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Abstract 
There are over 30 million Foley urinary catheters used annually in the USA, and 

the greatest problem with Foley catheters is catheter-associated urinary tract infections 

(CAUTIs). CAUTIs are the number one cause of hospital-acquired infections and make 

up to 40% of nosocomial infections. Biofilms on urinary catheters are critical to the 

progression of symptomatic CAUTIs, but are difficult to treat due to the protective effect 

of the biofilm matrix against antibiotics. The anti-fouling catheter technology proposed 

and demonstrated herein uses a mechanical, non-antibiotic approach to physically 

remove biofilms and thereby provide an appealing option for potentially stopping the 

progression of symptomatic infections. Additionally, because the anti-fouling 

technology is mechanical, it can circumvent the persistent failings of chemical and 

biological approaches that have failed to address catheter-associated urinary tract 

infections for the last 50+ years since Foley catheters were introduced.   

We designed and optimized urinary catheter prototypes capable of on-demand 

removal of biofilms from the previously-inaccessible main drainage lumen of catheters. 

The concept uses pressure-actuated chambers in elastomer constructs to generate regio-

selective strain and thereby remove biofilms. We first grew mature Proteus mirabilis 

crystalline biofilms on flat silicone elastomer substrates, and showed that application of 

strain to the substrate debonded the biofilm, and that increasing the strain rate increased 
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biofilm detachment.  A quantitative relationship between the applied strain rate and 

biofilm debonding was found through an analysis of the biofilm segment length and the 

calculated driving force for debonding.  We then constructed proof-of-concept 

prototypes of sections of anti-fouling catheter shafts using silicone and 3D printed 

reverse molding in methods akin to those used for soft robotics.  The proof-of-concept 

prototypes demonstrated release of mature P. mirabilis crystalline biofilms from their 

strained surfaces, and prompted our development of more advanced multi-lumen 

prototypes.  The multi-lumen prototypes were designed and optimized using successive 

rounds of finite element modeling to adjust the number and postion of intra-wall 

inflation lumens.  We then constructed prototypes based on the optimized design with 

clinically relevant dimensions and showed they were able to generate greater than 30% 

strain on the majority of the luminal surface, and along their full length.  Those catheter 

prototypes were able to on-demand, and repeatedly, remove greater than 80% of a 

mixed community biofilm of P. mirabilis and E. coli. In summary, this study shows (1) 

strain in the elastomeric substrate actively debonds crystalline biofilms in vitro (2) 

modeling based on characterization of biofilm properties and understanding of 

substrate strain informs and facilitates prototype catheter design (3) urinary catheter 

prototypes utilizing inflation-induced substrate strain are capable of on-demand and 

repeatedly removing biofilms in vitro.   
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1. Chapter 1: Background, significance, and specific 
aims.   

This dissertation will be publicly available after the two year embargo period.   

1.1 Background and significance 

Biofilm infection in urinary catheters is a pervasive and challenging issue in 

healthcare. There are over 30,000,000 Foley urinary catheters used annually in the USA 

to treat urine retention and urinary incontinence. Although urinary catheters are 

typically associated with the elderly, urinary catheters are also correctly used for short-

term surgical procedures as well as long-term conditions requiring kidney dialysis or 

time in intensive care [1-3].  Approximately 1 in 5 people admitted to the hospital will 

receive a urinary catheter, and many of those will be either mistakenly prescribed or left 

in-dwelling longer than the appropriate time.  Unfortunately, catheter-associated 

urinary tract infections (CAUTIs) are the most common cause of hospital-acquired 

infections, and more than 50% of those microbial infections will have associated biofilms 

[1-3].   Biofilms not only promote aggressive infections but may also grow to thicknesses 

sufficient to occlude the urine lumen, causing trauma, leakage, polynephritis, 

septicemia, and shock, all of which could lead to dangerous and expensive emergency 

treatments [4].  Additionally, there is a significant financial motivation within the 

healthcare industry to reduce infection rates because each infection costs the hospital 

money; CAUTIs are on the nonpayment list and are nonreimbursable [5].  Current 
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commercially available catheters attempt to either kill or prevent adhesion of bacteria 

through non-fouling surface treatment or antibiotic elution, but at best they simply 

delay bacterial adherence for several days [6].  Thus, there exists a need to develop a 

catheter that resists or debonds biofilms, as well as reduces the occurrence of catheter-

associated urinary tract infections.   

The technology presented in this document avoids the pitfalls of previous 

chemical or biological approaches because it uses a mechanical approach – active surface 

deformation of the elastomeric substrate that triggers the on-demand release of 

overlying biofilms. Biofilms have multi-faceted chemical resistance, but the anti-fouling 

catheter design circumvents that resistance by actively deforming the surface of the 

drainage lumen to physically detach the biofilm. We have confirmed that this 

technology detaches infectious biofilms from materials common to urinary catheters, 

and that anti-fouling urinary catheters utilizing this active surface deformation can 

remove the majority of the biofilm from the previously inaccessible luminal surface.  

This document presents research data that establishes the efficacy of the catheter 

technology as well as elucidates the methodology behind its design.  The effective anti-

biofilm technology integrated into the anti-fouling urinary catheters is well suited to 

provide a potential solution to the ubiquitous problem of CAUTIs.   
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1.2 Unmet clinical need for infection control in urinary catheters 

There are over 30 million Foley urinary catheters used annually to treat urinary 

incontinence and urine retention, and urinary tract infections following catheterization 

are the most common cause of hospital acquired infections [6, 7]. Catheter-associated 

urinary tract infections (CAUTIs) account for 30-40% of all hospital infections [1, 5]. 

More than 50% of microbial infections will have associated biofilms that consist of 

bacteria and exopolysaccharides produced by those bacteria [8]. These biofilms protect 

the resident bacteria and encourage additional infection; biofilm-protected bacteria often 

require over 100x the typical antibiotic concentration (vs. planktonic phenotype) [9], and 

facile gene transfer between cells within the biofilm allow enhanced development of 

antibiotic resistance [10].  As stated by Siddiq et al., in his thorough 2012 Nature Reviews 

Urology, “Biofilm formation is crucial for the development and progression of CAUTI” [7].   

In addition to the public health implications of antibiotic resistance and 

individual patient concerns about infection-related pain, hospitals are faced with a 

financial burden related to CAUTIs [5].  Approximately 20% of patients admitted to a 

hospital in the US receive a urinary catheter, and over 400,000 infections occur each year, 

each costing between $600 and $1,000 (not including those that cause sepsis) [1, 11]. 

Medicare has moved CAUTIs to the “nonpayment list” and CSM (the single largest 

healthcare payer in the US) has termed CAUTIs a “never event” and withholds 

reimbursement [5]. Hospitals lose money with each CAUTI [5], and thus the 
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development of an effective antibiofilm strategy for urinary catheters represents not 

only a significant societal need but also a huge potential commercial opportunity. 

1.3 Unmet clinical need for biofilm control in urinary catheters 

The biofilm not only promotes infections; it can grow in thickness sufficient to 

occlude the urine lumen (see Figure 1) causing possible trauma, leakage, polynephritis, 

septicemia, and shock, which can lead to dangerous and expensive emergency 

treatments [2, 12].  Scientific efforts to eliminate catheter infections and biofilms have 

been underway since the 1950’s, but have had very limited success; almost 100% of 

patients that undergo catheterization longer than 28 days will suffer a CAUTI [13].   

 

 

Figure 1: Cross section of urinary catheter occluded by crystalline biofilm. 
Adapted from Stickler 1999 [14]. 
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1.4 Urinary catheter background and pathogenesis 

Urinary catheters are used to treat urinary incontinence and urine retention, and 

can be indwelling short or long term depending on the associated condition.  Foley 

catheters are typically used for longer term implants and have a reservoir balloon that is 

inflated after the catheter is inserted up the urethra into the bladder (see Figure 2) [7].  

Once inflated, the reservoir balloon is left inflated and secures the tip of the catheter 

inside the bladder.  An eyelet hole at the tip of the catheter allows drainage through the 

main lumen of the catheter [15].  The catheter is attached to a drainage bag; ideally it is 

pre-attached to preserve sterility.  The drainage bag can then be opened via valve by the 

patient or caregiver.  However, the indwelling catheter can result in a continuous low 

flow stream of urine (low urine flow rate low 2 mL hr-1 to high 4-200 mL hr-1) [4] (vs 

intermittent voiding) that does not flush bacteria from the urethra [16].  Additionally, 

urine pools around the balloon, below the eyehole, or even around “airlocks” due to 

patient movement of the catheter [15].  The catheter shaft also exerts pressure radially on 

the urethra, which impairs mucosal blood flow and function while decreasing mucin 

secretion from the periurethral glands [16].   
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Figure 2: Diagram of a bladder with a typical indwelling urinary catheter from 
Siddiq 2012 [7].  a) An eyelet allows drainage of urine from bladder. The reservoir 
balloon is filled with saline to secure catheter. b) Cross-section of commonly used 
double-lumen indwelling urinary catheter. c) Preconnected junction of indwelling 
catheter and drainage system. d) Port used to inflate the reservoir balloon with saline. 
e) Sampling port. f) Collection bag.  g) Urine emptied via outlet valve.  

Bacteria can enter the urinary tract either extraluminally (on the outside of the 

catheter) or intraluminally, and gram-negative infections (such as P. mirabilis) occurred 

equally between the two routes [17-19].  Intraluminal bacterial entry can occur when 

urine refluxes or goes upstream from the drainage bag, or if there is a break in the 

collection system [17].  Although the patient’s own perineal or skin flora are the most 
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common causes of CAUTIs, bacteria from the hands of health care workers are 

occasionally responsible as well [20-22].  Transitory bacteria originating from hospital 

workers may represent antibiotic-resistant nosocomial strains which increase the 

difficulty of treatment.  Although the exact ranking of bacteria causing catheter biofilms 

varies depending on the study, Enterobacteriaceae such as Escherichia coli are the 

predominant pathogen isolated from CAUTIs, and the top four bacterial species are 

Pseudomonas aeruginosa, Enterococcus faecalis, Escherichia coli, and Proteus mirabilis [4, 11, 

23]. 

 

1.5 Healthy functioning bladder 

The healthy bladder is distended passively by the inflow of urine via the ureters 

from the kidney.  Pressure builds within the bladder until it reaches a threshold that 

signals your bladder is full at approximately 250 mL, although the bladder can continue 

to fill until a maximum of approximately 400-500 mL [24].  Once the bladder feels full, 

the urge to urinate will grow as the bladder volume continues to fill based on stretch 

receptors in the bladder wall, and an involuntary reflex is initiated.  However, voiding 

still requires a voluntary or conscious action to open the urethral sphincter, at which 

point the bladder voids and achieves near-complete emptying [24].  The flushing of the 

urethra and the emptying of the bladder combine to prevent the ascent by bacteria of the 

urethra and subsequent colonization [25].  The voiding of the bladder has been 
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measured as a range of release flows (varies with age and sex, average ranges from 9 – 

17 mL s-1) [26-28].   

 

1.6 Biofilm development in urinary catheters  

Biofilm formation begins with an initial layer of crystals and proteins attaching, 

which then facilitate the attachment of the planktonic phase (aquatic, free floating) of 

bacteria to the catheter surface (see Figure 3) [9].  Pilli help form stable attachment, a thin 

basal layer forms, and the bacteria multiply [9].  The bacterial attachment activates genes 

for synthesis of exopolysaccharide matrix.  Unfortunately, the biofilm matrix has a 

protective effect for the bacteria, often requiring over 100 times the concentration of 

antibiotic to kill the bacteria (vs planktonic swimming phenotype) [9, 29].   
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Figure 3: Typical progression of biofilm development within urinary catheters. 
1) The catheter is coated with proteins and crystals. 2) Organisms are introduced. 3) 
Bacteria attach and begin to colonize. 4) Cell wall adhesion and proliferation. 5) 
Biofilm maturation. 6) At sufficient densities bacteria spontaneously detach to aid in 
dispersal for new colonies.   

 

1.7 Crystalline biofilm development 

Proteus mirabilis is a particularly problematic and common variety of bacteria that 

causes crystalline biofilm encrustation [4, 13, 30].  P. mirabilis is a urease-producing 

bacterium that creates an alkaline environment, thus causing precipitation of calcium 

and magnesium phosphates from urea.  The resultant biofilm incorporates crystals of 

ammonium magnesium phosphate hexahydrate and the poorly crystalline form of 
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calcium phosphate [31].  The reaction produces nitrogen for the bacteria while also 

creating a protective crystalline biofilm [32].  The bacterium also possesses several other 

potent virulence factors.  P. mirabilis has bacterial appendages with adhesive proteins at 

the tip, which are referred to as fimbriae.  P. mirabilis has at least 5 fimbrial types, and 

has 17 fimbrial operons (the most of any species thus far encoded) [33].  P. mirabilis also 

demonstrates a distinctive swarming motility, which is thought to be triggered by 

contact with a solid surface.  While in suspension, P. mirabilis cells appear as 1 – 2 µm 

rods, but on surfaces they differentiate into multinucleated 20 - 50 fold elongated swarm 

cells with thousands of flagella [32, 34].  The swarming motility is distinctly helpful for 

migrating across catheters as well as for gaining entry to the urinary tract [15].  The 

swarm cells can later dedifferentiate and consolidate, although the crystalline biofilm 

still contains protruding swarm cells [16, 35].   

 

1.8 Current approaches on the market and their challenges 

The common approaches to prevent bacterial growth and adhesion on the 

market use passive catheter surfaces or chemical means. Examples include (i) hydrogel 

coatings – which still suffer from attachment and biofilm formation in less than 7 days; 

(ii) antibiotic-releasing luminal materials – which prevent biofilm formation for, at most, 

7 days; and (iii) silver-impregnated luminal biomaterials –the silver ions do not elute in 

sufficient quantities to prevent biofilm formation long-term [4, 6].  There is currently no 
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effective method on the market to stop crystalline biofilm encrustations, and only 

limited methods to slow biofilm formation [9, 36-39].  An expert panel from the 

Infectious Diseases Society of America eventually concluded that clinical studies don’t 

demonstrate sufficient effect, and that the best way to reduce the occurrence of CAUTIs 

was to limit the use of catheters and remove them as soon as possible [40].   

 

1.9 Urinary catheter regulatory documents 

ASTM F-623-99 “Standard Performance Specification for Foley Catheter” defines 

the performance testing specific to most urinary catheters.  Biocompatibility 

requirements for implantable devices are defined in ISO 10993; and sterilization 

requirements in ISO 11135.   

 

1.10 Recent approaches in biofilm control research and their 
challenges 

Antimicrobial coating and impregnation using liposomes and polymers, silver 

coatings, bacteriophages, nanoparticles and iontophoresis, and other more typical 

antimicrobials such as triclosan have all been attempted with limited success [7].  

Hydrogel coatings on their own, or impregnated with a variety of active moieties, have 

been experimented with for years and several varieties are currently on the market.  As 

stated before, at best they delay biofilm formation for a matter of days [6, 41].  A recent 
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promising approach was using quorum-sensing inhibitors such as furanones to prevent 

biofilm formation; quorum sensing molecules are how bacteria regulate their biofilm 

formation [42-44].  Over 200 furanones have been identified but more research is 

required to select the most suitable for translation [45].  Thus far the results have been 

mixed and a study by Baveja et al., determined that the furanones had no significant 

effect [44, 46].    

Vibroacoustic stimulation is an appealing concept and utilizes acoustic waves at 

the catheter surface to cause chaotic microstreaming or cavitation to prevent bacterial 

attachment, and has even been proven in a rabbit model [47-49].  However, it typically 

requires local piezo elements that need to be constantly on to prevent bacterial 

attachment, and any mis-tuning of the acoustic frequency can actually enhance bacterial 

attachment [47].   
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Figure 4: Commercial attempt at ultrasonic biofilm removal from 
NanoVibronix. Image from www.nanovibronix.com/uroshield.   

