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Abstract
    Catheters are the most widely used medical device and on the same note, catheter associated infections are also prevalent in health and medical care, globally. Among them, urinary catheters associated infections (CAUTI) pre-dominates the nosocomial infections. Antimicrobial/antifouling catheter innovations to overcome infections has escalated exponentially in recent years. Imidazolium-based polymer antimicrobial (PIM45) is a potent broad-spectrum antimicrobial and incorporation of PIM45 in PDMS matrix (PDMS-PIM45 biomaterial) proved to produce a robust, long-lasting antimicrobial biomaterial and could be recycled up to 45 days. Thus, exhibiting beneficial potential for development of medical devices that display inherent antimicrobial propensity. In this study, using a continuous flow model of artificial urine, we proved that PDMS-PIM45 could eradicate the CAUTI causative pathogens, Escherichia coli, Klebsiella pneumoniae, Vancomycin-Resistant Enterococcus sp, completely at 106 CFU/ml loading. Though colonization was not inhibited, lower rate of infection and absence of biofilm development was observed for Methicillin-Resistant Staphylococcus aureus, a newly emerging CAUTI pathogen. Importantly, we have also shown that PDMS-PIM45 could prevent encrustation following Proteus mirabilis infection, and maintain the low pH of artificial urine over 7 days in continuous flow model.
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1.  Introduction
Catheter associated infections, particularly from indwelling catheters, dominate healthcare associated infections (HAI) worldwide. Globally, treatment of HAI resulting from catheterization is further complicated by rapidly emerging antimicrobial resistance amongst the colonising pathogens. Urinary catheters have been the focal point of research and clinical interventions due to their high utilization in healthcare settings and the accompanying prevalence of catheter associated urinary tract infections (CAUTI). 
  Several strategies have been employed to develop urinary catheters that display antimicrobial potency or antifouling properties to circumvent the colonization of notorious microbes responsible for nosocomial infections. Surface grafting/coating, functionalization and embedding/impregnation of antimicrobial compounds into catheter materials have shown promising leads in the laboratory.[1-4] Peritoneal silicone catheters impregnated with rifampicin, triclosan and trimethoprim inhibited colonization of Methicillin-resistant Staphylococcus aureus (MRSA) for 90 days in a flow model. [5-6] However, systematic reviews and meta-analyses on randomised clinical trials involving Silver coated or Nitrofurazone impregnated catheters to prevent CAUTI in hospitals, have reported mixed outcomes [7-9]. While some studies showed promising results for the modified catheters in reducing CAUTI and risk of infection, cost remains the main barrier to their adoption in the healthcare system.
  Recent data from clinical studies indicate that Escherichia coli (E.coli), Klebsiella pneumoniae (K.pneumoniae), Pseudomonas aeruginosa (P.aeruginosa), Enterococcus faecalis and Proteus mirabilis (P.mirabilis) are most widely found among CAUTI related nosocomial infections [10] with E.coli being the predominant causative pathogen in both CAUTI and non-CAUTI infections. Notably, E.coli also represents the typical strain that develop antimicrobial resistant (AMR), followed by K.pneumoniae in CAUTI cases. Though not considered an uropathogen, Methicillin-Resistant Staphylococcus aureus (MRSA), has been identified as an emerging causative pathogen in CAUTI [11]. Catheter infections often begin at the urethral meatus and travel further into the urinary tract via the urethra [12]. Nevertheless, Aumeran et al [13] observed that both the extraluminal and the intraluminal surfaces of a catheter are prone to infection and colonization by microbes, with extraluminal infections predominating within the first 6 days of catheterization. This observation indicates that it is critical for a catheter or biomaterial used for developing catheter to be able to impart antimicrobial propensity both extra and intraluminaly.
    In addition to inhibiting microbial colonization or biofilm formation, the material(s) employed for urinary catheters should also prevent intraluminal encrustation. Recurrent encrustation often leads to other complications, such as stones in the urinary tract/bladder extending to kidney, in addition to blocking the catheter lumen itself, thus contributing to further complications in already unwell catheterized individuals [14]. Recent report indicates that about 60% of long-term indwelling catheterization develops encrustation [15], a 10% increase from the report from early 90s’ findings [16].
Encrustations often lead to blockage of the catheter and can be initiated either within the lumen of the catheter or extraluminally. Catheter encrustation is the result of infection by urease-producing bacterium, particularly P.mirabilis [14]. Bacterial urease converts urea in urine to ammonia, resulting in alkaline urine. At alkaline pH, calcium and magnesium phosphate crystals develop, leading to the formation of crystalline biofilms that eventually block the flow of urine from the bladder. Viable microbes that colonise the crystalline biofilm (often multispecies) further promote the resistance towards antimicrobials (development of AMR). Bacteria adhere to the catheter surface within 15 minutes of exposure, then multiply exponentially, increasing a hundred-fold after two hours of exposure[17]. As a result of rapid microbial growth, the biofilm and diffuse crystalline film forms within 24 hours. Four days after exposure, a crystalline (or mineralised) biofilm spread across the catheter surface, with P.mirabilis on the surface or embedded within the crystalline film [17, 18].
    PIM45 is an imidazolium-based polymer that exhibits rapid killing and broad-spectrum antimicrobial activity [19]. Incorporation of PIM45 in a silicone (PDMS) matrix yield a composite biomaterial (PDMS-PIM45) that exhibited potent antimicrobial potential (99.999% microbial elimination). The PDMS-PIM45 composite releases the antimicrobial polymer PIM45, in aqueous solution over a prolonged period and could withstand ~ 45 days of continuous microbial challenge (contact killing). Notably, the PDMS-PIM45 material is biocompatible [19].  In this study, using a continuous flow of artificial urine, we further demonstrate that PDMS-PIM45 biomaterial is a promising candidate for development of urinary catheters. PDMS-PIM45 could eliminate the predominant CAUTI causative pathogens, E.coli and K.pneumoniae, and inhibit the formation of biofilm on the catheter surface for a period of up to 7 days under continuous flow of artificial urine.  It is noteworthy, that PDMS-PIM45 could delay the colonization, maintain the pH of the artificial urine at 6.0-7.0, and further prevent crystalline biofilm formation or encrustation upon P.mirabilis infection. 


