capability to diminish in vivo infection by mitigating Fb adhesion (Andersen et al., 2022). In this
dissertation, we aimed to standardize the production process and provide insights for the future
manufacturing of liquid-infused catheters. This also provides information for the manufacturing
of liquid infused catheters from existing commercially available catheters. We detailed the
development of these catheters, characterizing their physical properties and the infusion duration
needed to achieve specific infusion percentages of the materials. Our findings revealed that full
liquid infusion significantly increased the mass, length, inner, and outer diameter of the medical
device, and that these parameters were dependent on infusion extent, highlighting the importance
of manufacturing controls to ensure size appropriateness for patient use when employing liquid
infusion in catheters. Given the involvement of silicone oil, a foreign liquid, in these medical
devices, we have also devised methods to reduce the amount of free silicone liquid present in liquid
infused catheters. We removed the bulk of the free liquid layer from liquid infused catheters by
absorbing the liquid, resulting in a decrease in thickness of the liquid layer from ~60 pm to <1 um;
and adjusted the infusion duration to decrease the amount of silicone liquid infused, thereby

enabling the creation of infused catheters with varying levels of silicone oil incorporation.

Tests measuring sliding angle and droplet speed suggested that catheters with and without a free
liquid layer exhibited comparable slippery surfaces, indicating similar anti-fouling functionality.
Subsequent functionality tests demonstrated that both types of catheters performed similarly in
repelling protein and bacteria associated with CAUTI. Furthermore, in partially infused samples,
tests showed a gradual increase in slippery surface as infusion percentage increased, suggesting a
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potential enhancement in anti-fouling properties with higher infusion levels. This was corroborated
by testing the adhesion of bacteria and proteins, where both Fb and E. faecalis adhesion decreased

with increasing infusion levels.

Furthermore, we have devised a protocol for detecting minuscule amounts of silicone oil
(<0.005uL). Employing spectrophotometry testing, we observed that removing bulk amounts of
silicone oil through liquid absorption led to a significant reduction in the quantity of liquid lost to
the environment. Moreover, we discovered that infused catheters with higher levels of infusion
percentage exhibited a gradual decrease in liquid loss to the environment. Combining these results
with our functionality tests, this dissertation provides evidence of the potential benefits of
incorporating the removal of the free liquid layer into the fabrication process of liquid-infused
catheters as a method of both preserving antifouling properties, which may improve the safety of

such medical device.

Our findings suggest that lower infusion percentages, particularly within the range of 70-90%,
perform comparably to fully infused catheter material. Parameter changes are of lesser extent when
infused to a lower percentage, and less oil can be removed from catheters infused to a lower extent.
This implies that lower infusion percentages, such as those within the 70-90% range, may be more
optimal in manufacturing, as they can help avoid significant size changes while still maintaining
functionality and improving safety. Although not essential, as highlighted in Section 1.2.2,
introducing surface roughness to the polymer being infused can improve the stability of the liquid
on the solid surface via capillary forces (Lv et al., 2022; Boveri et al., 2021; Cai et al., 2021, 2020;
Huang and Guo, 2019). However, it's important to acknowledge that if the liquid is gradually
depleted over time due to aging or leakage (which necessitates further investigation), there's a

possibility that the catheter could experience increased blockage due to increased roughness of the
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surface (Lawrence and Turner, 2006a). Moreover, a rougher surface may promote pathogen
colonization by providing more surface area for adhesion and attachment compared to a smoother
surface (Zheng et al., 2021). Finally, there are several knowledge gaps remaining in this study.
These include the need to measure the flexural strength of the catheter material post-infusion, as
changes in structural integrity may occur. Furthermore, detailed modeling of the infusion
phenomenon could consider different brands of commercially available catheters (that might
consist of different crosslink density or other factors that could affect infusion) to enhance
generalizability. Additionally, in vivo testing to determine the relationship between oil quantity

and catheter oil loss is another important area that requires further investigation.

6.2 Future Directions

While we have successfully characterized the fabrication process and functionality of liquid-
infused catheters, transitioning them to clinical trials and eventual market release as medical
devices necessitates further investigation in several areas. These include examining the interaction
between the silicone oil layer and urine within the bladder, determining the rate of silicone oil
release from the catheter into the bladder environment, assessing the material's aging and stability
within the bladder. Furthermore, the exploration of the potential incorporation of functional lipids

or drugs with the silicone oil layer may further enhance functionality.