 

Bacterial interference is the term for antagonism between bacterial species, and it 

has been used as an approach to selectively introduce nonpathogenic bacteria to prevent 

pathogenic biofilm formation [50].  Although apparently effective, the clinical 

implementation would require the challenging maintenance of and introduction of 

specific bacteria in the hospital setting since catheters must be sterilized before 

packaging [7].  NO-impregnated silicones and NO-releasing carbon layers showed some 

success but have not been pursued further [51, 52].  Light-activated antimicrobial agents 

(LAAAs) are chemicals that emit reactive oxygen species deleterious to bacteria when 

excited with the appropriate light wavelength, and recently have been integrated into 

http://www.nanovibronix.com/uroshield
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common catheter materials without causing material degradation [53, 54].  However, the 

actual introduction of the appropriate light into an indwelling catheter remains 

problematic.  Recent approaches using PEG and zwitterionic brushes for temperature-

triggered active release of biofilms are still under development, but are likely 

insufficient for established or occlusive encrustation formation [55-57].  There has even 

been development of catheters with integrated pH sensors to warn of impending 

crystalline encrustation [58].  Perhaps the most well-publicized recent approach is the 

use of micropatterned surfaces by companies such as Sharklet Technologies [59].  The 

micropatterned surfaces mimic those of bacteria-resistant surfaces such as shark skin 

and has been effective in small in vitro studies, but the technology is likely hindered by 

the difficulty in manufacturing large quantities [59].   

 

Figure 5: Micropatterned surface commercially known as "Sharklet" used to 
delay biofilm formation [59].   
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1.11 Implications of biofilm removal 

Although biofilm formation is consider crucial for the development and 

progression of CAUTI’s [7], there is a paucity of studies examining the influence of in 

situ biofilm removal on urinary catheter associated infections.  A handful of studies have 

assessed in vitro medically-relevant biofilm removal and declared successful biofilm 

removal at 60-94% removal [60-64].  Removal of biofilm in combination with antibiotic 

therapy has been shown to prevent infection recurrence in a variety of indwelling 

devices when previous antibiotic therapies were ineffective [65, 66].  Additionally, one 

study showed that removal of biofilm-laden urinary catheters in patients (i.e. assuming 

100% removal of catheter-associated biofilm mass) combined with immediate antibiotic 

therapy: almost tripled the number of patients that avoided polymicrobial bacteriuria, 

doubled the number of patients with a shorter time to afebrile status, and tripled the 

number of patients that avoided a symptomatic relapse [67].   

 

1.12 Innovation – Surface deformation to trigger biofilm 
debonding 

The anti-fouling catheter technology uses surface deformation of elastomeric 

substrates to trigger the active release of biofilms.  The concept was recently 

demonstrated by the Lopez and Zhao labs at Duke University on mucoid, “slimy”, 

biofilms typical of marine environments as well as biofilms generated by infectious 

bacteria such as E. coli.   
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Figure 6: Diagram of how pneumatic inflation deforms a specified surface and 
increases strain.  Adapated from Shivapooja 2013 [68]. 

Practical implementations of this concept included use of a pneumatic network 

(multiple, connected inflation chambers) to stretch the elastomer substrate (silicone, 

Ecoflex 010 from Smoothon Inc.), thereby detaching > 95% of the mature E. coli biofilm 

from the substrate (see Figure 6).  

We discovered that debonding occurs when the elastic energy of the biofilm 

exceeds the adhesion energy between the biofilm and polymer [68]. This research study 

took advantage of a clinically relevant yet unexplored scientific research area to develop 

a catheter prototype concept.  Conventional catheters form biofilms that are crucial for 

the development and progression of catheter associated urinary tract infections (Figure 

7) [7].  If that biofilm can be removed, then presumably the progression to infection 

could be interrupted and the chance of infection reduced.   
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Figure 7: Conventional catheter outcome. A conventional catheter eventually 
forms a biofilm, which promotes colonization and eventual symptomatic catheter-
associated urinary tract infection.   

This concept incorporates an intra-wall inflation lumen that can be actuated via 

an additional hub port and a temporarily-attached syringe (Figure 8).   

 

 

Figure 8: Side views of a conventional catheter and a proposed anti-fouling 
urinary catheter highlight the additional hub port for syringe actuation. The anti-
fouling urinary catheter uses an additional hub port to provide access to inflate and 
deflate intra-wall inflation lumens.  

The translational approach demonstrated in this document uses the biofilm-

detaching technology in a urinary catheter by incorporating an inflation system along 

the length of the catheter shaft, and inflating inwards to detach luminal biofilms, as 

shown in Figure 9.  We used “hydraulic” inflation applied manually using a saline-filled 

syringe (Figure 8).   
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Figure 9: Anti-fouling urinary catheter conceptual schematic.  Upon insertion, 
the catheter appears like the top left panel and is free of biofilm.  Biofilm gradually 
forms on the surface of the main urine drainage lumen.  Actuation via inflation 
applies strain to the surface of the urine drainage lumen, thereby debonding the 
overlying biofilm.  The debonded biofilm is then free-floating in the urine and is 
rinse out, thereby returning the catheter to its original state (free of biofilm) and 
thereby potentially reducing the risk of infection.   
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1.13 Specific Aims  

Aim 1 addressed our initial hypothesis that we would be able to use surface 

deformation to debond crystalline biofilms.  Aim 2 modeled prototype and biofilm 

properties to aid in design and optimization of a prototype anti-fouling urinary catheter.  

Aim 3 presents data demonstrating that single-channel proof-of-concept prototypes and 

more advanced multi-inflation lumen prototypes remove biofilm from their luminal 

surfaces.   

 

1.13.1 Specific Aim 1: In vitro active debonding of mature Proteus 
mirabilis crystalline biofilm on silicone substrates 

Aim 1 was structured to expand fundamental understanding of substrate strain 

as a method for debonding biofilms, specifically crystalline biofilms.  We grew 

crystalline biofilms on flat silicone surfaces to allow focused study of the influence of 

substrate strain, and thereby remove the influence of surface deformation associated 

with the Lopez lab’s other efforts with inflation-actuated debonding.  Although P. 

mirabilis forms one of the most aggressive infectious crystalline biofilms, and is also one 

the most useful crystalline biofilms for in vitro study; there was no established method 

for growing a crystalline biofilm on a flat silicone surface.  We first established a growth 

method for cultivating a mature crystalline biofilm on a flat silicone substrate.  We then 

used the mature crystalline biofilm to establish that strain applied to the silicone 

substrate debonds biofilm in a similar manner to that observed with E. coli [69].  Once 
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we established that substrate strain debonds crystalline biofilms, we then examined the 

influence of substrate strain rate on the debonding and showed that decreasing the 

strain rate decreased debonding.   

Specific Aim 1 Hypotheses addressed:  

(1) The active surface distortion via unidirectional strain will facilitate debonding 

of encrustation by crystalline urinary biofilms in vitro.   

(2) Strain rate will influence the percentage of biofilm debonding.   

1.13.2 Specific Aim 2: Urinary tract biofilm property characterization 
and urinary catheter inflation modeling for prototype design.  

The ability of substrate strain to debond the overlying biofilm is partially 

dependent upon the biofilm mechanical properties, however the properties of crystalline 

biofilms that are often found in urinary catheters had never been characterized [70].  We 

characterized the mechanical properties of a mature crystalline biofilm formed by P. 

mirabilis, and similarly characterized a mature mixed community biofilm of P. mirabilis 

and E. coli.  We tested the complex visco-elastic modulus of the biofilms and found that 

both biofilms demonstrated properties that were predominantly elastic with a constant 

storage modulus that was 1 – 3 orders of magnitude greater than other clinically 

relevant biofilms.  During our experimentation on the influence of strain rate upon 

debonding in Aim 1, we observed a relationship between strain rate and segment length 

(distance between cracks formed while the substrate is subjected to strain).  We used 

that observation and the biofilm mechanical properties to develop a macro-scale 
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quantitative relationship between applied strain rate and biofilm debonding through an 

analysis of biofilm segment length and the driving force for debonding.  Finally, we 

used finite element modeling to understand the strain within the elastomeric substrate 

of prototype catheters during inflation, and then used successive rounds of modeling to 

thereby optimize the design of an anti-fouling urinary catheter with multiple intra-wall 

inflation lumens.   

Specific Aim 2 Hypotheses addressed:  

(1) The crystalline component of mature crystalline biofilms will influence the 

biofilm’s mechanical properties.   

(2) Computational modeling will inform catheter prototype design by facilitating 

predictions of the substrate strain generated at the catheter main luminal surface when 

the number and postion of intra-wall inflation lumens of the catheter shaft are adjusted.   

1.13.3 Specific Aim 3: In vitro confirmation of a urinary catheter 
prototype for removing biofilm.   

The overall goal of this study was to demonstrate in vitro that urinary catheter 

prototypes were capable of successful controlled detachment of mature crystalline and 

mixed community biofilms. We completed that task in two formats: first with proof-of-

concept prototypes with a single intra-wall inflation lumen, and second with a more 

advanced prototype with four intra-wall inflation lumens.  The proof-of-concept 

prototypes were short, large diameter, sections of the shaft of the conceptualized active, 

fouling-release catheters.  The proof-of-concept prototypes were constructed using 3D-
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printed reverse molds and pourable silicone in a technique inspired by soft robotics.  

The proof-of-concept prototypes demonstrated release of the majority of mature P. 

mirabilis crystalline biofilms (e.g., ≈90%) from their strained luminal surfaces.  We 

therefore proceeded to design and construct prototypes with clinically relevant 

dimensions that could apply strain to a majority of their luminal surface.  We utilized 

the optimized design from Aim 2 and constructed prototypes with clinically relevant 

dimensions using a combination of extrusion and 3D printed reversed-mold fabrication 

techniques. The catheter prototypes were able to on-demand remove greater than 80% of 

a mixed community biofilm of P. mirabilis and E. coli from the majority of their luminal 

surfaces.  We regrew the biofilm, and the prototypes were again able to remove the 

regrown biofilm.  Finally, analysis of the luminal surfaces of the prototypes after bioflm-

debonding showed that biofilm was removed from substrate surfaces that had 

undergone compressive strain.  The fouling-release catheter offers the potential for a 

non-biologic, non-antibiotic method to remove biofilms and thereby for impacting the 

thus far intractable problem of catheter-associated infections. 

Specific Aim 3 Hypotheses addressed:  

(1) Active surface distortion via inflation-generated strain will facilitate luminal 

debonding of encrustation by crystalline urinary biofilms in an in vitro prototype model.   
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(2) Adjusting the number and postion of intra-wall inflation lumens will allow 

inflation to generate sufficient tensile strain to debond a mixed community biofilm in 

vitro over the majority of the internal lumen perimeter. 

(3) Active surface distortion via inflation-generated strain will facilitate luminal 

debonding of a mixed community biofilm in an in vitro prototype model after the 

biofilm has regrown after previous debonding.   

(4) Compressive strain in the substrate will debond the overlying biofilm in a 

similar manner to tensile strain.   

1.14 Organization of the dissertation 

The goals of this project were broken down into three specific aims as described 

above, and those aims were addressed in two major research efforts. Although those 

efforts were originally planned to be described in three or four publications, the bulk of 

those two research efforts were documented in two publications in order to increase the 

impact of the research.  The two publications are presented in chapters 2 and 3 in order 

to provide a parallel narrative to the publications.   
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2. Chapter 2: Crystalline biofilm debonding and an on-
demand fouling-release urinary catheter 

Sections of the text and figures included in Chapter 2 were published in 

Advanced Healthcare Materials.  The full citation for the article is: Vrad Levering, 

Qiming Wang, Phanindhar Shivapooja, Xuanhe Zhao, and Gabriel P. López. 2014. Soft 

Robotic Concepts in Catheter Design: an On-demand Fouling-release Urinary Catheter. 

Advanced Healthcare Materials, 25 MAR 2014; 3:1588-96.  John Wiley & Sons Ltd. does 

not require permission for authors to reuse their own articles, but an optional grant of 

license will be obtained as soon as one is available.  

Please note that this manuscript described the work for Specific Aim 1 and parts 

of Aim 2 that were originally intended to be two separate manuscripts, but were 

combined for a more compelling narrative for submission to Advanced Healthcare 

Materials.  Vrad Levering was the lead author and drove the experimentation, 

conception and documentation, however this work represents a collaboration with 

Qiming Wang who supplied mechanical engineering and materials science input as a co-

first author.  

 

2.1 Chapter synopsis 

Infectious biofilms are problematic in many healthcare-related devices, and are 

especially challenging and ubiquitous in urinary catheters.  This report presents an on-
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demand fouling-release methodology to mechanically disrupt and remove biofilms, and 

proposes this method for the active removal of infectious biofilms from the previously-

inaccessible main drainage lumen of urinary catheters.  Mature Proteus mirabilis 

crystalline biofilms detach from silicone elastomer substrates upon application of strain 

to the substrate, and increasing the strain rate increases biofilm detachment.  The study 

presents a quantitative relationship between applied strain rate and biofilm debonding 

through an analysis of biofilm segment length and the driving force for debonding.  

Based on this mechanism, hydraulic and pneumatic elastomer actuation was used to 

achieve surface strain selectively within the lumen of prototypes of sections of a fouling-

release urinary catheter.  Proof-of-concept prototypes of sections of active, fouling-

release catheters were constructed using techniques typical to soft robotics including 3D 

printing and replica molding, and those prototypes demonstrate release of mature P. 

mirabilis crystalline biofilms (e.g., ≈90%) from strained surfaces. These results provide a 

basis for the development of a new urinary catheter technology in which infectious 

biofilms are effectively managed through new methods that are entirely complementary 

to existing approaches. 

 

2.2 Chapter introduction 

Infection of urinary catheters with bacterial biofilms is a pervasive and 

challenging issue in healthcare. In the U.S. alone, over 30 million Foley urinary catheters 
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are used annually to treat urine retention during short-term surgical procedures as well 

as longer-term conditions requiring kidney dialysis, time in intensive care, or time in 

assisted-living facilities.[2, 3] Catheter-associated urinary tract infections (CAUTIs) are 

the most common type of nosocomial infections and account for 30-40% of all hospital 

infections.[71] The unavoidable formation of asymptomatic biofilms in urinary catheters 

promotes development of symptomatic CAUTIs, and nearly 100% of patients that 

undergo catheterization for longer than 28 days will suffer some form of infection.[7] A 

biofilm can harbor bacteria for persistent infections, and can also grow in thickness 

sufficiently to block urine flow causing trauma, leakage, polynephritis, septicemia, and 

shock, which lead to dangerous and expensive emergency treatments.[4] These 

infections are a concern for individual patients and for the public due to the implications 

of antibiotic resistance, and catheter-associated urinary tract infections can represent a 

significant financial burden to hospitals.[5]  

Biofilm formation begins with an initial layer of proteins attaching, which then 

facilitate the attachment of aquatic (planktonic) bacterial cells to the catheter surface.[9]  

Pilli often help stabilize attachment, a thin basal layer forms, and the bacteria 

multiply.[9] Bacterial attachment activates genes for synthesis of exopolysaccharide 

matrix, which has a protective effect for the bacteria, often requiring over 100 times the 

concentration of antibiotic to kill the bacteria compared to the liquid-borne 

phenotype.[9]  In the case of Proteus mirabilis, a particularly problematic bacteria 
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commonly associated with CAUTIs, attachment also results in the production of urease, 

which causes crystalline biofilm encrustation akin to that of better-known kidney 

stones.[4, 13, 72]  The urease that P. mirabilis generates leads to an alkaline environment, 

and the biofilm then incorporates calcium and magnesium phosphate crystals 

precipitated from the urine.[31]  

Current commercially available catheters attempt to either kill or prevent 

adhesion of bacteria through elution of antibiotics or through incorporation of non-

fouling surface treatments, but at best these measures simply delay bacterial adherence 

for several days.  Examples of extant commercial approaches include hydrogel coatings 

– which still suffer from attachment and biofilm formation in less than 7 days;[4, 7, 37, 

73, 74] and antibiotic-releasing or silver-ion-releasing luminal materials – which prevent 

biofilm formation for, at most, 7 days.[4, 6, 7, 36, 73, 74]  Indeed, Pickard’s recent and 

thorough multi-center randomized trial conclusively determined that silver alloy-

catheters did not effectively reduce the incidence of symptomatic CAUTIs.[75]  No 

effective method exists on the current market to stop crystalline biofilm encrustations, 

and commercially available methods meant to slow biofilm formation show only limited 

efficacy.[7, 36-39, 73, 74]   

Here, we present a new concept for a urinary catheter capable of on-demand 

fouling-release, a new approach that is different from all antifouling methods used in 

current catheters. The new design is based on active deformation of the inner surfaces of 
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elastomeric catheters in response to external stimuli. The mechanism employed to 

achieve active surface deformation is similar to that reported by Whitesides and 

coworkers who actuated the appendages of soft robots pneumatically.[76, 77] In our 

work, we hypothesized that active surface deformation of elastomers [69] can 

significantly facilitate the release of encrustation by crystalline urinary biofilms. To test 

the hypothesis, we first developed a method to grow mature crystalline biofilms in vitro, 

on flat silicone substrates. We applied strains on the silicone substrates at various strain 

rates, and then examined the detachment of biofilms. We found that the applied strain 

and strain rate both have significant effects on biofilm detachment: when the applied 

strain rate is relatively low, biofilms will not debond from the substrates even under 

very high strains; instead, the biofilms are fractured into small segments that remain 

attached to the substrates. On the other hand, when the applied strain rate is relatively 

high, biofilms can be readily detached as large pieces, once the applied strain reaches a 

critical value.  We quantified the mechanical properties of biofilms formed by P. mirabilis 

and developed a theoretical model to account for the effects of applied strain and strain 

rate on biofilm detachment.  The model can be used to interpret the experimental 

phenomena, offering a potential design tool in future design of active surfaces for 

antifouling applications.  We then used prototype fabrication techniques established for 

soft robotics [76, 78] to develop models of segments of urinary catheters that utilized 

substrate deformation by hydraulic actuation to debond P. mirabilis biofilms in vitro.  
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Crystalline biofilms were effectively debonded from these prototypes, suggesting a 

promising option for development of a new approach to control of catheter-associated 

biofilms and UTIs that can augment, as well as circumvent the limitations of, current 

antifouling approaches used in catheter technology.  