2.  Methods and Materials
2.1 Bacterial strains
    Microbes, Klebsiella pneumonia (CI0027), Pseudomonas aeruginosa (CI0183A2), Methicillin-resistant Staphylococcus aureus (MRSA; R10309N), Vancomycin resistant Enterococcus faecium (VR Enterococcus sp; RI0252N1), Proteus mirabilis (CI0078), Escherichia coli (RI0157A), were kind gift of Dr Shawn Vasoo from National Centre for Infectious Disease, Singapore. 
2.2 Preparation of PDMS and PDMS-PIM5 tubes
PDMS Sylgard® 184 (Dow Corning Corporation) is a heat curable PDMS supplied as a two-part kit consisting of pre-polymer (base) and cross-linker (curing agent) components. The pre-polymer and cross-linker were mixed at a 10:1 weight ratio (manufacturer’s recommendation). The PDMS polymer was degassed under vacuum to remove air bubbles and moulded to cylindrical tube-like structure with 0.4 cm internal diameter (ID) and 7 cm length. Antimicrobial PDMS was prepared with addition of PIM45 in the PDMS polymer preparation. PIM45 (1% wt% - PIM1 or 5 wt% - PIM5) prepared in 2 ml THF was mixed thoroughly with PDMS base and curing agent (10:1 ratio) in a mix-cure process. The quasi-solid substance was degassed under vacuum to remove solvent and air bubbles.  The composites were moulded into tube like cylinder (0.4 cm ID x 7 cm L; volume 0.9cm3) and cured at 70 ºC overnight under vacuum. PDMS and the antimicrobial-PDMS (PDMS-PIM) composite tubes were washed with ethanol and dried at 60 ºC before use. 
2.3 Surface antimicrobial assay 
    The antimicrobial property of the fabricated biomaterial was determined using the Japanese Industrial Standard (JIS Z 2801: 2010) Protocol. Briefly, 100 ul microbial (P.mirabilis or P.aeruginosa) suspension at 106 CFU/mL in pure media (Tryptic Soy Broth; TSB), was applied onto the surface of pristine PDMS or PIM5 materials (2.5 cm x 2.5 cm) disk. A thin plastic film of 2 cm x 2 cm was then overlaid on the cell suspension. The disk was incubated at appropriate temperature for 30 seconds (revised protocol). The material was then rinsed with 9.9 ml of phosphate buffered saline (PBS) and the cell suspension was plated on LB agar plates. The plates were incubated at 36 C for 16-18 h and viable microbe indicative of colony forming units (CFU/mL) was computed. All experiments were carried out in three replicates. 
2.4 Biofilm formation and anti-biofilm assay 
     P.mirabilis (108 CFU/ml) was inoculated in 2 ml of LB media in a 15 ml centrifuge tube. PDMS (control) and PIM5 material (2 cm x 1 cm) was added to the microbial suspension and incubated at 37 ºC/100 rpm for 72 hr. The materials were collected and processed for SEM as well as plate culture for enumeration of CFU. All experiments were carried out in three replicates.
2.5 Static model to evaluate crystalline development and changes in pH of artificial urine
        P.mirabilis at 108 CFU/mL, 107 CFU/mL and 106 CFU/mL was inoculated in 1 ml of respective growth media, pH 6.0 (computed as Day 0). Two types of media (a) neat artificial urine and (b) artificial urine supplemented with 10%LB (AU+10%LB) was used for this study. The incubation was carried out at 37 °C in a shaking incubator at 100 rpm (gentle rotation). Formation of crystalline in media and the pH of the media were recorded. 