Although many investigations of liquid-infused silicones have examined their ability to repel
bacterial adhesion (Shen et al., 2023; Van Den Berg et al., 2023; Lavielle ef al., 2021; Regan et
al., 2019; Sotiri et al., 2018; Kovalenko et al., 2017; Kratochvil et al., 2016; Manna et al., 2015;
MacCallum et al., 2015; Howell et al., 2014; Epstein et al., 2012), notably fewer have examined
protein deposition (Andersen et al., 2022; Li et al., 2022; Amini et al., 2017). However, recent

work has begun to reveal not only the critical role that proteins play in infection (Flores-Mireles
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et al., 2016a, 2016b; Flores-Mireles et al., 2014; Sunny et al., 2014), but also the ability of liquid-
infused silicones to robustly resist their deposition (Andersen et al., 2022). In this dissertation, we
show that protein deposition on liquid-infused surfaces can be modulated by adjusting the quantity
of silicone oil embedded in the polymer network. The ability to precisely modulate surface protein
levels could potentially open new doors in a variety of fields, particularly materials engineering.
In addition, the mechanism by which liquid-infused surfaces reduce protein deposition will be an
important area of investigation going forward and may involve multiple interacting factors
including masking of microscale defects and the neutralization of surface charges (Van Den Berg
etal.,2023; Lavielle et al., 2021; Hyltegren et al., 2020; Kubiak et al., 2015; Lin et al., 2005; Jung

et al., 2003; Marchin & Berrie, 2003).

Overall, the enhanced understanding of liquid-infused systems enables us to manufacture medical
devices capable of effectively repelling foulants like proteins and bacteria, which are common
causes of infections. With this technological advancement, we can transition away from relying
solely on antibiotics, potentially reducing the incidence of CAUTIs. This advancement will be
particularly significant for safeguarding our elderly community and offering hope to individuals

and families affected by recurrent infections.

6.3 Disclosure

In this thesis, the Chat Generative Pre-Trained Transformer 3.5 was employed as a tool for
grammar checks and enhancing language readability. All content generated by the tool underwent
thorough manual review and verification to guarantee content accuracy. Modifications were

applied as necessary during this process.
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APPENDIX
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Figure A1. Mouse Catheter Infusion Characterization.

(A) Mass difference after full infusion; (B) Silicone oil infused into mouse catheter after full
infusion; (C) Qmax of mouse catheter infused by different viscosities of silicone oil; (D) Infusion
percentage of mouse catheters overtime. In all graphs presented, the error bars represent the

standard deviation.
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Figure A2. Droplet Speed Tests on Catheters with No Free Liquid Layer.

The Droplet Speed test was performed on catheters with (LL) or without liquid layer (JLL) using
(Ai) crystal violet or (Bi) bromophenol blue as fouling droplets. Similarly, the same test was
conducted on catheters infused with various infusion percentages, employing (Aii) crystal violet
and (Bii) bromophenol blue as fouling droplets. In all graphs presented, the error bars represent
the standard error of the mean. Statistical significance between groups was assessed using the

ANOVA test. * = P<0.05 and ns = not significant.
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Figure A3. Sliding Angle and Droplet Speed Tests on Catheters Infused into Different Extent.

(A) Sliding angle and (B) Droplet Speed test results for catheter infused into various infusion

percentage. Crystal violet was used as the tested foulant droplet in this experiment.
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Figure A4. Whey Protein Adhesion Test on Catheters Infused into Different Extents.

(A) Crystal violet-stained area on whey protein-infused catheters were measured. (B) Crystal
violet stains on whey protein-infused catheters were stripped with ethanol, absorbance at 590 nm

was measured.

186



BIOGRAPHY OF THE AUTHOR

Chun Ki Fong was born and raised in Hong Kong. She graduated from Queen Elizabeth School in
2013. Her academic journey continued as she earned her Bachelor’s degree with a major in
Biochemistry from the Hong Kong University of Science and Technology in 2017. Following this
undergraduate achievement, she pursued her passion for research, obtaining a Master of
Philosophy Degree in Life Science from the same institute in 2019, under the guidance of Dr.
Andrew Miller and Dr. Sarah Webb. During her MPhil degree, she explored the relationship
between the circadian clock and zebrafish embryonic heart development. Driven by her curiosity
and dedication to advancing scientific knowledge, she embarked on her doctoral journey. She
journeyed to the United States to pursue her Ph.D. at the University of Maine, joining Dr. Caitlin
Howell’s research group. In her Ph.D. research, she collaborated with Dr. Ana Flores-Mireles’
research group at the University of Notre Dame. Together, they are engaged in research on liquid-
infused catheter materials aimed at reducing catheter-associated urinary tract infections. Chun Ki
is a candidate for the Doctor of Philosophy degree in Biomedical Science and Engineering from

the University of Maine in May 2024.

187



	Exploration of Liquid-infused Urinary Catheters: Fabrication, Functionality, and Liquid Loss
	Recommended Citation

	tmp.1719946790.pdf.KGGGp