 

2.3 Methods and Materials 

2.3.1 Bacteria strain and culture media  

Proteus mirabilis 2573 (ATCC 49565) was thawed from frozen stock and cultivated 

overnight at 37°C on a tryptone soya broth agar slant which was stored at 4°C and used 

for up to 2 weeks.  Artificial urine was prepared per the recipe originally described in 

Griffith and modified by Ciach and was composed of calcium chloride 0.49 g/L, 

magnesium chloride hexahydrate 0.65 g/L, sodium chloride 4.6 g/L, disodium sulfate 2.3 

g/L, trisodium citrate dihydrate 0.65 g/L, disodium oxalate 0.02 g/L, potassium 

dihydrogen phosphate 2.8 g/L, potassium chloride 1.6 g/L, ammonium chloride 1.0 g/L, 

urea 25 g/L, and gelatin 5.0 g/L in deionized water [79]. The medium was adjusted to a 

pH of 6.1 and then sterilized.  Tryptone soya broth was prepared separately, sterilized, 

and added to the artificial urine to a final concentration of 1.0 g/L; this made the total 

artificial urine media (AUM).  A colony of P. mirabilis was inoculated into 75 mL of 

AUM and grown for 4 hours at 37°C on a shaker at 240 rpm.   
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2.3.2 Preparation of silicone coupons: 

Flat silicone samples (Dragon Skin 0020, Smooth-On, Inc.) were manufactured by 

pouring 10 mL of silicone into a 90 mm diameter petri dish (VWR) generating a 1.7mm 

thick silicone layer.  Coupons were trimmed into 24 mm x 75 mm dimensions that 

would fit in a drip flow reactor (Figure 10).  The coupons were removed from the petri 

dishes in the biosafety cabinet after rinsing with 95% ethanol and sterilized water.   

 

 

Figure 10: Growth and characterization of mature P. mirabilis crystalline 
biofilms on flat silicone substrates.  (a) Schematic of the flow system.  The silicone 
samples were submerged in (b) the modified drip flow reactor [80] and inoculated 
with a 4 hour culture of P. mirabilis. After allowing the bacteria to adhere for 1 hour, 
artificial urine with 1% tryptic soy broth was pumped at 0.5 mL min-1 through the drip 
flow reactor and over the flat silicone samples.  The reactor was maintained at 37°C by 
mini-incubator.  A mature crystalline biofilm grew over approximately 42 hours.  (c) 
SEM of the resultant planar biofilm shows large crystals and microcrystal aggregates 
typical of mature P. mirabilis biofilms observed in catheters removed from infected 
patients.[39] 
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2.3.3 Preparation of proof-of-concept prototypes 

Silicone prototype samples (Dragon Skin 0020 and Ecoflex 0050, Smooth-On, 

Inc.) were prepared by pouring approximately 10 mL of silicone into a mold prepared 

by a 3D printer (Dimension sst 1200es, with patterns generated using Solidworks 2011, 

Figure 11).   

 

Figure 11: Construction of an active fouling release, proof-of-concept prototype 
of a section of silicone urinary catheter. (a) 3D printed mold patterns were generated 
using Solidworks 2011 and then printed on a Dimension sst 1200es 3D printer.  
Silicone (Dragon Skin 0020 or Ecoflex 0050) was poured into the mold and (b) 
resultant silicone prototypes were removed from the mold upon curing.  “U” denotes 
the main urine drainage lumen, “I” denotes the inflation lumen, “i.w.” denotes the 
inflation wall, and “e.w” denotes the external wall.  The inflation lumen was sealed at 
the ends of the prototypes before experimentation.  When using Dragon Skin 0020 
silicone, the ratio of external wall to inflation wall thicknesses shown (approximately 
3:1) was sufficient to direct inflation inwards.  When using Ecoflex 0050 silicone, 
prototypes required an additional inelastic sheath to prevent bulging of the external 
wall.  Ecoflex 0050 was chosen for in vitro biofilm testing due to its superior pour 
performance and consistently successful molding.  Scale bar represents 1 cm.   
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Silicone was degassed for three minutes prior to pour.  Once cured, prototypes 

were removed from the molds and then the inflation lumens were sealed with 

additional silicone.  Dragon Skin 0020 silicone prototypes were used for modeling and 

initial characterization including video and image analysis of inflation profiles in 

combination with pressure and volume measurements.  Ecoflex 0050 silicone samples 

were also characterized, and then used for biofilm growth due to Ecoflex 0050’s superior 

pour performance and more consistently successful molding.  Before biofilm growth, the 

samples were sterilized in a biosafety cabinet by rinsing with 95% ethanol and sterilized 

water.   

2.3.4 Biofilm growth 

The drain of a drip flow reactor (BioSurface Technologies Corporation) was 

modified to keep flat silicone coupons submerged in 0.3 – 0.6 cm media while under 

flow (Figure 10).  The reactor and all associated supply and drain tubing were sterilized 

and placed in a Class II biosafety cabinet. The reactor was maintained at 37°C by placing 

it in a mini-incubator.  AUM was introduced using a peristaltic pump to prime the flow 

system.  The samples in the reactor were infected with 10 mL of the 4 hour P. mirabilis 

culture and the infected culture was left for 1 hour to allow bacterial attachment before 

the media supply was resumed.  The model was run continuously at a flow rate of 0.5 

mL min-1 until the desired time point, or a system blockage occurred. 
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Biofilms on proof-of-concept prototypes were grown using the same flow loop 

and method, but the drip flow reactor was replaced with a manifold of four artificial 

bladders in a vertical orientation (Figure 12).  The bladders were maintained at 37°C by a 

mini-incubator.  The bladders each held a 30 mL reservoir of infected media that would 

overflow into glass tubing and then drip-feed through the prototypes as fresh media 

was added to the bladder.  Again, the model was run continuously at a flow rate of 0.5 

mL min-1 until the desired time point, or a system blockage occurred.    
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Figure 12: Biofilm growth and testing setup for urinary catheter proof-of-
concept prototypes.  (a) Schematic of biofilm growth system that uses an “artificial 
bladder” [14] to supply infected urine to the proof-of-concept prototypes. The 
artificial bladder is a vessel modified with a glass tube penetrating the bottom and 
extending approximately 4 cm into the vessel, which thereby maintains a residual 
volume of 30 mL in the artificial bladder.  The artificial bladder and prototypes were 
inoculated with a 4 hour culture of P. mirabilis.  After allowing the bacteria to adhere 
for 1 hour, artificial urine with 1% tryptic soy broth was pumped at 0.5 mL min-1 into 
the artificial bladder and through the prototypes.  As artificial urine media was fed 
into the artificial bladder the media overflowed into the glass tube, where it then fed 
down the main drainage lumen of the catheter prototypes.  The bladder and 
prototypes were maintained at 37°C by mini-incubator.  A mature crystalline biofilm 
grew over approximately 42 hours.  (b) Rinsing test setup for prototypes after 
biofiolm growth.  After carefully removing the prototypes from the biofilm growth 
system, a DI water rinse supplied at 4 mL min-1 flowed downward through the 
prototype main urine drainage lumen for 1 minute.  Prototypes designated for 
actuation were hydraulically inflated 10 times at a rate of 0.1 s-1 approximately 30 
seconds into the rinse.  Hydraulic inflation was applied to the inflation lumen 



 

35 

through an inflation port fixture on the bottom end of the prototype.  The rinse 
effluent was collected for analysis and the prototype was then removed for 
inspection.    

 

2.3.5 Strain and inflation testing 

Biofilm-covered silicone coupons were removed from the reactor and kept 

covered in a hydrated state.  The coupons were carefully sliced longitudinally to bisect 

the coupon (12mm x 75mm) while avoiding disturbance of the biofilm.  Resultant 

samples were stretched to the desired strain percentage at controlled strain rates; 

samples were spritzed with DI water to maintain hydration during strain testing.  The 

gauge length was 5 cm, and the sample was 1.2 cm wide.  Samples were subjected to 10 

strain cycles and representative videos and images were captured during testing.  Two 

different stretchers were required to apply strains across the range of strain rates.  A 

tensile tester with grips oriented vertically (LRX Model 400c) was used for strain rates of 

0.01 and 0.2 s-1 (velocities of 0.2 and 1 cm s-1); while a syringe pump modified with 

additional clamps was used for the slowest and fastest strain rates 0.04 and 0.4 s-1 

(velocities 0.05 and 2 cm s-1) due to speed limitations of the LRX tensile tester (see 

dashed and solid lines, respectively, in Figure 15).   

 

Once strain tested, samples were immediately submerged in DI water and 

subjected to 4 mL min-1 flow for 1 minute. Samples were then stained with 0.01% crystal 
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violet for 10-15 minutes and rinsed 3 times with DI water.  Each sample was imaged at 

least 6 times (at center of sample to eliminate edge effects), and each image was 

analyzed using ImageJ version 1.43u (http://rsbweb.nih.gov/ij/).  ImageJ’s threshold 

function was used to render each greyscale image into a binary image with distinct areas 

with and without biofilm.  The images were then each measured for biofilm area 

coverage, and the images’ area coverage was averaged for each sample. 

Proof-of-concept prototype samples were removed from the reactor and kept 

covered in a hydrated state.  The samples were mounted vertically, and DI water was 

introduced from the upper end at 4 mL min-1 flow for 1 minute (Figure 12).  Samples 

intended for inflation were inflated 10 times at 0.1 s-1 to 35% strain approximately 30 

seconds into the 1 minute rinse.  Inflation was conducted hydraulically using a syringe-

delivered pre-determined volume of water.  Control and inflated samples were stained 

with crystal violet, rinsed with DI water at 4 mL min-1 flow for thirty seconds and then 

filleted open for examination.   

 

2.3.6 Rheology tests of biofilms and substrates 

Circular pieces (8 mm) were punched out of biofilm-covered silicone coupons 

and sweep tested on a flat-plate rheometer (Rheology Advantage Instrument ARG2, 

USA).  During the tests, the applied strain was controlled to oscillate from 0 to 0.02.  Bare 

silicone pieces (without biofilm covering) were separately tested as controls; their 
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storage and loss modulus values were subtracted from the biofilm-covered samples to 

isolate biofilm storage and loss modulus values.  The modulus of biofilms and the 

substrates are presented in Figure 16.  

 

2.4 Results  

2.4.1 Concept for urinary catheter with active fouling-release 

As shown in Figure 13, we conceived a urinary catheter that uses regio-selective 

actuation of soft elastomers to actively debond biofilms from its inner surfaces (Figure 

13a-c).  The debonded biofilm can then be removed by a minimal flow (e.g., of urine), 

thereby removing any biofilm obstructions and clearing the urine drainage lumen. We 

grew crystalline biofilms on proof-of-concept prototypes and actuated the prototypes to 

debond and remove the biofilm (Figure 13f, g).  While multiple inflation lumens are 

feasible for urinary catheter manufacturing (Figure 13a-d), we used a single intra-wall 

lumen to demonstrate the concept (Figure 13e-g). The actuation was achieved on the 

luminal surface through inflation of an intra-wall lumen that is separated from the main 

drainage lumen by a thin wall.  When sufficient pressure is applied to the intra-wall 

lumen(s), the thin wall stretches and generates strain on the luminal surface (Figure 13c; 

see also additional actuation description in Section 2.4). We first experimentally and 

theoretically explored the substrate-strain induced debonding of an infectious crystalline 
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biofilm, and then used that understanding to develop a proof-of-concept prototype of a 

section of an active, fouling-releasing catheter. 
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Figure 13: A conceptual schematic of the active fouling release urinary catheter 
and demonstration of proof-of-concept prototypes.  (a) Cross section of urinary 
catheter before biofilm formation where R, U and I represent the restraint balloon 
lumen, main urine drainage lumen and inflation lumens.  (b) Biofilm, denoted as B, 
forms on the drainage lumen.  (c) Reversible actuation of the lumen via water 
inflation debonds the biofilm formed in the urine drainage lumen.  (d) Debonded 
biofilm is carried away in the urine resulting in a cleared lumen thereby reducing risk 
of symptomatic infections.  Optical images of proof-of-concept prototype cross 
sections (e) before biofilm growth, (f) after growth of a mature P. mirabilis crystalline 
biofilm (P.m.) in the drainage lumen, and (g) after actuation and a gentle rinse 
debonded and removed the biofilm 
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2.4.2 Uniaxial strain debonds mature P. mirabilis crystalline biofilms 

Before the implementation of the design in a model of a catheter, we first tested 

the hypothesis that active surface deformation can effectively detach crystalline urinary 

biofilms using flat elastomer coupons. We developed an in vitro, flat, biofilm-growth 

configuration to facilitate quantitative measurement of the biofilm area coverage and 

mechanical properties.  Proteus mirabilis was grown on silicone substrates in a modified 

drip flow reactor [81] where the silicone substrate was submerged to simulate 

physiological conditions in a conventional silicone urinary catheter (Figure 10a, b).   

We chose DragonSkin20 silicone (Smooth on, USA) to fabricate the flat silicone 

substrate coupons due to the similarity in mechanical properties (tensile modulus 

approximate 0.2 MPa) to those in commercial all-silicone catheters.[79]  Artificial urine 

supplemented with 1% tryptic soy broth was peristaltically pumped through the reactor 

at 0.5 mL min-1 for 48 hours, or until the drainage tubing occluded (average time: 42 

hours).  The resultant biofilm included crystal deposition typical of the mature 

crystalline biofilms observed in occluded catheters removed from patients (Figure 14a, 

Figure 10c).  SEM analysis revealed the large crystals and microcrystalline aggregates 

that are similar to struvite and apatite crystals typically seen on SEM images of cross 

sections of occluded catheters (Figure 10c).[39]  The biofilm thickness (0.57 ± 0.07 mm) 

was measured by quantifying microscope height adjustment as the focus was adjusted 

from the substrate to the top of the biofilm.  It was comparable to the thickness required 
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to block catheters in previous in vitro studies.[27, 82, 83]  To our knowledge, this study 

presents the first growth model for a mature crystalline biofilm in a flat configuration, 

which was then used to study biofilm debonding and biofilm mechanical properties.   
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Figure 14: Debonding of mature P. mirabilis crystalline biofilms due to strain 
applied to flat silicone substrates.  (a) Optical microscopy image of a crystalline 
biofilm on a flat silicone substrate.  (b) Diagram (side view) illustrates tensile strain 
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applied to the substrate causing biofilm debonding.  Optical microscopy images of 
biofilm-covered silicone substrates (c) after rinsing and staining with crystal violet, or 
(d) after actuation to 35% strain 10 times (at 0.2 s-1) before rinsing and staining.  The 
arrow indicates an example residual island of stained biofilm that remained on the 
silicone substrate.  (e) Image analysis of biofilm area coverage confirmed that 10 
cycles of 35% substrate strain caused detachment of P. mirabilis biofilm.  Data 
represents mean ± standard error of the mean, N=3-4. 