2.6 Microbial colonization and encrustation on in vitro continuous flow model
    Continuous flow model using artificial urine to evaluate the efficacy of PIM5 in preventing microbial colonization was carried out according to Belfield et al [20] with slight modification. The equipment was set-up based on ASTM-E3321-21 protocol [21, 22]. The PDMS/PIM5 tube (0.4 cm Internal Diameter x 7 cm Length; volume 900ul) was inoculated with 500 ml of 106 CFU/ml inoculum of bacteria in AU+10%LB (E.coli, K.pneumoniae, VR Entrococcus sp, MR S.aureus, P.aeruginosa and P.mirabilis) and incubated at room temperature for 1 h. The tubes were rinsed with 5 ml AU+10%LB media and connected to tubing attached to a peristaltic pump. The flow was maintained at 0.5 ml/min continuously for 7 days or until microbial colonization was observed in the PIM5 tubes. Sampling of effluent was carried out at 24 h interval. Encrustation or crystalline development upon P.mirabilis inoculation was visually assessed and recorded. When the ASTM-E3321-21 method was used for evaluation, 1 cm of the tubes was sliced/cut at every 24 h, to assess the development of intraluminal biofilm. Microbes were plated on CLED agar to enumerate viable microbes. 
2.7 Scanning Electron Microscopy (FESEM) of material surface
    The surfaces of the PDMS and PIM material was characterized by Field Emission Scanning Electron Microscopy (FESEM, JEOL JSM-7400E). Briefly, the material was rinsed with PBS and fixed in 2.5% glutaraldehyde in PBS for 2 h.  The fixed materials were dehydrated sequentially in series of gradually increasing the concentration ethanol, (30%, 50%, 70%, 85%, 95% and 100%) for 20 mins each.  The final 100% ethanol treatment is repeated 2x and the tubes were then dried in a fume hood. The dried material was coated with thin platinum film using high resolution sputter coater (JEOL, JFC-1600 Auto Fine Coater; coating conditions: 20 mA, 30s) and viewed under SEM [19].
3. Results and Discussion
3.1 Elimination of microbial upon PIM5 surface-contact 
    
    E.coli, K.pneumoniae, VREnterococcus sp, P.aeruginosa and P.mirabilis, representing the prevalent pathogen in CAUTI  was selected for the continuous flow model assay. MRSA was included due to its emerging importance as causative pathogen in CAUTI. To note, E.coli, K.pneumoniae, MRSA, VREnterococus sp, P.aeruginosa and P.mirabilis have been flagged as the causative agent of CAUTI in hospitals. Among these, E.coli, MRSA and K.pneumoniae are associated with development of antimicrobial resistant [23], while P.mirabilis is associated with the hard-to-treat recalcitrant crystalline biofilm formation and subsequent complications related to encrustation of the urinary catheter. 
    Our group have demonstrated that PIM45 outperform both vancomycin and amphotericin B, to prevent development of MRSA biofilm and post-operative infections [24] as well as keratitis respectively [25]. We have also reported that PIM1 could eradicate colonization of the ESKAPE pathogens, inclusive of E.coli, K.pneumoniae, MRSA, VREnterococus sp, P.aeruginosa upon 24 h exposure [19]. In a separate study, we also proved that a mere 30sec exposure to PIM1 could eliminate 105 CFU/ml of E.coli, K.pneumoniae, MRSA and VREnterococus sp, upon contact while a significant 1 log reduction in microbial viability was observed for P.aeruginosa.[26] In the current study, we further confirmed that PIM5 could eradicate P.mirabilis and P.aeruginosa within 30 sec upon surface contact (Figure 1). 
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Figure 1: Surface antimicrobial assay for PDMS and PIM5. Surface antimicrobial assay was carried out using P.mirabilis and P.aeruginosa in neat/pure media following the JIS Z 2801-2010 standard protocol in 30 seconds surface contact time point. * denotes zero (0) CFU on the agar plate for undiluted samples. The results are expressed as mean and standard deviation of triplicates.

    Hence, we have shown that PDMS-PIM45 composite biomaterial could eradicate microbial colonization within 30 sec of surface contact, exhibiting a rapid killing effect. The rapid killing potential of antimicrobial PIM45 is due to its dual mode of action. We have demonstrated that PIM45 induces disruption in membrane permeability and potential. Once permeabilised, the polymer binds to DNA in the cytoplasm resulting in growth arrest. SEM images of microbes treated with PIM45 also shows formation of pores and disrupted microbial membrane [27]. Several polymeric antimicrobials have also been reported to induce bactericidal activity via both membrane perturbation and DNA binding abilities [28-30]. However, their rapid killing (within seconds) bactericidal potential have not been documented. 

3.2 In vitro continuous flow model and microbial colonization on “catheter mimic” tube

    Robustness of PIM5-based “catheter” to prevent microbial colonization and encrustation was investigated on a continuous flow of artificial urine. Continuous flow of artificial urine was maintained at 0.5 ml/min [6] using the peristaltic pump. The urine source reservoir was refreshed daily, and sampling of the effluent was taken at 24h interval. 
    To note, appearance of 103 CFU/ml microbe is considered nosocomial CAUTI and could increase to 105 CFU/ml within 24h-48h, in the absence of antibiotic therapy intervention [31]. While 108 CFU/ml microbes colonization mimics late stage CAUTI [5], 105 CFU/mL or greater is used to define significant bacteriuria in clinical practice and many studies for the diagnosis of catheter-associated urinary tract infection [32]. 
    Hence, we selected 106 CFU/ml inoculum, 1 log higher inoculum that represent the mid-range of potential infection, to prove the robustness of our PIM5 composite biomaterial. Inoculum of E.coli, K.pneumoniae, MRSA, VREnterococus sp, P.aeruginosa and P.mirabilis, were prepared in AU+10%LB media.
    Catheter mimic tubes (0.4 cm ID x 7 cm L) were prepared using the PDMS and PIM5 composite materials and inoculated with 500 ml of 106 CFU/ml bacteria suspension in AU+10%LB media. The inoculum was incubated for 1 hr at room temperature to allow microbial adherence onto the luminal surface, rinsed with 5 ml of AU+10%LB and connected to the tubing attached to a peristaltic pump. The flow rate was maintained at 0.5 ml/min and AU+10%LB media was supplied as continuous flow of artificial urine. Sampling of effluent (flow through) was collected at 24h interval and continued till 168h (7 days end point). Meta-analysis on clinical data and reports on CAUTI and catheterization have shown that the first 7 days is a crucial period to prevent infections [7, 9]. Furthermore, studies on flow model have adhered to 7 days, as 1 inoculation cycle [20, 6, 33]. Microbial samples were plated following serial dilution and computed for colony forming units (CFU/ml). 
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Figure 2: “Catheter tube” was inoculated with 106 CFU/ml inoculum and continuous flow at 0.5ml/min of AU+10%LB media was initiated and continued for 168h (7 days) (A) E.coli (B) K.pneumoniae (C) VREnterococcus sp. 0hC (0h control) denotes log10 CFU/ml of microbes at inoculation. The results are expressed as mean and standard deviation of duplicates.
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Description automatically generated]    E.coli, K.pneumoniae and VREnterococcus sp were completely eliminated and did not colonise the PIM5 tube up to 168h (7 days) in continuous flow model of artificial urine (Figure 2). Bayston and team [20, 6] demonstrated that repurposed antimicrobials (triclosan/trimethoprim/rifampicin or triclosan/rifampicin/sparfloxacin) impregnated Foley catheter could prevent E.coli colonization for more than 84 days. The authors have utilised the entire Foley catheter, 30 cm-35 cm length and 2 ml of microbial load at 105 CFU/ml to examine the robustness and efficacy of their antimicrobial formulation on the catheter. However, in our study, we used 500 ml of 106 CFU/ml microbes to challenge a 7 cm of PIM5 tube (shorter tube and higher microbial load), to test the robustness of our composite biomaterial to withstand microbial colonization. 
    Both MRSA and P.aeruginosa were detected in the effluent of PIM5 catheter tube within 24h of inoculation. While P.mirabilis could be detected in the effluent at 48h (Figure 3), it remained at 2 log lower than for the PDMS control catheter tube. Notably, S.aureus, P.aeruginosa and P.mirabilis are urease producing bacterium [11, 34], where P.mirabilis colonization is associated with more serious consequences of biomineralized biofilm and encrustation of the catheter.
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Figure 3: “Catheter tube” was inoculated with 106 CFU/ml inoculum and at 0.5 ml/min of AU+10%LB media flow was initiated and continued till colonization was observed (A) P.mirabilis (B) MRSA (C) P.aeruginosa. 0hC (0h control) denotes log10 CFU/ml of microbes at inoculation. The results are expressed as mean and standard deviation of duplicates.