 

We carefully removed the flat silicone samples from the reactor to avoid 

disturbing the integrity of the crystalline biofilm.  Uniaxial strain was applied to the 

silicone substrates using methods similar to those established in our previous study.[69]  

We clamped the silicone at both longitudinal ends on a horizontal mechanical stretcher 

(Figure 14b), and applied strain to the silicone substrate at a rate of 0.2 s-1.  The samples 

were stretched to 35% strain 10 times, unclamped, submerged in DI water and rinsed at 

4 mL min-1 for 1 minute.  We removed the samples from the DI water and then crystal 

violet stained (0.1%) the biofilm for 10-15 minutes before two additional water 

rinses.[84]  Crystal violet effectively stained and allowed quantitative assessment of the 

area coverage of the biofilms (Figure 14c, d).[85]  The samples were imaged along the 

longitudinal midline, and the images were characterized for biofilm area coverage by 

use of image analysis to estimate the fraction of pixels in the image corresponding to 

crystal violet stained biofilm.  We note that in the discussion here and below, the term 

“biofilm area coverage” is a conservative indicator of the actual amount of biofilm 

debonded from the sample surface because local cohesive failure of the biofilm can 
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result in the bulk of the material being shed from the surface while small amounts of 

stainable biofilm are retained at the substrate surface. The 35% straining regimen 

applied to the substrate resulted in a reduction in the biofilm area coverage of the 

silicone surface of 72% (Figure 14c, d and e).  These data suggest that at least 72% of the 

crystalline biofilm detached from the samples, and we emphasize again here that this 

number is a conservative indication of the amount of biofilm removed (especially when 

considering the > 0.5 mm thickness of the initial biofilm).  These results are consistent 

with our previous studies which showed that straining of an elastomer can result in 

detachment of mucoid biofilms formed by Escherichia coli and Cobetia marina, a marine 

bacterium.[69] Interestingly, Limbert et al. recently conducted finite element analysis 

predicting biofilm debonding due to substrate micromotion caused by tension, torsion, 

or bending but did not provide experimental results to confirm their predictions.[86] 

The current work represents the first experimental observation of active debonding of a 

mature, crystalline biofilm (>24 hrs old) by strain applied to an elastomeric substrate. 

 

2.4.3 High strain and strain rate result in debonding of mature P. 
mirabilis crystalline biofilms 

We next studied the effects of applied strain and strain rate on the debonding of 

P. mirabilis crystalline biofilms from flat silicone substrates. For strains ranging from 0 to 

100%, the strain rate was varied across a wide range, from 0.01 – 0.4 s-1; each sample was 

strained 10 times at its designated strain rate. As shown in Figure 15a, both the applied 
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strain and the strain rate are important in eliciting the debonding of crystalline biofilms.  

At relatively high strain rates (i.e., 0.2 and 0.4 s-1), significant amounts of biofilm are 

debonded (i.e., over 70%, measured using crystal violet staining as described above) as 

the applied strain reaches critical values (e.g., 20% - 30%).  However, at relatively low 

strain rates (i.e., 0.01 and 0.04 s-1), the debonded biofilm area is insignificant (i.e. less 

than 10%), even when the substrate is under strains up to 100%.  
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Figure 15: Increased debonding of mature P. mirabilis crystalline biofilms due 
to increased strain rate.  (a) The percentage of biofilm area covering the substrate (see 
text for details) after straining (10 times) at various strain rates.  Experiments were 
conducted for 2 - 4 replicates per condition.  Dashed lines indicate strain testing using 
LRX tensile tester and solid lines indicate strain testing using modified syringe 
pump.  Data represents mean ± standard error of the mean.  (b) Diagram of biofilm 
height, H, and segment length, L, used for (c) modeling the driving force for biofilm 
debonding as a function of L/H.  Dashed vertical lines indicate normalized segment 
length for 0.01 and 0.4 s-1 strain rates that were measured from optical images during 
100% strain at (d) 0.01 s-1 and (e) 0.4 s-1.  Arrows indicates examples of cracked biofilm 
or areas of silicone substrate exposed by debonded biofilm.  Scale bars indicate 5 mm. 
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We measured the storage and loss moduli of the crystalline biofilms with a 

frequency sweep rheometer.  Although biofilms are typically viscoelastic,[87, 88] we 

found that the mature crystalline biofilms generated by P. mirabilis in vitro appeared to 

be predominantly elastic (Figure 16a), with a constant storage modulus  of 

approximately 1.5 x 104 Pa for low sweep frequencies (0.1 – 6 Hz) that was also higher 

than the loss modulus (approximately 4.5 x 103 Pa).[89]   

 

 

Figure 16: Storage modulus  and loss modulus  of mature P. mirabilis 
crystalline biofilms and the silicone substrate as a function of frequency.  (a) P. 
mirabilis crystalline biofilms appeared to demonstrate predominantly elastic 
properties; the storage modulus was higher than the loss modulus and was relatively 
constant over the frequency range tested.[90] (b) Storage and loss moduli of silicone 
substrate. 

 

Pseudomonas auregunosa biofilms have demonstrated similar predominantly 

elastic properties within the same frequency range,[89, 91] but the storage modulus of 
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mature P. mirabilis crystalline biofilms (≈1.5 x 104 Pa) was higher than that measured by 

Lahaye et al. for P. mirabilis biofilms (  of 0.9 – 1.0 x 103 Pa).[92]  The higher storage 

modulus is likely due to the integration of rigid crystals in the biofilms; similar 

phenomena of modulus enhancement have been observed in rigid particle filled 

polymers.[93, 94]  Lahaye and coworkers only tested the proteinaceous component of P. 

mirabilis biofilms and did not use growth media that would support crystal 

generation.[92]  While a wide range of viscoelastic properties for biofilms have been 

reported, overall the storage modulus of mature crystalline P. mirabilis biofilms is 1 – 3 

orders of magnitude greater than other clinically relevant biofilms.[90, 95]   

To better understand the effects of applied strain rates on the debonding of 

biofilms, we then developed a theoretical model that relates the fracture of biofilms into 

segments to the segments’ subsequent debonding from the substrate.  With a mature 

biofilm attached on the substrate, we stretched the substrate at a specified rate.  Upon 

stretching, the biofilm first formed channel-like cracks, which then branched to form 

fragmented segments of biofilm with an average length, L.[96]  Upon deformation of the 

substrate, cracks nucleated at the bottom of each segment, propagated through the 

interface between the biofilm and the substrate, and eventually debonded the biofilm 

from the substrate.  We constructed a simplified, 2D, plane-strain model of the system of 

biofilm segments on the elastomer substrate as illustrated in Figure 17b.  The biofilm 

and substrate were modeled as Neo-Hookean materials; the shear moduli ( for the 
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biofilm and  for the substrate) were extracted from the measured storage moduli at 

near-zero frequency (Figure 16).[97]  The thickness of the substrate was taken to be 

much larger (>20 times) than that of the biofilms, H.  Considering the periodicity and 

symmetry of the model, only half of one biofilm segment was analyzed, as indicated in 

the dashed box in Figure 3b.  The energy release rate 𝐺 (not to be confused with  and 

 storage and loss moduli) was computed by a commercial finite element package 

Abaqus 6.10.1 (SIMULIA, USA).  The modelling results suggest that the average 

segment length  plays a critical role in the biofilm debonding process. 

As shown in Figure 17, the normalized energy release rate, 𝐺/(𝜇𝑓𝐻), which is 

the driving force for biofilm debonding,[98] increases with the normalized segment 

length, 𝐿/𝐻, for various applied strains in the substrate.  These curves can be 

qualitatively understood as follows: if the biofilm segment length is very small, the 

segments can be regarded as tall plates vertically attached on the substrate, which result 

in a relatively low energy release rate.[99]  When 𝐿/𝐻 → 0, the driving force for biofilm 

debonding  𝐺/(𝜇𝑓𝐻)  → 0 .  On the other hand, if the biofilm segment is infinitely long, 

it can be regarded as a film attached on the substrate.  Therefore, when /𝐻 ≫ 1 , the 

driving force for biofilm debonding approaches its maximum, i.e., 𝐺/(𝜇𝑓𝐻) = [(1 +

𝜀)2 + (1 + 𝜀)−2 − 2]/2 .[69, 100]  Therefore, the driving force for biofilm debonding 

increases with biofilm segment length, from 0 for very narrow segments to a plateau of  

[(1 + 𝜀)2 + (1 + 𝜀)−2 − 2]/2  for very wide segments.  
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We noted that images gathered during strain testing revealed differences in 

typical segment length (Figure 17d, e) that correlated to strain rate.  Actuation with low 

strain rates (i.e., 0.01 and 0.04 s-1) tended to fracture the biofilm into small segments that 

maintained attachment on substrates (Figure 15e), while high strain rates (i.e., 0.2 and 

0.4 s-1) resulted in relatively large pieces of biofilms that were easily detached (Figure 

15d, e; both samples at 100% strain). We quantified the segment length at 100% strain for 

different loading rates from representative images (Figure 17), which confirmed that 

segment length increased monotonically as strain rate increased over the conditions 

studied.   

 

Figure 17: Segment length increases with increasing strain rate.  Segment 
length from representative images at 100% strain (such as those in Figure 3 B and C).  
Five lines were drawn lengthwise (equally spaced along the width of the sample) on 
each image, and segment length was measured along the lines using ImageJ.  Error 
bars provide the standard error of the mean of greater than 30 measurements per 
image.   
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In Figure 15c, the dashed lines are the measured segment lengths for highest and 

lowest strain rates at 100% strain.  The larger segment length (𝐿/𝐻 ≈ 4.2), given by the 

highest strain rate, correlates to a sufficiently high driving force to debond most of the 

biofilm from the substrate.  Conversely, the smaller segment width (𝐿/𝐻 ≈ 1) for the 

lowest strain rate correlates to a low driving force for debonding that is not large enough 

to detach the biofilms from the substrate.  As a result, the high strain rates lead to a 

higher percentage of debonded biofilm, while low strain rates debond low percentages 

of biofilm.  The current study gives the first demonstration that the rate of the strain 

applied to the substrate significantly influences biofilm debonding, and the calculated 

relationship of segment length to debonding driving force represents a macro-scale 

interpretation of the effect of strain rate.  

 

2.4.4 Development of a proof-of-concept prototype urinary catheter 
incorporating substrate deformation via intra-wall inflation 

Our interest in debonding crystalline biofilms was motivated by the desire to 

translate the active biofouling management method [69] into tubular devices such as 

urinary catheters.  We first applied strain axially to tubular silicone substrates to debond 

crystalline biofilms that were grown within their lumens (Figure 18).   
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Figure 18: Debonding of mature P. mirabilis crystalline biofilms via applied 
strain to silicone tubing substrates.  (a) Representative image of crystalline biofilm 
occluding a portion of silicone tubing.  Using similar growth methods to the flat 
configuration, mature crystalline biofilm was grown in silicone tubing (6.35mm inner 
diameter silicone tubing, VWR).  Bar indicates 2.5 mm.  (b) Diagram of how tensile 
strain applied to substrate debonds a biofilm within a tube. Unidirectional strain was 
applied axially.  (c) Image of sliced tubing sample subjected to 50% strain 10 times 
(top) and unstrained control (bottom) after rinsing.  Arrow indicates example of 
remaining islands of biofilm of partial-thickness.  Strained samples were stretched at 
1.7 cm s-1 using a LRX tensile tester.  Samples were then rinsed at 4 mL min-1 before 
crystal violet staining.  SEM comparison of flat and tubular silicone surfaces used for 
these experiments confirmed similar surface topographies.  Scale bar indicates 5 mm. 
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Application of an axial strain (50% strain at a rate of 1.7 cm s-1) effectively 

debonded the intra-luminal crystalline biofilms (Figure 18c).  While this result 

demonstrates effective biofilm debonding, applying strain axially by extending the 

length of a catheter might not be practical in a point-of-care setting.   

In order to incorporate our methods for biofilm release into technologies suitable 

for implementation in healthcare settings, we suggest another catheter design capable of 

actively debonding urinary biofilms by applying hydraulic actuation within a catheter.  

We conceptualized a method, similar to those used in the implementation of pneumatic 

networks for soft robotics,[76] to apply strain to the catheter solely along its luminal 

walls, where the strain would debond urinary biofilms on the luminal surfaces without 

affecting the external dimensions of the catheter.  Figure 19 shows a schematic of a 

proof-of-concept prototype catheter cross section with an intra-wall lumen separated by 

a thin wall from the main, urine drainage lumen.  As pressure is increased in the intra-

wall lumen, it inflates and the thin wall deforms and the main luminal surface strains, 

until it impinges on the opposite wall of main lumen (Figure 19b).   
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Figure 19: Proof-of-concept prototype urinary catheters debonding mature P. 
mirabilis crystalline biofilms using inflation-generated strain at urinary lumen 
surface.  (a) Schematic diagram of the prototype catheter (cross section).  Increased 
pressure in intrawall, inflation lumen, I, causes wall to stretch into the urine drainage 
lumen.  (b) Cross-sectional views of prototypes before and after inflation.  Dashed red 
line outlines the inflated luminal surface.  (c) Maximum principal strain at the 
luminal surface was calculated using finite element modeling. (d)  Experimental and 
calculated luminal surface strain as a function of inflation pressure for Dragon Skin 
0020 prototypes.  Representative optical images from 3 - 4 replicates of (e) un-inflated 
control prototypes rinsed at 4 mL min-1 for 1 min, and (f) prototypes inflated 10 times 
at 0.1 s-1 during rinsing demonstrate biofilm removal from actuated prototypes.  Cross 
section of control (e) shows substantial biofilm coverage (P.m.) after rinsing.  
Prototypes were stained with crystal violet and sliced open, and biofilm was removed 
along the length of the inflated area of the luminal surface of actuated prototypes.  
Scale bar indicates 2.5 mm. 
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To make physical, proof-of-concept models (herein referred to as prototypes) of 

sections of such a urinary catheter, we constructed molds for pourable silicone using 3D 

printing (Figure 11) which allowed rapid, iterative prototype development.  Our early 

proof-of-concept prototyping efforts varied intra-wall luminal shape and position, and 

confirmed that using circular intra-wall lumens or crescent intra-wall lumens positioned 

too far from the main lumen resulted in non-specific wall deformation.  We achieved 

preferential deformation of the wall between the inflation and main lumen into the main 

lumen by constructing thicker external walls.  Figure 19b shows uninflated and 

pneumatically inflated prototypes.  We then numerically calculated the strain within the 

cross-section of the prototypes using the finite element package Abaqus, while assuming 

the silicone was an Arrude-Boyce material [94] with a shear modulus  of 221 kPa 

(Figure 20).   
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Figure 20: (a) Nominal stress vs. strain curve of Dragon skin 0020 was fit to the 

Arrude-Boyce model,  𝝈 =  𝝁𝒔(𝝀 − 𝝀−𝟐)(𝟏 + 𝑰
𝟓𝒏

+ 𝟏𝟏𝑰𝟐

𝟏𝟕𝟓𝒏𝟐
+ ⋯ ) , where 𝝈 and 𝝀 = 𝟏 +

𝜺 are the nominal stress and stretch for uniaxial tension,  𝑰 = 𝝀𝟐 + 𝟐𝝀−𝟏, and n is a 

parameter that accounts for the stiffening effect.[94]  The fitted shear modulus is 
=221 kPa, and the exponent was fitted as n = 0.27.  (b) Cycling test of Dragon skin 0020 
shows negligible hysteresis after the first strain loading cycle.  Silicone samples (flat 
and proof-of-concept prototypes) were prestrained or preactuated at least once prior to 
experimentation.   

 

Model results confirmed that the inflated wall can easily achieve substrate strains 

sufficient to debond crystalline biofilms (e.g., greater than 30% strain, Figure 3a) over an 

area corresponding to approximately 40% of the perimeter of the main lumen of the 

prototype (Figure 19c).  We again used Abaqus to calculate the inflation pressures 

necessary to achieve given amounts of wall strain, and the model matched well with 

experimental data (Figure 19d).  Inflation occurred along approximately 70% of the 

length of the prototype catheter sections, and was limited by our methods for sealing the 

inflation lumen of the prototypes.  No prototypes experienced failure due to wall-tears 
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and no hysteresis was observed (Figure 20).  We were able to attain complete inflation 

and deflation within 1 second.  Prototypes were easily inflated pneumatically or 

hydraulically, and strain was controllable through pressure or volume control (Figure 

19d and Table 1).   
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Table 1: Hydraulic inflation profile for proof-of-concept prototypes of urinary 
catheter sections.   

Inflation Volume (mL water) Strain (%) 

0 0.0 

1 13.0 

1.3 34.7 

1.6 38.8 

1.7 39.1 

 

2.4.5 Proof-of-concept prototypes utilizing intra-wall inflation debond 
mature P. mirabilis biofilm 

We modified the artificial bladder biofilm growth model pioneered by Stickler 

and coworkers [14] to feed infected artificial urine downward through prototypes 

(Figure 12 for flow schematic) at a rate of 0.5 mL min-1, and after approximately 42 hours 

achieved uniform biofilm distribution around the perimeter and down the length of the 

main lumen (see Figure 19e for control sample).   
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We switched to the artificial bladder growth system from the drip flow reactor 

system because the drip flow reactor mounting fixtures caused bubble formation and 

subsequent non-uniform biofilm growth in the prototypes.  Once a mature biofilm 

formed on the prototypes, we carefully removed the prototypes from the growth model 

before rinsing them at 4 mL min-1 for 1 minute (Figure 12b).  We note that, although 

urine voiding reaches quite high flow rates, catheters are always “open”, and therefore 

flow rates are dominated by urine production rates.  Normal urine production rates vary 

from 0.5 – 1.7 mL min-1, but oral water loads of 8 - 12 mL kg-1 (i.e., 560 – 840 mL for a 70 

kg individual) can cause urine production rates in excess of 10 mL min-1.[101]  A rinse 

rate of 4 mL min-1 is well within the urine production rates achievable through oral 

loading.   

Thirty seconds into the rinse, prototypes designated for inflation were inflated 10 

times to 35% strain at approximately 0.1 s-1.  The 10x inflation cycles, quite dramatically, 

produced visible biofilm debris in the effluent (Figure 21a and Video S1) and subsequent 

examination of the cross section showed that a large portion of the biofilm was removed 

(see Figure 19f for a representative cross section).   
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Figure 21: Dramatic release of biofilm into the effluent from inflated proof-of-
concept prototype urinary catheters.  (a) Representative optical image of effluent from 
3 prototypes each actuated 10x during rinsing (4 mL min-1 through the prototype main 
urine drainage lumen for 1 minute); effluent contained visible biofilm debris.  (b) 
Representative effluent from 2 un-actuated control prototypes had minimal biofilm 
debris, implying that control prototypes retained biofilm after rinsing alone.  (c) The 
effluent was collected, centrifuged, and the excess liquid was aspirated.  Figure shows 
hydrated mass of biofilm collected.  Data represents mean ± standard error of the 
mean. 

 

No “backflow” was observed (i.e., the inflation did not cause fluid to eject/flow 

out the top of the prototype).  Biofilms in control and inflated prototypes were stained 

with crystal violet before the prototypes were sliced open.  We confirmed that biofilm 

had been removed from strained areas (Figure 19f) while biofilm remained bonded to 

the unstrained areas.  We then analyzed microscopic images of the biofilm area coverage 

using ImageJ and confirmed significant biofilm removal (approximately 84% of the 

biofilm removed from strained areas of the lumen vs. 7% removed from unstrained 

areas; Figure 22).   
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Figure 22: Microscopic observation of debonding of biofilm from the main 
urine drainage lumen of catheter section prototypes.  (a) Microscope image of surface 
of control prototype main lumen covered with biofilm after rinsing and (b) 
Microscope image of inflated prototype main lumen with biofilm removed after 
inflation and rinsing.  Note: Horizontal bars visible across the inflation wall are 
“ribs” around the lumen that are due to the 3D printing process used to form the 
mold.  (c) ImageJ was used to analyze the images, and statistical comparison to the 
opposing side of the catheter lumen showed that inflation debonded the biofilm from 
the area of the luminal wall subjected to inflation.  Comparison was statistically 
significant both with (p<0.006) and without (p<0.0009) rib artifacts removed from 
images.  Data represents mean ± standard error of the mean, N=4. 

Again, area coverage measurements appeared to understate the magnitude of 

biofilm removal, so the effluent collected during the rinse/inflation test was assessed for 

biofilm mass (Figure 21c).  An average of 0.29 g was removed from three inflated 

prototypes, which when compared to the total mass of biofilm in a control prototype (0.6 

g) suggests that greater than 90% of the biofilm mass was removed from the inflated 

side of the sample.   
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2.5. Chapter conclusions 

We showed that surface deformation can result in debonding of crystalline 

biofilms and developed the first macro-scale quantitative relationship between strain 

rate, biofilm segment length, and biofilm debonding.  We then extrapolated from 

actuation techniques used in soft robotics to develop a method for on-demand removal 

of biofilms from catheters that can be applied in the previously-inaccessible main 

lumen.[102]  The mechanical biofilm-removal method circumvents the many chemical 

and biological issues with previous approaches to biofouling control in catheters [32, 87, 

102] and is complementary to bactericidal and physico-chemical approaches towards 

biofilm-resistant surfaces.[69, 102]  This active biofouling removal method presents a 

promising and affordable infection control option for urinary catheters, inexpensive 

devices relatively unchanged for 50 years due to the complexity and expense of previous 

infection control efforts.[4, 7]  A urinary catheter with on-demand biofouling release 

would be valuable to the subset of patients dealing with serial, occlusive catheter 

blockages,[36] but even more beneficial to society if used to proactively remove 

asymptomatic biofilms that lead to symptomatic catheter associated urinary tract 

infections.[4, 7, 39][  Existing extrusion techniques are thoroughly capable of adding an 

intrawall inflation lumen, or even multiple inflation lumens, to catheter shafts without 

affecting the shafts’ external dimensions.  Multiple inflation lumens would allow 

actuation of the entire luminal surface, and inflation lumen(s) could be inflated via an 
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additional hub port for actuation.  Finally, the combination of this work with previous 

demonstrations of mucoid E. coli and C. marina biofilm debonding provides compelling 

evidence of the utility of a substrate-strain biofilm debonding method in a variety of 

applications.   
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3. Chapter 3: Optimization of a design for a urinary 
catheter capable of repeated on-demand removal of 
infectious biofilms via active deformation 

Sections of the text and figures included in Chapter 3 will be submitted to be 

published in the journal Biomaterials.  As such, this article does not yet have a 

publication date; however, Elsevier does not require permission for authors to reuse 

their own articles, but an optional grant of license will be obtained as soon as one is 

available.  This manuscript describes the work for Specific Aim 2 and parts of Aim 3 and 

was combined into one chapter to provide a complete narrative for the experiments 

described below.   

Vrad Levering was the lead author and drove the experimentation, conception 

and documentation, however this work represents a collaboration with Changyong Cao 

who supplied mechanical engineering and materials science input as a co-first author.  

 

3.1 Chapter synopsis 

Biofilm removal from biomaterials is of fundamental importance, and is 

especially relevant when considering the problematic and deleterious impact of biofilm 

infections on the inner surfaces of urinary catheters. Catheter-associated urinary tract 

infections are the most common cause of hospital-acquired infections and there are over 

30 million Foley urinary catheters used annually in the USA. In this paper, we present 

the design and optimization of urinary catheter prototypes capable of on-demand 
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removal of biofilms from the inner luminal surface of catheters. The urinary catheters 

utilize 4 intra-wall inflation lumens that are pressure-actuated to generate regio-selective 

strain in the elastomeric urine lumen, and thereby remove overlying biofilms. Successive 

rounds of finite element modeling and prototype fabrication were used to optimize the 

catheter design to generate greater than 30% strain in the majority of the luminal surface 

when subjected to pressure. The catheter prototypes are able to remove greater than 80% 

of a mixed community biofilm of P. mirabilis and E. coli on-demand, and furthermore are 

able to remove the biofilm repeatedly. Additionally, experiments with the prototypes 

demonstrate that biofilm debonding can be achieved upon application of compressive 

strain. The fouling-release catheter offers the potential for a non-biologic, non-antibiotic 

method to remove biofilms and thereby for impacting the thus far intractable problem of 

catheter-associated infections.  

 

3.2 Chapter introduction 

Infection associated with the use of urinary catheters is a pervasive and 

challenging issue in healthcare [37, 38, 59, 103-105]. There are over 30 million urinary 

catheters used annually in the USA and catheter-associated urinary tract infections 

(CAUTIs) are the most common type of nosocomial infections, which account for 30–

40% of all hospital infections and lead to over 50,000 deaths each year [6, 7]. Microbes 

such as bacteria are able to colonize the surface of urinary catheters very quickly and 
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often form biofilms in the drainage lumen of catheters [2, 41, 88, 106-109]. The formation 

of asymptomatic biofilms in urinary catheters promotes development of symptomatic 

CAUTIs [7], and nearly all patients that undergo catheterization for longer than 28 days 

will suffer some form of infection [7]. In addition, CAUTIs also contribute to the 

alarming general increase in antibiotic resistance due to horizontal gene transfer 

between bacteria within biofilms, and the frequent use of antibiotics in their treatment 

[6, 110-112].  

Current commericially marketed strategies, such as killing bacteria or delaying 

bacterial attachment [41, 64, 113], to reduce infection induced by urinary catheters have 

been unsuccessful in the long-term prevention of biofilm formation which ultimately 

leads to CAUTIs [6, 7]. Although recent research on techniques to prevent catheter 

infection such as bacterial interference [114] and phage delivery [61] show some 

promise, they are effective only against specific bacterial strains which prohibitively 

increases the difficulty of their implementation. Identification of the infecting strain(s) is 

not a typical clinical procedure, and even more challenging is the huge variety of 

infectious microbes, both bacterial and fungal [41]. Indeed, even the most recently 

discovered new antibiotic is only effective on Gram positive bacteria [115]. 

Microtopography [59, 116, 117], permenantly attached silicone oils [118, 119], hydrogels 

[4, 7, 73], polymer brushes [57, 120], and ultrasound [47] are other promising non-strain-

specific strategies, but again they only delay biofilm formation for a short period and 
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eventually a biofilm still forms. Moreover, the possible large cost to implement them 

will prevent their routine implemention in clinical settings.  Urinary catheters are 

essentially commodity devices that cost on the order of 10 US dollars; any additional 

technology that costs more than pennies to implement would face a high barrier to enter 

the urinary catheter market. Therefore, it is both practically important and 

fundamentally interesting to propose a new kind of antifouling or fouling release 

method capable of maintaining catheters free of infection-promoting biofilm at minimal 

additional cost.  

With this consideration, we recently proposed an active control approach, 

adapted from our work on marine biofilms, which uses inflation-generated strain of the 

elastomeric substrate to debond the overlying biofilms [69, 121]. We found that 

increasing the strain in the substrate increases the energy release rate and thereby 

increases the driving force for debonding of the biofilm.  We then used 3D printing to 

fabricate proof-of-concept (POC) urinary catheter prototypes that generate enough 

strain to succesfully debond and remove mature P. mirabilis biofilm from their interior 

[121]. However, the POC prototypes left multiple questions of practical significance 

unresolved. The POC prototypes were less than 7 cm long and over 1.4 cm diameter, 

which is much shorter and stouter than the standard urinary catheter (25-42 cm long and 

5 – 10 mm in diameter). Additionally the POC prototypes had only one intra-wall 

inflation lumen, resulting in straining and debonding of the biofilm from only part of 
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the surface (about 35% of the perimeter). These limitations raise the following questions: 

does the active control approach work well for the length scales of a standard urinary 

catheter, in particular, with a small diameter catheter, e.g., around 6 mm? Is it possible to 

remove biofilm from the full perimeter of the urine lumen? Finally, although our pilot 

study demonstrated that strain applied on the substrate debonded a range of biofilms 

[69, 121], the technique has never been demonstrated with a mixed community biofilm. 

Moreover, we did not yet know whether the substrate strain would debond biofilms 

repeatedly to allow long term use.  

Here we present the design and a prototype of a urinary catheter capable of 

repeated on-demand biofilm removal.  We hypothesized that adjusting the number and 

postion of intra-wall inflation lumens would allow inflation to generate sufficient tensile 

strain to debond biofilms over the majority of the internal lumen perimeter.  We used 

successive rounds of finite element modeling to optimize the predicted strain of catheter 

cross sectional profiles to ensure the design fell within the fabrication capability of an 

industrial catheter manufacturer.  We then constructed prototypes with clinically 

relevant dimensions using a combination of extrusion and 3D printed reversed-mold 

fabrication techniques. Different materials for the prototype catheter shaft were 

compared to determine the ideal operational parameters for clinicians to manually 

inflate our prototype. We further characterized the protoypes and compared their 

inflation performance against our finite element models. The prototype catheter, less 
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than 7 mm in diameter with four intra-wall inflation lumens, was able to achieve 

substrate strain over most of the perimeter of the main drainage lumen, as well as along 

the full length of the device. We hypothesized that prototypes would debond a mixed 

community biofilm of E. coli and P. mirabilis, two of the most common bacteria found in 

CAUTIs, and we developed an artificial bladder flow system to grow mature biofilms 

inside the main drainage lumen of prototype catheters. Upon on-demand, inflation-

generated actuation, the prototypes dramatically removed the vast majority of the 

biofilm along the full length of the catheter.  After that first successful biofilm removal, 

we then regrew biofilm within the catheter and demonstrated that inflation-induced 

strain would indeed repeatedly remove biofilm in the catheter. Interestingly, upon 

disection of the catheters, we observed that areas that underwent compressive strain, as 

predicted by the finite element modeling, debonded biofilm similarly to areas that 

underwent tensile strain.  In total, using currently avaliable manufacturing techniques 

from a catheter manufacturer, we developed a urinary catheter that allows the repeated 

and thorough removal of infectious biofilms from its interior; we are thus poised to 

impact the long-stagnant urinary catheter technology market.    
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3.3 Methods and Materials 

3.3.1 Finite element modeling  

Since catheters are relatively long compared to their cross-section dimensions, 

we simplified our design analysis to a plane-strain problem. In our analysis, the 

proposed catheter designs were modeled with the hybrid quadratic elements (CPE8MH) 

under plane-strain deformation using the software package, ABAQUS 6.12. Pressure 

was applied along the inner surfaces of the inflation lumens while a free boundary 

condition was used along the outer surface of the catheter to predict its radial 

displacements. Mesh density was determined by a convergence study and 10,441 

CPE8MH elements were used for the whole model. A nonlinear solution method and 

geometric nonlinearity were adopted in the analysis. We used a 0.2 mm thick wall 

between the inflation lumen and the main lumen for models used for selecting the 

number of inflation lumens. Finite element models of the fabricated tubing used a 0.27 

mm thick wall to reflect the actual dimensions achieved by the extrusion vendor.  Three 

different materials are used for the catheters: 50 durometer silicone elastomer, 35 

durometer silicone elastomer, and a more rigid sheath 65 durometer silicone elastomer 

(all durometers defined per the type A scale), which were tested using a tensile tester 

(MSA Inc., USA) and fitted using the Neo-Hookean model with shear modulus of 0.69 

MPa, 0.52 MPa, and 2.44 MPa, respectively (Figure 23). The strains along the internal 
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surface of the drainage lumens and the average radial displacement along the outer 

surface were calculated by the finite element model for comparison.  