    ASTM-E3321-21 standard describes the test protocol to evaluate antimicrobial efficacy of catheters in medical application. The protocol describes inoculation of 103 CFU/ml microbes followed by immediately initiating the continuous flow of urine. The standard describes assessment of the effluent as well as the biofilm formed on the catheters, at 24h interval for 96h (4 days). Since, MRSA, P.aeruginosa and P.mirabilis appeared to colonize the PIM5 within 24h at 106 CFU/ml inoculation, we selected these microbes to be investigated using the ASTM-E3321-21 protocol.  
     Planktonic MRSA was observed in the effluent within 24h for both the PDMS control and PIM5, and biofilm formed within 24h on the control PDMS material. Nevertheless, development of biofilm was prevented on PIM5 during the 96h of flow (Figure 4A). While the planktonic viable bacterium could be detected in the effluent, adhered microbes could have been destroyed or eliminated via surface contact killing, thus preventing the biofilm development. In agreement, colonization of MRSA on PIM5 appears to decline with time after peaking at 48h. Notably, PIM5 composite material eliminated pre-formed S.aureus biofilm and could prevent S.aureus colonization for at least 45 days on PIM5 [19].





[image: A picture containing screenshot, line, art

Description automatically generated]Figure 4: ASTM-E3321-21 protocol was adapted for continuous flow of AU+10%LB media for 96h (4 days) upon 103 CFU/ml inoculation of (A) MRSA or (B) P.aeruginosa. A revised ASTM-E3321-21 protocol (1hr incubation upon microbial inoculation was included to the ASTM-E3321-21 protocol to allow adherence of bacteria on the intraluminal surface) for (C) P.mirabilis inoculation. - 0hC (0h control) denotes log10 CFU/ml of microbes at inoculation. * denotes zero (0) CFU on the agar plate for undiluted samples. The results are expressed as mean and standard deviation of duplicates.
     
    On the other hand, P.aeruginosa appears to colonize the PDMS/PIM5 tube by 24h. While biofilm formation occurs on the PDMS control tube within 24h, a delay in biofilm development was observed in PIM5, biofilm appearing at 48h (Figure 4B). Though, PIM5 could eradicate P.aeruginosa within 30 sec exposure (static contact killing), it is unable to prevent colonization and could only delay the development of biofilm in the continuous flow model. This reduced susceptibility may be attributed to the lipopolysaccharide (LPS) core and the O-antigen that is present on the bacterial cell membrane, as observed by Navarro et al [35]. The authors found that a novel BZK-Polyacrylic acid-glutaraldehyde (BPA) formulation could not inhibit the development of biofilm by wildtype P.aeruginosa. However, an isogenic LPS-O-antigen deficient mutant P.aeruginosa was completely susceptible to the  BPA. It is noteworthy that rapid killing efficiency (30 sec surface contact) analyses showed that while a 2 log reduction of microbes was observed for PIM1 (1% wt/wt of PIM45), complete elimination of microbe was demonstrated for PIM5 (5% wt/wt of PIM45; Figure 1). Perhaps, a higher load of PIM45 may be able to eradicate wildtype P.aeruginosa colonization or its biofilm development on PDMS-PIM45 in a continuous flow analyses. 
    Interestingly, 103 CFU/ml P.mirabilis inoculation on ASTM-E3321-21 protocol (absence of incubation period for microbial attachment) did not result in any microbial colonization or biofilm development even for the PDMS control tube (data not shown). 
    Nevertheless, colonization of P.mirabilis was observed when 1h incubation period was included upon microbial inoculation, in the methodology (revised ASTM-E3321-21 protocol). In support with the documented reports [17, 18], P.mirabilis biofilm formed within 24h in the control PDMS tube. While colonization of microbes (planktonic) in the PIM5 tube was delayed to 48h albeit at lower log10 CFU/ml, we observed that biofilm did not form in the PIM5 tube for the entire 96h in continuous flow (Figure 4C). A lag phase of microbial load was noted for the PIM5 tube between 48h-72h, followed by subsequent increase at 96h.  pH of the effluent for both PDMS and PIM5, remained between 6.0-6.5 without any sign of crystalline formation.