 

Figure 23: Nominal stress-strain curves for the final prototype materials 
obtained from uniaxial tensile testing. (a) Nominal stress-strain curves of (a) 35 
durometer silicone shaft, (b) the 50 durometer silicone shaft and (c) the more “stiff” 65 
durometer silicone sheath. All the curves were fit to the Neo-Hookean model. The 
shear moduli for the 35 durometer shaft, 50 durometer shaft and 65 durometer sheath 
materials are 0.52MPa, 0.68MPa and 2.44MPa, respectively. 
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3.3.2 Preparation of prototypes 

Vesta Inc. (Lanham, Maryland, USA) extruded silicone catheter shaft 

components according to our specifications using Dow Corning two-part, platinum-

catalyzed Class VI silicone feedstock. Vesta Inc. varied the silicone feedstock to achieve 

35 and 50 durometer multi-lumen silicone main shafts and the 65 durometer silicone 

sheath (all durometers defined per the type A scale).  In instances where a sheath was 

used, we slip-fit the sheath over the main shaft using isopropyl alcohol.  The inflation 

lumens were then sealed at each end of the main shaft using Sil-Poxy® silicone adhesive 

(Smooth-on Inc., USA).  We then skived 2 mm long holes out of the outer walls of the 

inflation lumen approximately 1 cm from the designated hub end of the shaft.  Hub 

manifolds were prepared by pouring silicone (Dragon Skin 0020®, Smooth-On Inc., 

USA) into a mold prepared by a 3D printer (Dimension SST 1200ES, with patterns 

generated using Solidworks 20131, Figure 24).   
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Figure 24: Schematic for the design of inflation hub and its configuration used 
in our experiments. (a) The mold fabricated by the 3D-printer (Dimension 1200es, 
Stratasys, USA). (b) Inflation hub fabricated with the mold in (a), and fit with a touhy 
borst connector. (c) Schematic of the configuration used for the inflation testing. 

 

The inner diameter of hubs was approximately 0.5 mm greater than the shaft in 

order to create a manifold to allow simultaneous inflation of all four lumens.  Once 

cured, the hubs were removed from the molds and then pierced and fit with a male 

touhy borst connector to be used for inflation.  We fit the hubs over the designated hub 

end of the shaft and carefully glued the hub in place without occluding the skived holes 

in the inflation lumens, thus allowing simultaneous inflation of all four lumens via the 
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touhy borst connector.  Prototype performance was examined using optical video of on-

end and side-views of inflation.  We then analyzed still images from the video using 

ImageJ (http://rsbweb.nih.gov/ij/) to characterize strain and dimensional parameters as a 

function of inflation pressure.   

3.3.3 Bacteria strain and culture media 

Proteus mirabilis 2573 (ATCC 49565) and Escherichia coli K12 (ATCC 29425) were 

thawed from frozen stock and cultivated overnight at 37°C on separate tryptone soya 

broth agar slants which were stored at 4°C and used for up to 2 weeks. Artificial urine 

media was prepared as described previously [121], sterilized and then supplemented 

with 1.0 g/L tryptone soya broth prepared separately to make the total artificial urine 

media (AUM) [14, 121]. Colonies of P. mirabilis and E. coli were each inoculated into 

separate flasks of 75 mLs of AUM and grown for 4 hours at 37°C on a shaker at 240 rpm.   

3.3.4 Biofilm growth in catheter prototypes 

We grew biofilms with a co-community of P. mirabilis and E. coli on the main 

drainage lumen of catheter prototypes using a continuous flow method as established 

by Stickler et al. [14], but modified to accommodate a manifold of four 50 mL artificial 

bladders in a vertical orientation (example artificial bladder shown Figure 25).   
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Figure 25:The setup for biofilm-growth and debonding in urinary catheter 
prototypes. (a) Schematic of biofilm-growth system that uses an “artificial bladder” to 
supply infected urine to the catheter. The artificial bladder is a vessel modified to 
accept the distal, top tip of a catheter prototype penetrating the bottom and extending 
approximately 4 cm into the vessel, which thereby maintains a residual volume of 30 
mL in the artificial bladder. (b) Optical image of artificial bladder with catheter 
prototype; the main urine drainage lumen of the catheter prototype drains into a 
collection manifold on the bottom end.  The diameter of the catheter prototype shaft 
is 6.7 mm.  The artificial bladder and prototypes were inoculated with 4 hour-cultures 
of P. mirabilis and E. coli. After allowing the bacteria to adhere for 1 hour, artificial 
urine media was pumped at 0.5 mL min-1 into the artificial bladder and through the 
prototypes. The bladder and prototypes were maintained at 37°C in a mini-incubator. 
A mature biofilm grew over approximately 30 hours. (c) Setup for rinsing setup for 
testing debonding after biofilm growth. Artificial urine media supplied at 4 mL min-1 
flowed downward through the prototype’s main urine drainage lumen for 1 minute. 
Prototypes designated for actuation were hydraulically inflated through a hub port 10 
times approximately 20 seconds into the rinse. Rinse effluent was collected, and the 



 

76 

debonded biofilm (the white matter in the petri dish) was weighed.  The prototype 
was then removed for inspection. 

 

The distal (non-hub) tips of the prototype catheters were inserted through a 

pressure-fit seal in the bottom of the artificial bladders; they were inserted 

approximately 4 cm into the bladder to ensure the bladder would hold 30 mL before 

draining through the catheter.  The catheter prototypes, artificial bladders, and all 

associated supply and drain tubing were sterilized and placed in a Class II biosafety 

cabinet.  The bladders and prototypes were maintained at 37°C in a mini-incubator.  The 

bladders each held a 30 mL reservoir of infected media that would overflow into the 

distal tip of the catheter prototype and then drip-feed through the main drainage lumen 

of the prototypes as fresh media was added to the bladder.  The system was primed 

with AUM, and then inoculated with 4 hour cultures of 5 mL of P. mirabilis and E. coli, 

each introduced into the artificial bladder. The bacteria were left for 1 hour to allow 

attachment and infection of the bladders and catheters. The model was then run 

continuously at a flow rate of 0.5 mL min-1 supplied via peristaltic pumping until the 

desired time point when a thick biofilm was visible through the walls of the prototype, 

or a system blockage occurred.  All biofilm growth was conducted in a sterile biosafety 

cabinet. The sterility of the artificial bladder growth system was confirmed by control 

runs without bacterial inoculation; no deposition was observed and no biofilm was 

formed on control samples. 
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3.3.5 Actuation testing 

For the samples undergoing only one round of biofilm removal, the prototypes 

were gently removed from the artificial bladders and kept covered in a hydrated state.  

The samples were suspended vertically, and artificial urine media was introduced into 

the upper end at a flow rate of 4 mL min-1 for 1 minute (Figure 25).  Samples designated 

for inflation were rapidly inflated to a pressure of 80 kPa and then deflated 10 times at 

0.6 s-1 to achieve 35% average strain, each inflate/deflate cycle taking less than one 

second, approximately 20 seconds into the 1 minute rinse. Inflation was conducted 

hydraulically using a syringe-delivered, pre-determined volume of water.  Prototype 

samples were weighed before biofilm growth, before rinse, and after the rinse in order to 

assess the weight of biofilm grown and removed.  The effluent from each sample’s rinse 

was also collected. We centrifuged the effluent, removed the liquid supernatant, and 

weighed the remaining biofilm as another measure of biofilm removal.  Samples were 

then dissected into tip, top, middle and bottom sections. 1 mm thick sections for cross-

sectional views of the main lumen and 1 cm long sections that were filleted in half for 

longitudinal views of the main lumen were sliced from the top, middle, and bottom 

sections. Those sections, in addition to cross sectional views of the tip, were then 

optically photographed.  Additional pieces from the top, middle, and bottom were 

stained with 0.01% crystal violet for 10 minutes and rinsed 2 times with DI water before 

similar slicing for cross sectional and longitudinal views. Representative longitudinal, 
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crystal violet stained samples were carefully cut to excise the main lumen from the 

catheter shaft to allow flattened views of the biofilm coverage of the main lumen. 

Stained sections were also optically photographed, and selected sections were examined 

on the phase microscope at 10x magnification.   

Fresh prototype catheter samples were fabricated to undergo two rounds of 

biofilm removal.  The co-community biofilm of P. mirabilis and E. coli was grown on the 

main drainage lumen of catheter prototypes using the same continuous flow method 

described above. We utilized inflation actuation as described above to remove the 

biofilm from all samples once the biofilm formed.  We then replaced the consumed 

supply of AUM with a fresh supply of AUM, and emptied the drainage collection flask 

before re-starting the peristaltic pump at the same flow rate of 0.5 mL min-1.  Once the 

co-community biofilm regrew (after approximately 24 hours), we stopped the flow.  The 

artificial bladders and the catheter samples were carefully removed from the flow loop 

and all catheters were rinsed with AUM supplied into the artificial bladder at a flow rate 

of 4 mL min-1 for 1 minute. Samples designated for inflation were rapidly inflated to a 

pressure of 100 kPa and deflated 10 times to achieve 40% strain approximately 20 

seconds into the 1 minute rinse. The effluent from each sample’s rinse was collected and 

samples were then dissected as described above.   
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3.3.6 Preparation of flat silicone coupons: 

We poured two-part silicone (Dragon Skin 0020®, Smooth-On Inc., USA) and 

allowed it to set to generate flat silicone samples that we then trimmed to 24 mm x 

75mm to fit in a drip flow reactor; the method is documented in detail in our previous 

work [121]. The flat samples were sterilized in the biosafety cabinet by rinsing with 95% 

ethanol and sterilized water.   

3.3.7 Biofilm growth on flat silicone coupons: 

The drain of a drip flow reactor (BioSurface Technologies Corporation) was 

modified to keep flat silicone coupons submerged in 0.3 – 0.6 cm media while under 

flow.  The reactor was maintained at 37°C by placing it in a mini-incubator.  AUM was 

introduced using a peristaltic pump to prime the flow system.  The samples in the 

reactor were infected with 4 hour cultures of 5 mL each of P. mirabilis and E. coli, and the 

infected culture was left for 1 hour to allow bacterial attachment before the media 

supply was resumed.  The model was run continuously at a flow rate of 0.5 mL min-1 

until the desired time point, or until a system blockage occurred. 

3.3.7 Rheology of biofilms and substrates: 

Silicone samples (10 x 10 mm) covered by a thin layer of biofilm were used to 

perform a frequency-sweep oscillation test at room temperature in a mechanical 

rheometer (AR-G2, Rheology Advantage Instrument, USA). We assumed that the 

biofilm did not slip during the testing process. Bare silicone samples (without biofilm 
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attached) were measured as controls. The applied strain amplitude for the testing was 

0.5%, and the frequency was swept from 0.1 to 10 Hz [122]. The measured storage and 

loss moduli for the biofilm and the substrate are presented in Figure 35.  

 

3.3.8 Adhesion testing of biofilms: 

Biofilm adhesion was tested using the method reported by Chen et al. [123]. The 

adhesive strength between the biofilms and the silicone substrate is defined as the work 

per unit area required to remove the biofilms from the surface [124, 125]. As shown in 

Figure 26, a rake-shaped probe with a width of 1 cm was fabricated for the scratch 

testing with a MSA tester (TA Instruments, USA). The adhesion strength between the 

biofilm and the silicone substrate can be calculated as  

( ) )/(WLdlFdlF
L L controlbiofilm∫ ∫−=Γ

 

using the measured forces and sample dimensions [123], where W is the sample width 

and L is the moving displacement of the probe. 
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Figure 26: Adhesion strength testing for the mixed community biofilm of P. 
mirabilis and E. coli biofilms. (a) Schematic of the experimental set-up for the 
adhesion testing using a custom designed scratch probe. (b) Sample of biofilms 
grown on the surface of silicone (Dragon Skin 0020®, Smooth-On Inc., USA) attached 
on an aluminum strip. (c) Optical image of the testing set-up. (d) Representative force-
displacement curves obtained from the scratch tests. Rate=0.5mm/s. 

 

The biofilm-covered silicone sample (silicone was Dragon Skin 0020®, Smooth-

On Inc., USA) was affixed at the bottom with the grip. The probe was carefully adjusted 

to penetrate into the biofilm and slightly touch the silicone substrate. The probe was 
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then moved at a controlled rate (0.5 mm/s) to scrape the surface of the biofilm-covered 

sample.  Thereafter, a second run on a biofilm-free substrate was performed as a control. 

Figure 26 shows the shear forces measured for a control and an experiment. The 

difference between the two measurements was used to calculate the adhesion strength 

(based on the obtained force and sample dimensions) between the biofilm and the 

substrate [123]. 

3.3.9 Statistical analysis 

Statistical comparisons were conducted using GraphPad Prism 5 (USA).  Group 

means were compared by two-tailed, unpaired t- tests with Welch’s correction to 

account for potentially unequal variances. “***” denotes P < 0.001 where shown in 

figures. Data are presented as mean +/- standard deviation in bar and line graphs.   

 

3.4 Results  

3.4.1 Concept for urinary catheter with active fouling-release 

As depicted in Figure 27, we have proposed a simple but new concept for a 

urinary catheter prototype capable of releasing biofilms by means of active actuation of 

elastomers [121]. The design is based on equipping the catheter with inflation lumens 

between the inner main lumen and outer catheter wall (Figure 27a). After infectious 

biofilms form on the surface of the main drainage lumen (Figure 27b), we can 

pneumatically or hydraulically actuate the inflation lumens to a controlled level of strain 
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for multiple inflate/deflate cycles (Figure 27c). As a consequence, the biofilm is 

debonded from the surface of the main lumen and then can be easily removed by a 

minimal flow of liquid (e.g., urine generated by a patient, Figure 27d), thereby clearing 

the urine drainage lumen for continued use.  
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Figure 27: Schematic of a urinary catheter capable of on-demand removal of 
infectious biofilms via active deformation.  (a) Cross-section of a conceptual design 
for a urinary catheter shaft with intra-wall inflation lumens. (b) Biofilm forms on the 
surface of urine drainage lumen after 1-2 days. (c) Actuation of inflation lumens by 
pumping air or water to generate large mismatched strains between biofilm and the 
surface of main lumen to debond the biofilm from the urine drainage lumen. (d) The 
detached biofilm is removed by the flow of urine once the inflation lumens are 
deflated.  Therefore, the catheter can be maintained free of mature biofilms for long-
term use and thereby may reduce the risk of catheter-associated urinary tract 
infections. 
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In our previous work, we found that active surface deformation can effectively 

detach mature crystalline urinary biofilms from flat and curved surfaces of silicone 

elastomers. We also showed that both the strain rate and strain level generated by 

actuation can have a significant influence on biofilm debonding [121]. The biofilm 

debonds once the energy release rate exceeds the adhesion strength between the biofilm 

and the substrate. Since this validation of the general concept for biofilm release, we 

have focused, and report herein, the development of designs for a new generation of 

urinary catheters with the ability of on-demand biofilm release. The small cross section 

of the catheter and the limitations of the manufacturer’s capabilities required us to 

carefully optimize the design, while the design process itself revealed new and 

fundamental insights about inflation and biofilm debonding performance in constrained 

regions.   
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Figure 28: Finite element models show that a four-inflation-lumen design for a 
urinary catheter shaft achieves higher levels of tensile strains along the urine luminal 
surface than a two-inflation-lumen design at the same inflation pressure. (a) Cross-
section of catheter shaft with two intra-wall inflation lumens. (b) Predicted strain 
distribution over the cross section of the two-lumen catheter from finite element 
model when both inflation lumens are simultaneously inflated by a pressure of 60 
kPa. (c) Predicted average strain along the urine luminal surface for the two-inflation-
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lumen configuration reaches a plateau after the inflation walls interact with each 
other. (d) Cross-section of catheter shaft with four inflation lumens. (e) Strain 
distribution of the four-lumen catheter when inflation pressure is 80 kPa. (f) 
Predicted average strain along the luminal surface of the four-lumen configuration; 
30% strain is achieved at approximately 70 kPa.   