3.3 PIM5 inhibits P.mirabilis biofilm formation on material surface
    Development of biofilm on surfaces, especially on catheters, is the root cause for the widespread bacterial infections. Most if not all catheter related infections are consequences of biofilm formed on the surface of the catheters, subsequently leading to the threat of antimicrobial resistance. We investigated if P.mirabilis could form biofilm on the PDMS/PIM5 composite biomaterials.  P.mirabilis (108 CFU/ml) was inoculated in 2 ml of LB media in a 15 ml centrifuge tube. Biomaterial (2 cm x 1 cm) was added to the microbial suspension and incubated at 37 ºC/100 rpm for 72 hr. The materials were collected and processed for SEM as well as plate culture for enumeration of CFU. Both SEM imaging and the viable colony count showed that pristine PDMS material attracts microbe adherence and biofilm are formed across the entire surface of the material (Figure 5). However, reduced clusters of microbial colonies were observed for PIM1. On the other hand, absence of colonization or viable bacterium were noted for the PIM5 composite biomaterial. 
   This study proves that the PIM5 exhibits potent bactericidal property, robust and could eradicate/prevent attachment of microbes on its surface. Formation of biomineralized biofilm is the main criteria for successful colonization of P.mirabilis in urinary catheters [36]. Thus, preventing or inhibiting the formation of biofilm may prove significantly crucial in preventing P.mirabilis colonization and subsequently, encrustation.
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Figure 5: Evaluation of P.mirabilis biofilm development on PDMS and PDMS-PIM45. Adhered microbial colonies (biofilms) on PDMS, PIM1 and PIM5 biomaterials were evaluated. (Top) viable microbial enumeration (log10CFU/ml) on LB agar plates and (Bottom) Scanning electron microscopy (SEM) images of the PDMS/PIM material surfaces. The results are expressed as mean and standard deviation of triplicates. * denotes zero (0) CFU on the agar plate for undiluted samples. 

[bookmark: _Hlk142306842]3.4 Static model to evaluate crystalline development and changes in pH in artificial urine
    Microbial adhesion on the surface of biomaterial was evaluated using the static model as described by Wang et al [37]. In order to verify if the PIM material could inhibit the adhesion of microbes and formation of crystalline, 1 cm2 of biomaterial was inoculated with P.mirabilis in 1 ml of either neat  artificial urine [38] or artificial urine supplemented with 10%LB [36] . Inclusion of the 10%LB as supplement was intended for the worst-case scenario or conditions where presentation of compromised kidney function that may result in the release of metabolites in the urine. It should be noted that high concentration of inoculum is used to indicate the robustness of our biomaterial. In the actual clinical settings, 105 CFU/mL of bacterium in urine and 103 CFU/mL for catheter derived urine samples would be considered bacteriuria [32]. 
    P.mirabilis at 108 CFU/mL, 107 CFU/mL and 106 CFU/mL was inoculated in 1 ml of respective growth media pH 6.0 (computed as Day 0). We selected 2 types of media (a) neat artificial urine and (b) artificial urine supplemented with 10%LB (AU+10%LB) for this study. The incubation was carried out at 37 °C in a shaking incubator at 100 rpm (gentle rotation). Formation of crystalline in media and the pH of the media were recorded. 
    We observed slower growth of P.mirabilis in neat artificial urine (AU). The blank in 108 CFU/mL and 107 CFU/mL inoculum developed crystals at Day 3 and Day 5 respectively. At 108 CFU/ml P.mirabilis (highest inoculum) crystalline was observed at Day 4 for PDMS and at Day 6 for PIM1 respectively, while PIM5 samples did not develop any crystals in artificial urine, even at Day 8 (end point; Table S1). 
    P.mirabilis inoculation at 107 CFU/ml and 106 CFU/ml in neat artificial urine did not develop neither turbidity nor crystals in the culture for PDMS materials, until 16 days. The PDMS and PIM materials were then transferred to AU+10%LB media, inoculated with 2 ml of 107 CFU/ml P.mirabilis and incubated for another 24h. The PDMS biomaterials were assessed for formation of biofilm and the suspension was plated to determine the growth of planktonic bacteria in culture. Though planktonic microbial growth was slower (~4 log reduction compared to PDMS control), PIM composite material were able to prevent development of biofilm during this period. In contrary, viable microbes on the surface representing biofilm was observed for the pristine PDMS material (Figure 6).  
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Figure 6: PDMS-PIM45 reduces growth of planktonic microbes and inhibits development of P.mirabilis biofilm following 16 days incubation in artificial urine. * denotes zero (0) CFU on the agar plate for undiluted samples. The results are expressed as mean and standard deviation of triplicates.