 

In order to actuate the maximum area of the drainage lumen’s surface within the 

catheter, we designed the inflation lumens to underlie as much of the perimeter as 

possible. We used the finite element models to predict inflation performance and the 

resultant strains in the wall of the main lumen. We first designed a two-inflation-lumen 

catheter, in which each inflation lumen takes up almost half of the perimeter of the 

catheter (see Figure 28a). The finite element model clearly demonstrated that, after an 

initial increase of the surface strain on the surface of main drainage lumen, as inflation 

pressure increased, the surface strain stops increasing at ~15% due to the interfering 

contact of the two walls in the confined space of the drainage lumen (Figure 28c). From 

our previous study, we know that the biofilm debonds once the energy release rate, G, 

exceeds the adhesion strength between the biofilm and the substrate due to applied 

strain, and 𝐺 ∝ 𝜇𝑓𝜀2𝐻 (where 𝜇𝑓 is the storage modulus of the biofilm, ε is the applied 

strain in the substrate, and H is the biofilm thickness) [69]. We found that the majority 

(i.e. >70%) of the biofilm debonds once the applied strain in the substrate reaches a 

“critical” value, cε  [69]. For instance, in mucoid biofilms such as E. coli, the majority of 

the bioflm debonds at a critical strain of 15% (although critical strain can be lower 
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depending upon biofilm thickness [69] and substrate modulus [126]); and in crystalline 

biofilms such as P. mirabilis, the critical strain is approximately 25% [121]. We desired to 

exceed 30% strain as a conservative design goal [121]. We considered programmed, 

sequential inflation of the two-inflation-lumen design to achieve the desired critical 

strains, but this caused large distortion of the cross-section outer diameter (Figure 29).  

 

Figure 29: Contour plot of nominal strains, and the resultant deformation 
profile, of the cross-section of a catheter with two lumens when one lumen is actuated 
to achieve an average strain of 30%.   

Therefore, to limit interference between inflated lumens, we reduced the 

perimeter length of the individual inflation lumens while increasing the number of 

inflation lumens to four (Figure 28d). Using finite element models (Figure 28e), we 

predicted that the strains along the internal surface of the drainage lumen can reach 

greater than the desired 30% strain at a pressure load of approximate 70 kPa. Clinicians 
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can easily achieve 70 kPa (assuming silicone with a shear modulus of 0.69 MPa) using 

off-the-shelf syringes commonly used in hospitals, so we moved forward with a four-

inflation-lumen design. It was also readily apparent that the luminal surface overlying 

the walls between the inflation lumens cannot be inflated during the actuation process. 

However, high compressive strains in these regions are expected due to the inflation on 

either side of these regions (i.e. inflation on either side “squeezes” the in-between wall 

area) (Figure 28e).  We thus hypothesized that the biofilm overlying the wall area would 

also debond from the substrate surface due to the large mismatched strain introduced by 

compression.  

3.4.2 Catheter fabrication 

We contracted with Vesta Inc. (Lanham, Maryland, USA) (which routinely 

extruded silicones for the medical industry) to produce a series of iterations of the multi-

lumen catheter shafts for our prototypes. Based on manufacturing limitations in 

fabricating high-aspect-ratio inflation lumens, we optimized the shape of cross sections 

of the inflation lumens for manufacturing using both finite element model predictions 

and experiments with fabricated prototypes (see Figure 30, and Figure 31). The 

optimization and fabrication of the catheter prototypes required several versions of the 

catheter be generated.  We first modeled, and then fabricated, catheter prototypes using 

a 50 durometer silicone (Dow Corning two-part, platinum-catalyzed Class VI silicone 

feedstock; 50 durometer extrusion from Vesta Inc.).  we experimentally characterized the 
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shafts’ strain upon hydraulic actuation. Due to the slight variation between the real 

inflation lumens’ configuration and the original design, especially an increase in 

inflation wall thickness to 0.27 mm, the experimental inflation pressure had to be higher 

than the predicted pressure to achieve a satisfactory strain level.  We found the inflation 

required a higher inflation pressure than was manually achievable (Figure 30).  

 

Figure 30: FEM simulation and experimental data of a four-lumen catheter 
shaft made of 50 durometer silicone elastomer. (a) Schematic of cross section and FEM 
model (100kPa) of extruded silicone urinary catheter shaft. (b) Photographs of the 
cross-section and the inflated four-lumen catheter at 80 kPa inflation pressure. Scale 
bar indicates 1 mm.  (c) The average strain of the urine luminal surface for the four-
lumen configuration; 30% strain is achieved at approximately 93 kPa. (d) The change 
of the outer radius of the shaft as a function of applied pressure.   
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Catheter prototypes constructed using the 50 durometer silicone shaft required 

inflation to >100 kPa to achieve the desired substrate strain. Since exceeding 90–100 kPa 

was challenging using manual inflation using a 10 cc syringe, we improved our design 

to reduce the inflation pressure needed. We conducted another extrusion with a “softer” 

35 durometer silicone feedstock (shear modulus of 0.52MPa) instead of the 50 durometer 

feedstock.  Figure 31 presents the average strain of the 35 durometer catheters obtained 

under various inflation pressures. It was found that the pressure to achieve 30% average 

strain became now only 70 kPa. However, the increase in outer radius from both 

simulations and experiments becomes much larger (as compared to the catheter with 50 

durometer elastomer, see Figure 30 and Figure 31) and rose to an unacceptable level. 

The FDA guidelines related to urinary catheters dictate no change in diameter greater 

than 0.33 mm (1 Fr on the French catheter scale).   

 

Figure 31: FEM simulation and experimental data of an extruded four-lumen 
catheter shaft made of 35 durometer silicone elastomer. (a) The average strain of the 
luminal surface for the four-lumen configuration; 30% strain is achieved at 
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approximately 70 kPa. (d) The change of the outer radius of the shaft as a function of 
applied pressure. 

Therefore, we finally added a thin-walled, higher-modulus (65 durometer) 

“sheath” to the outside of the catheter to constrain the deformation of the outer surface 

(Figure 32b).   

 

Figure 32: Experimental testing of a catheter shaft agrees well with the 
numerical prediction of strain of the central luminal surface as a function of inflation 
pressure. (a) Cross-section and FEM model for a silicone urinary catheter shaft with 
four inflation lumens. Strain contour plot from FEM model subjected to an inflation 
pressure of 80 kPa. (b) Digital photograph of the cross-section of a catheter shaft made 
of 35 durometer, low modulus silicone and constrained with a 65 durometer, high-
modulus silicone sheath; and a representative image of its profile when inflated to 80 
kPa. Scale bar indicates 1 mm. (c) Calculated and experimental average strain of the 
central luminal surface. 30% strain is achieved at approximately 70 kPa.  (d) The 
increase in the outer radius of the shaft as a function of applied inflation pressure.    
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We again employed finite element models to estimate the strains under different 

inflation pressures of the cross-section of the optimized, final version of the urinary 

catheter shaft, which has four inflation lumens and is made of low modulus silicone (35 

durometer) and constrained with a high-modulus (65 durometer) silicone sheath. Figure 

32c shows the average strains obtained as a function of the applied hydraulic pressure. 

The elastomer for the sheath was assumed to be a Neo-Hookean material with a shear 

modulus of 2.44 MPa (Figure 23b).  

Simulation results confirmed that the inflated wall can easily achieve substrate 

strains sufficient to debond crystalline biofilms (e.g., greater than 30% strain) over most 

of the surface (Figure 32c). As shown in Figure 32d, the change in the outer radius of the 

shaft at higher pressure was dramatically reduced with the added sheath. We 

experimentally actuated the catheter with sheath using colored water and verified that 

the numerical results agree well with experimental data in the relevant range (Figure 32c 

and d) and exhibited similar appearance during the inflation process (Figure 33 and 

Video of the inflation). Figure 32b shows the final deformation profile of the four 

inflation lumen catheter, which is similar to the profile predicted by the strain contour 

plot at 80 kPa as shown in and Figure 32a.  
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Figure 33: Deformation profiles from FEM simulation of an extruded four-
lumen catheter shaft made of 35 durometer silicone shaft and with a 65 durometer 
silicone sheath when it is subjected to a range of pressures. Deformation profiles 
predicted at the following pressures: (a) 0 kPa, (b) 20 kPa, (c) 40 kPa, (d) 60 kPa, (e) 80 
kPa and (f) 100 kPa.    



 

95 

 

3.4.3 Biofilm debonding 

We next experimentally demonstrated the efficacy of the new catheter in 

debonding a mixed community biofilm of P. mirabilis and E. coli from the main drainage 

lumen surface of the catheter prototype in an in vitro biofilm model. E. coli is present in 

up to 90% of diagnosed urinary tract infections, and P. mirabilis is another frequent 

infecting bacterium that can accumulate in thickness sufficiently to block the urinary 

catheter causing trauma, leakage, polynephritis, and septicemia while overall being very 

difficult to treat [41, 104]. We chose P. mirabilis and E. coli to represent a challenging-to-

remove and yet typical mixed community biofilm. Additionally, the two species have 

been shown to be non-interfering in a urinary catheter model, so we hypothesized that 

they would form a robust mixed-community biofilm [41, 104]. We employed an artificial 

bladder biofilm growth model modified to fit our prototypes.  The model fed infected 

artificial urine downward through prototypes (Figure 25) at a rate of 0.5 mL min−1, and 

after approximately 30 hours achieved uniform biofilm distribution around the 

perimeter and down the length of the main lumen (see Figure 34a for uninflated control 

sample). Our previous experiment with a similar biofilm growth model with only P. 

mirabilis had required approximately 42 hours to achieve a mature biofilm [121], and 

after accounting for the differences in geometry and dimensions it appears that the two 

bacterial strains exhibited a mild synergistic influence on biofilm growth.  
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Figure 34: Prototype fouling-release urinary catheter debonds mixed 
community P. mirabilis and E. coli biofilm. Representative optical images of the cross 
sections of urinary catheter shafts with biofilm intact on main lumen of (a) control 
(uninflated) and removed from the main lumen of (b) inflated prototypes.  All 
catheters were rinsed at 4 mL min-1 with artificial urine for 1 minute. Catheters 
designated for inflation were inflated to 80 kPa (approximately 35% strain) 10 times. 
Sections of the catheter shaft were removed and stained with crystal violet to enhance 
biofilm visualization. (c) Inflation removed a significant fraction of P. mirabilis and 
E. coli biofilm mass as determined by weight of biofilm in the rinse effluent 
normalized to the weight of biofilm grown in each run. N=3 replicates, “***” indicates 
p<0.005.  Scale bar indicates 1 mm. 

Once a mature biofilm was clearly visible covering the interior of the catheter, we 

gently removed the catheters from the artificial bladders and mounted them vertically 

for rinsing and testing (see Figure 34c). Each catheter was rinsed with artificial urine 

media supplied at 4 mLmin-1 for 1 min. Catheters that we designated for 

inflation/actuation were rapidly inflated to 80kPa and deflated 10 times, achieving an 

average of approximately 30% strain, at 20 s into the rinse (see supplemental videos). 

The debonding of the biofilm due to the actuation and the subsequent removal of the 

biofilm in the effluent was visually observed through the walls of the catheter. In cases 



 

97 

where the catheter was almost clogged with biofilm, the debonded biofilm would flow 

downward and then re-clog at the hub. We realized that imperfections in the hub region 

were creating a choke point and used a plastic tube inserted into the main lumen to 

shunt past the hub, which allowed the biofilm to flow out from the catheter in 

subsequent runs. We collected the effluent, centrifuged it, removed the supernatant, and 

then weighed the remaining biofilm in order to quantify the biofilm detachment using 

biofilm mass removed normalized to the biofilm mass grown for a particular run of four 

samples.  

Finally the catheter was removed and sectioned to facilitate observation of the 

biofilm on the main drainage lumen surface. Sections from the top, middle, and bottom 

of the catheter shaft were also stained with 0.1% crystal violet to enhance biofilm 

visualization. Figure 34 shows representative optical images of the cross sections of 

control urinary catheter shaft with mixed community P. mirabilis and E. coli biofilm 

intact on the main lumen of a control vs. an actuated catheter. As shown in the 

representative images, the majority of the biofilm accumulated in the main lumen was 

clearly removed by inflation. We statistically analyzed the normalized biofilm mass 

removed and confirmed that the inflation removed a large fraction (≈ 80%) of P. mirabilis 

and E. coli biofilm mass (p<0.005 for N=3 replicates).   

We visually observed that the biofilm exhibited a predominantly crystal 

composition as is typical with mixed community biofilms containing urease-producing 
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strains such as P. mirabilis.[23] In order to analyze the mechanical properties of the co-

biofilm, we grew the mixed community biofilm on flat silicone samples as previously 

described [121]. We tested the complex visco-elastic modulus of the biofilms using an 

AR G-2 Rheometer and found that the mixed community biofilms demonstrated 

properties similar to our previous results for single-strain P. mirabilis biofilms [121]. The 

mixed community biofilms of P. mirabilis and E. coli were predominantly elastic with a 

storage modulus, G’, of ~2.5 x 104 Pa and loss modulus, G”, of ~ 3.9 x 103 Pa for the 

scanned frequencies (Figure 35). We also carefully tested the adhesion strength of the 

biofilm based on a modified scratch test [123] and found that the co-biofilm exhibited an 

adhesion strength of approximately ~8 Jm-2. 

 

 

Figure 35: Storage modulus, G', and loss modulus, G'', of the co-biofilm of P. 
mirabilis and E. coli and the silicone substrate as a function of frequency. Moduli of 
(a) the co-biofilm of P. mirabilis and E. coli and (b) the silicone substrate. In both 
cases, the storage modulus is much higher than the loss modulus. Thus, these two 
kinds of materials are both apparently elastic dominant [127]. 
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3.4.4 Repeated biofilm debonding 

To assess the performance of the catheter in repetitive debonding of the biofilm 

for long term use, we regrew biofilm using the artificial bladder system for 24h after 

initially debonding the biofilm from all of the sample catheters after ≈30 hours of biofilm 

growth.  We chose to leave the catheter prototypes “in situ” in the artificial bladders 

during the rinse and debonding steps to more closely simulate clinical conditions.  

Artificial urine media accumulated in the artificial bladders before flowing into the 

distal tip of the catheter, instead of being fed directly into the distal, top tip of the 

catheter.  Catheters designated for inflation after the second round of biofilm growth 

were rapidly inflated to 100kPa (approximately 40% strain) and deflated 10 times 

approximately 20 seconds into the rinse. We again observed biofilm debonding from the 

main drainage lumen upon inflation actuation, and collected and weighed biofilm mass 

in the rinse effluent. Figure 36c describes the performance of the second run of 

debonding after re-growing the biofilm; actuation again removed the majority of the 

mixed community biofilm (83.6 ± 6.2% N=4) at a statistically significant level (p<0.001). 

The prototypes were removed, sectioned, and optically imaged. Figure 36a and Figure 

36b show the representative optical images from cross sections that were crystal violet 

stained to enhance visualization. Control samples show thick biofilm coverage and 

inflated samples confirm substantial biofilm removal.    
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Figure 36: Prototype urinary catheter repeatedly debonded biofilms with 
mixed communities of P. mirabilis and E. coli. Biofilms were re-grown on samples 
that had undergone actuation.  Samples were rinsed at 4 mL min-1 of artificial urine 
for 1 minute.  Catheters designated for inflation were inflated to 100 kPa 
(approximately 40% average strain) for 10 times. Sections of the catheter shaft were 
removed and imaged, and select sections were crystal violet stained to enhance 
biofilm visualization. (a) Representative optical images from control samples (no 
inflation); both (i) cross section and (ii) sliced open samples show thorough biofilm 
coverage. Scale bar indicates 1 mm. (b) Representative optical images from inflated 
samples; (i) both cross section and (ii) sliced open samples show substantial biofilm 
removal. (c) Inflation removed a significant fraction of re-grown P. mirabilis and E. 
coli biofilm mass as determined by weight of biofilm in the rinse effluent normalized 
to the weight of biofilm grown in each run.  N=4 replicates, “***” indicates p<0.001.   

  



 

101 

 

Figure 37 shows optical images of cross sections along the length of three 

representative urinary catheters’ shafts; a control, a catheter that underwent one round 

of biofilm debonding, and a catheter that underwent two rounds of biofilm debonding. 