     Hence, PIM composite material exhibits its antimicrobial property and prevented development of biofilm even after 16 days of exposure in artificial urine, though at a lower efficacy which permitted the growth of planktonic microbes. This experiment further proved the efficacy and robustness of the PIM5 composite biomaterial to reduce growth of planktonic microbes while inhibiting formation of biofilm on its surface.
    Inoculation of 108 CFU/mL P.mirabilis in AU+10%LB, resulted in crystalline formation (and turbid media) for all samples (Blank, PDMS Control and PIM materials) at Day 1 (24h post-inoculation; Table 1). The PIM material appears to significantly delay the pH increase. Though the crystal formation for PIM5 was observed at Day 1, we continued the incubation to study the changes in pH of the culture for the samples treated with PIM at high loading of bacteria (108 CFU/mL). While turbidity/crystallization is observed for the PIM materials, it is noteworthy that the pH of the culture did not increase drastically as seen for the blank or pristine PDMS material (control) at Day 6 (Figure 7A). 
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Figure 7: Development of crystalline and alteration of pH upon P.mirabilis inoculation. (A) Inoculation of 108 CFU/ml bacterium in artificial urine supplemented with 10% LB media (AU+10%LB) (B) Inoculation of 108 CFU/ml bacterium in neat artificial urine (AU). Crystalline formation was recorded following visual inspection and pH of the culture was measured using pH strips. ***severe crystalline formation in all 3 replicates. The results are expressed as mean and standard deviation of triplicates.

    pH of media or culture plays an important role in the pathogenesis of P.mirabilis and the crystallization process [39]. Increase in pH of the urine/culture indicates the formation of ammonia from urea present in the urine sample by urease secreted by P.mirabilis. The alkalization of the urine eventually leads to the formation of crystals thereby, indicating active growth of P.mirabilis in the artificial urine media in both the blank and PDMS control cultures. At the 6th day end point, the pH of the blank and PDMS control was 9.5 and 9.0 respectively, while those with PIM material was 8.5 in cultures inoculated with 108 CFU/mL. However, in neat AU media, 108 CFU/mL P.mirabilis inoculum delayed the formation of crystalline/turbidity for PIM1 (to Day 6) and prevented the crystal formation for PIM5. It is noteworthy that the pH of media did not increase significantly and development of crystals was prevented for the 108 CFU/mL P.mirabilis inoculum in neat artificial urine for PIM5 biomaterial (Figure 7B).
    PIM materials appear to delay the crystal formation and maintain the pH at ~8.0, in the 106 CFU/mL P. mirabilis inoculum. Hence, we continued the static model incubation for 21 days with inoculum refreshed at Day 10 and Day 16 (Figure 8).  Interestingly, we observed that the pH of media in the presence of PIM5 material is ~9.0 with negligible crystal formation, while the pH of other PDMS material increased to 10.0, with extensive crystals being formed at the end point time of 21 days.
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Figure 8: Development of crystalline and alteration of pH upon P.mirabilis inoculation.             P.mirabilis at 106 CFU/ml in artificial urine supplemented with 10% LB media (AU+10%LB) was incubated with 1 cm x 1 cm PDMS (control), PIM1 and PIM5 composite biomaterials. Blank control (media only) was included to assess the growth of P.mirabilis in respective media. Crystalline formation was recorded following visual inspection and pH of the culture was measured using pH strips. ‡ inoculation; ***severe and **traces of crystalline. The results are expressed as mean and standard deviation of triplicates.

Notably, antimicrobial polymer, PIM45 could be eluted from the PDMS-PIM material in solution. The PIM45 release profile indicates, a burst release for first 2 cycles followed by a sustain and gradual release of active compound thereafter [19]. Since crystalline formation in media is related to the presence of live microbes (that produces urease), its apparent that the PIM45 active compound is constantly being released (sustained release) to the media, to eliminate the microbes both via surface contact killing (on biomaterial) and in solution. Evidently, higher load of PIM45 could significantly delay increase in pH and impede the formation of crystal by P.mirabilis inoculum (PIM1 vs PIM5). In a similar “static model” experiment, Wang et al [40] have demonstrated that the inoculation of 105 CFU/mL P.mirabilis could delay the formation of crystalline for 12 days for single Ag+PDA coated catheter and 45 days for the double coatings of PDA-Ag+-PDA. The commercial Dover Ag+ catheter, however, lasted only for 6 days before crystallization was observed in the solution. In a “bladder mimic” flow model, crystalline was observed at day 7 (at pH 6.17) on triclosan+WBPU material inoculated with 105 CFU/mL P.mirabilis. The pH for test sample was at 6.17 versus 9.5 for the control [33]. In contrast, in our study, we demonstrate that PIM5 maintains the pH at 6.0 (pH of media) up to 7 days and delays/inhibits the formation of crust/crystalline up to 21 days in culture, even with 2 inoculations of fresh microbes at ~ 7 days interval. Thus, maintaining its bactericidal potency up to at least 21 days in solution.