We show the unstained cross sections since the distal tips (the end without a hub) were 

not stained, but the stained cross sections had similar results. Biofilm removal clearly 

occurs along the length of the catheter, thereby confirming our hypothesis that the 

intrawall actuation would work along the length of the catheter. Additionally, the 

second round of biofilm removal appears to be as successful at removing biofilm as the 

first actuation. If we compare the fraction of biofilm removed for the first round of 

biofilm removal against the second, we find no statistical difference between the data 

sets (N=4).   
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Figure 37: Prototype urinary catheters debond biofilms with mixed 
communities of P. mirabilis and E. coli along the full length of the catheter shaft. 
Representative optical images of the cross sections from (a) control catheter (no 
inflation), (b) first round of inflation after 30 h of growth of biofilm, and (c) second 
round of debonding after re-growing the biofilm for another 24 h. (d) Sections were 
taken from the prototypes at the following locations: (i) bottom, (ii) middle, (iii) top, 
and (iv) distal tip. Blue coloring in intra-wall inflation lumens is an artifact of 
residual colored water used for inflation.  Scale bars indicate 1 mm. 
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3.4.5 Compressive strain of the substrate to debond biofilms 

Previous studies have shown in several milieus that tensile strain to the substrate 

can debond overlying biofilm from the substrate [69, 121]. However, the shafts of these 

prototype catheters represent the first opportunity to evaluate the impact of compressive 

strain on biofilm debonding. Figure 38a shows the strain predicted by finite element 

modeling using ABAQUS to have occurred in a catheter inflated to 100 kPa, and maps 

the absolute value of the strain onto the surface of the catheter after deflation.  
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Figure 38: Compressive strain along luminal surface also debonds biofilm.  (a) 
Contour plot of FEM-calculated nominal strains (absolute values of compressive and 
tensile strains) along luminal surface during inflation mapped onto undeformed 
surface. Compressive strain is generated in the luminal surface over the connecting 
walls due to the compression derived from the squeezing of adjacent inflation lumens 
during inflation. Lower absolute values of strain appear at the edge of inflation 
lumens due to the transition from tensile to compressive strain at the connecting 
walls. (b) Optical image of sliced-open crystal violet stained section of a catheter shaft 
that experienced two rounds of biofilm growth and debonding. Red, dashed box 
highlights the region on the luminal surface overlying a connecting wall between 
inflation lumens that has substantial biofilm removal due to compressive strain. (c) 
Optical image of luminal surface excised from catheter and flattened.  Scale bars 
indicate 1 mm. (d) Optical microscopic image of luminal surface overlying the 
boundary between the wall and the inflation lumen.  Dashed line shows area 
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overlying connection wall.  Biofilm is visible at edge of inflation area, where low 
levels of strain were predicted by FEM calculations.  Scale bar indicates 500 µm.   

 

The area of the luminal surface overlying the wall between intrawall inflation 

lumens (i.e., the connecting wall) does not undergo tensile strain, but does undergo a 

significant amount of compressive strain. Interestingly, the area of the luminal surface 

that undergoes the least strain is the very edge of the intrawall inflation lumen, where 

the strain transitions from tensile to compressive and presents as an area of low absolute 

strain. When we examined longitudinal sections of catheters that had undergone 

actuation to debond biofilm (see representative section Figure 38b), it appeared that 

areas of the luminal surface that we predicted had undergone compressive strain still 

had debonded the majority of the biofilm.  We carefully excised the luminal surface from 

the rest of the catheter shaft in representative samples and took optical images (Figure 

38c) and microscope images (Figure 38d) and confirmed that the biofilm was removed in 

areas of high compressive strain, and residual biofilm was at the predicted edge of the 

inflation area where we predicted the low strain values.   

 

3.5 Chapter conclusions  

Active surface deformation is an efficient but simple method for detaching 

biofilm from a silicone substrate. We demonstrated a prototype of a multi-inflation-

lumen urinary catheter with the ability to debond biofilms from the previously-
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inaccessible main drainage lumen to keep its functionality. With the guidance of finite 

element analysis and experimental testing, we developed a design of an extrudable 

catheter shaft with four intra-wall inflation lumens that can apply sufficient strains 

around the majority of the perimeter. We further characterized the performance of the 

catheters by growing mixed community biofilms of E. coli and P. mirabilis on the main 

drainage lumen of the prototypes. The catheter prototypes were able to remove the 

biofilm on-demand repeatedly. We believe the design could be even further optimized 

in the future with the use in conjunction of other methods to reduce the adhesion of the 

main luminal surface [59, 116-119]. The ability to repeatedly remove biofilm suggests the 

real-world applicability of our catheter design for use in the challenging area of long 

term care. Upon close inspection of the interior of the catheter, we also discovered the 

first demonstration of compressive strain in the substrate debonding the overlying 

biofilm. The new prototype fouling-release catheter was made using readily-available 

techniques suitable to cost-effective, large-scale medical device manufacture. Our design 

offers a potential non-antibiotic, non-biologic approach to controlling symptomatic and 

asymptomatic biofilms and thereby reducing the persistent burden of catheter-

associated urinary tract infections.   
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4. Chapter 4: Anti-fouling urinary catheters: Conclusions 
and Future Directions 

4.1 Summary 

The results of this work demonstrated that anti-fouling urinary catheters offer a 

promising non-biologic, non-antibiotic method to remove biofilms and thereby impact 

the thus far intractable problem of catheter-associated infections.  The catheters utilize 

pressure-actuated chambers in the walls of the catheter to generate regio-selective strain 

and thereby remove biofilms from the main lumen. The urinary catheter prototypes are 

capable of on-demand removal of biofilms from the previously-inaccessible main 

drainage lumen of catheters.  As a first step towards the design of the anti-fouling 

catheter, in Chapter 2 we demonstrated that sufficient strain applied to a flat silicone 

elastomer substrate would debond mature Proteus mirabilis crystalline biofilms.  We 

examined the influence of strain rate and found that decreasing the applied strain rate 

would decrease the debonding.  Proof-of-concept prototypes of sections of shafts of anti-

fouling catheters constructed to incorporate a single intra-wall inflation chamber were 

able to inflate and induce substrate deformation as predicted by finite element 

modeling.  The proof of concept prototypes were then able to debond mature crystalline 

biofilm from their strained surfaces.   

Adjusting the number and postion of intra-wall inflation lumens facilitated the 

design of an anti-fouling catheter shaft in Chapter 3.  The shaft incorporated four intra-

wall inflation lumens that could generate strain over the majority of the luminal surface 
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upon inflation-induced actuation.  That multi-lumen catheter shaft was manufactured 

using techniques standard to the catheter industry.  Catheter prototypes constructed 

using that shaft were able to generate greater than 30% strain on the majority of the 

luminal surface as predicted by finite element modeling, which indicates the potential 

for finite element modeling as a tool for future catheter design.  Those multi-lumen anti-

fouling catheter prototypes were able to on-demand remove greater than 80% of a mixed 

community biofilm of P. mirabilis and E. coli.  In addition, detailed observation of the 

luminal surface revealed biofilm debonding due to application of compressive strain to 

the substrate.  Finally, the anti-fouling catheter prototypes were able to debond and 

remove a mixed community biofilm of P. mirabilis and E. coli regrown on the luminal 

surface, thereby demonstrating the promise of repeated use of the anti-fouling approach.  

Biofilms on urinary catheters are critical to the progression of symptomatic CAUTIs, and 

the anti-fouling catheter technology demonstrated in this study provides a powerful 

option for on-demand removing biofilms and potentially stopping the progression of 

symptomatic infections.  

 

4.2 Future directions 

The future directions describe proposed collaborative work with individuals 

both at the Duke University School of Medicine and within the Lopez lab.   
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4.2.1 Coulter Translational Project Partnership 

A Coulter Translational Project proposal was submitted March 2014, and that 

proposal went to the final, competitive presentation round in May 2014.  The proposal 

was approved for the 2014-2015 cycle starting October 2014.  The project involves 

collaboration with the Duke School of Medicine (SOM), as represented by Howard 

Levinson from the SOM Department of Plastic Surgery.  Gabriel P. Lopez, Xuanhe Zhao, 

and Vrad Levering represent the Duke Department of Biomedical Engineering.  The 

team supporting the project grew once it received funding, and future work conducted 

after the filing of this dissertation will involve collaboration between Vrad Levering and 

members of the Duke SOM such as Mohammed Ibrahim, MD.  The following sections 

related to the Coulter summarize the proposal, planned efforts, and the progress made 

toward each Coulter project-specific aim.   

4.2.1.1 Coulter project summary 

The need to control the urinary stream is ubiquitous in healthcare with over 30 

million Foley urinary catheters sold annually. The greatest problem with Foley catheters 

today is catheter-associated urinary tract infections (CAUTIs), however hospitals bear 

additional concerns about the financial implications of CAUTI’s since each CAUTI 

directly increases the cost of patient care.  CAUTIs require treatment with antibiotics 

and are on the Center of Medicare Services list of “never events”.  Thus, hospitals do not 
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receive payments for treating hospital acquired CAUTIs [5]. CAUTIs are caused by 

biofilm formation within the catheter lumen [128].  

As described in this document, the anti-fouling technology uses a mechanical 

approach to actively deform the intraluminal surface of the Foley catheter and 

physically detach the biofilm. In addition to potentially reducing the risk of CAUTIs, the 

ability to repeatedly remove the biofilm and keep the catheter main lumen clear could 

also possibly  extend the indwelling catheter life and thereby reduce catheter-related 

costs in another way [121].  We filed a patent application through Duke OLV that 

describes both the platform technology for biofouling mitigation, and specifically a 

urinary catheter configuration based on this technology. We constructed and tested 

proof-of-concept prototypes of catheter shafts that debonded greater than 90% of a 

biofilm, a revolutionary breakthrough in catheter design [121].   

The proposed technology utilizes existing materials and manufacturing 

processes, increasing cost of manufacturing approximately 16%. This is pivotally 

important since urinary catheters are a low-cost, high-volume product covered by 6 

HCSPS reimbursement codes. Using silver-eluting anti-biofouling catheters as a basis for 

financial modeling, an estimated $0.50 increase in manufacturing cost of our Foley 

would generate a $3.35 increase in profit per catheter. Cardinal Health, a catheter 

manufacturer and potential licensee that we are currently in dialog with, said that if the 

catheter were clinically effective, the technology would reduce the total cost of home 
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care and be a “big win” for acute care. As such, it would allow a manufacturer to 

increase sales in an ever-growing market. We won Coulter funding for the next critical 

steps in product development; fabricating a fully functional medical grade catheter for 

confirmatory in vitro testing followed by a phase I clinical study.  

The work conducted towards Aims 2 and 3 of this thesis helped simultaneously 

advance and answer questions related to the Coulter project.  We assessed many of the 

responses for the Coulter project using just the shaft tubing.  During the course of our 

studies described within this document, we evaluated a variety of factors that determine 

the inflation performance of the device.  The shaft’s geometry and modulus (moduli if 

made of multiple components) dictate the direction and degree of inflation and thereby 

influence the substrate strain achieved, which then determines the biofilm removal.  We 

used multiple moduli of silicone and components for developing the proof-of-concept 

prototypes in Chapter 2, and developed a knowledge of the minimum ratio of external 

to internal thickness to prevent external inflation in urinary catheters.  However, we also 

realized that a high durometer or inelastic sheath significantly helped the design to force 

inward inflation.  This allowed the catheter to use a low durometer inner shaft to keep 

the inflation pressure sufficiently low, while the outer sheath helped prevent external 

inflation.  The patent application was written to anticipate multiple techniques for 

mechanical detachment of the biofilm and provides many options beyond those 
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described in this document, so the use of multiple materials or components is covered 

by the intellectual property.   

The work described in Chapter 3 to develop a multi-lumen, extruded catheter 

shaft composed of silicone and at clinically relevant dimensions (6.7 mm in diameter) 

was fundamental for continuing to advance the Coulter project goals.  The catheter shaft 

design work conducted by the Lopez lab team addressed multiple significant questions 

that were ancillary to the scientific discussion of Chapter 3 but important to the device 

design; and which will be useful for developing the complete functional prototypes.   

The most obvious and crucial question addressed was that the anti-fouling 

catheter shaft indeed debonded biofilm, and could debond biofilm repeatedly.  We felt 

that demonstrating mixed community biofilm release at 2 and 4 days was a conservative 

in vitro model system for the in vivo pilot clinical study.  Demonstrating repeated release 

provided initial evidence confirming this system’s clinical relevance for reducing biofilm 

coverage while assisting in preparing protocols for a pilot clinical trial. 

We initiated collaborations and completed an agreement with a third-party 

catheter manufacturer to design, build, and document “complete” prototypes (with 

hubs and bladder restraint balloons) for the clinical trial.  Figure 39 shows the designed 

catheter, but until the complete prototype is fabricated we will continue to assess the 

shaft’s performance through evaluations of the inflation reliability, consistency of 

dimensions post-inflation, and overall inflation durability.   
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Figure 39: Side view of the prototype anti-fouling urinary catheter designed in 
collaboration with the third-party catheter manufacturer.   

 

4.3 Conclusions and implications of this research 

The results of this work demonstrated that anti-biofouling urinary catheters can 

serve as potential, compelling options for reducing and preventing long-term biofilm 

buildup on the inner surfaces of indwelling urinary catheters.  Biofilm formation on 

urinary catheters is critical to the progression of catheter associated urinary tract 

infections, which are the number one source of nosocomial infections in the USA.  

Although directly testing the reduction in catheter associated urinary tract infections 

was beyond the scope of this dissertation, the in vitro demonstration of biofilm removal 

and prevention of biofilm buildup has profound implications for the potential to 

transform the long-stagnant urinary catheter standard of care.  The design for urinary 

catheters has changed little in the last 50 years, and the work documented in this 

dissertation presents a practical and imminently implementable design change that can 

potentially reduce the infection rate without requiring new materials or drugs.  Due to 
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the practical and presumably low-cost potential addition of the technology to current 

manufacturing practices, the catheter project team is currently investigating licensing 

and startup next-steps to facilitate implementing the technology in the commercial 

arena.   

The anti-fouling design and technology has potential for use in other 

applications beside the urinary catheter covered in this document (typically called 

“Foley’s”).  Suprapubic urinary catheters are inserted through the anterior abdominal 

wall and directly into the bladder (instead of up the urethra).  Suprapubic catheters are 

left indwelling and require a retention balloon similar to Foley urinary catheters, but are 

much shorter than Foley’s (approximately 25 cm vs 42 cm).  Suprapubic urinary 

catheters use a substantially similar design to the “Foley” urinary catheters we worked 

with, and although they were long considered less prone to infection than Foley’s, 

suprapubic catheters unfortunately suffer similar issues with biofilm build-up and have 

indistinguishable rates of infection [129].  As such, suprapubic catheters would likely 

benefit from the anti-fouling methods deployed in the anti-fouling Foley urinary 

catheters described in this document.   

Other catheters, such as central venous catheters, also suffer from biofilm 

infections and indeed in these catheters the consequences of infection are often more 

severe than infections associated with urinary catheters [102] due to the central venous 

catheters’ location within the vasculature. Additionally, these catheters can suffer 
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biofilm-like formation of undesirable protenacious layers [102] that would potentially 

debond in a similar fashion to biofilms upon application of active surface deformation.   

Overall, the anti-fouling methods used to remove biofilms from the previously-

inaccessible main lumen of urinary catheters provide a potential boon to the future use 

of urinary catheters, as well as presenting a promising platform technology that could be 

applicable in anti-fouling use in other medical device applications.   
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Appendix A 

 

 

Figure 40: Adhesion force of mature P. mirabilis crystalline biofilm measured 
via modified scratch test A) Diagram of scratch test B) Representative run of scratch 
test. Rate=0.5mm/s.  We measured the bulk adhesion using a method established in 
Chen et al. [123], to measure an adhesion strength ranging from 1.25 to 4 J m-2 for 
stretching rates 0.5 – 20 mm/s.  Mature P. mirabilis crystalline biofilm was grown on 
flat silicone elastomer substrate using the methods described in Chapter 2.   
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