3.5 In vitro continuous Flow Model to evaluate encrustation of PIM5 tubes
    The anti-encrustation potential of PIM5 biomaterial was investigated on a continuous flow model using 106 CFU/ml P.mirabilis inoculum in AU+10%LB (pH 6.0). pH of the solution/media plays a crucial role in development of crystalline, crystalline biofilm and finally encrustation. Hence, changes in pH of effluent, development of crystalline and presence of viable microbial (planktonic and biofilm) were monitored at 24h interval for 168h (7 days).  
    The PDMS and PIM5 tube (7 cm Length x 0.4 cm ID) lumen was inoculated with 500 ml of 106 CFU/ml P.mirabilis and incubated for 1 h at room temperature to allow microbial adherence to the luminal surface. The unattached microbes were rinsed with 5 ml of flow media AU+10%LB (pH 6.0) and the continuous flow was initiated. Effluent was collected at the start of the flow (0h flow) and continued for 168h (7 days) with sampling at every 24h. 
    Viable microbes were observed even at 0h flow for the PDMS control tube (Figure 9). However, it was detected only at 48h for the PIM5 tube and grew gradually till 168h. Though microbes were detected in the effluent in the PIM5 tube, the magnitude is between 2-8 log lower and at much slower rate, compared to PDMS control. 
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Figure 9: Development of crystalline, changes in pH and growth of P.mirabilis in AU+10% LB continuous flow. PDMS/PIM5 was inoculated with 106 CFU/ml P.mirabilis, was subjected to continuous flow of AU+10% LB. Effluent was plated to determine the CFU and pH was measured using pH papers. Formation of crystalline was recorded based on visual inspection. Crystalline was observed in 96h effluent for PDMS control tube. 0hC (0h control) denotes log10 CFU/ml of microbes at inoculation; 0h flow indicate effluent collected upon initiation of 0.5ml/min of artificial urine flow. * denotes zero (0) CFU on the agar plate for undiluted samples. The results are expressed as mean and standard deviation of triplicates.

    The pH of the effluent increased gradually in PDMS tube effluent from 24 h of continuous flow. The increase in pH corroborated with the development of the crystalline in PDMS control, where significantly visible crystal was observed at 96 h (pH 7.5). However, pH of PIM5 effluent remained constant at 6.0 up to 144 h and increased marginally to 6.5 at 168 h, without any sign of crystalline formation, corroborating to the results from static model.
    At the end of 168 h, the tubes were investigated for the presence of intraluminal biofilm. Crystalline deposit was significant in the lumen of control PDMS tube (Figure 10, insert), while the lumen of PIM5 appeared “clean”. The tubes were sectioned into 7 pieces (1 cm each) and processed for determination of viable microbes. Crystalline biofilm was dislodged and resuspended in PBS, following the vortex (5 min) - sonication (5 min) – vortex (5 min) (2x) procedure. The suspension was diluted and plated for enumeration of CFU. Homogenous colonization of microbes (CFU/ml) forming crystalline biofilm was observed throughout the length (7 cm) of the PDMS tube (Figure 10). 
[image: ]
Figure 10: Quantitation of intraluminal P.mirabilis biofilm formed in the PDMS/PIM5 tubes. Viable bacterium in biofilm were enumerated from 7 sections (1 cm each) of the tube.  * denotes zero (0) CFU on the agar plate for undiluted samples. The results are expressed as mean and standard deviation of duplicates.

    However, though the rinse media contained viable microbes, the suspension for the PIM5 tube sections (biofilm microbes) did not indicate any sign of viable colonies. This result corroborates to the observation for the revised ASTM3221-21 data (Figure 4C), where the effluent exhibits presence of microbial colonization but absence of biofilm microbes for PIM5. The continuous flow model assay further strengthens our claim that sustain release of PIM45, the imidazolium antimicrobial polymer, from composite biomaterial (PDMS-PIM45) could inhibit or slow down the bacterial proliferation (planktonic microbes) while the PIM45 crosslinked in the PDMS matrix could inhibit microbial adherence via contact killing, thus preventing formation of hard-to-treat biofilms in the luminal surface of the tube. Hence, PDMS-PIM45 exhibits potent bactericidal property that could prove effective up to at least 7 days on continuous flow of artificial urine.
    Catheter related infections or microbial contaminations occur both via extraluminal or intraluminal routes, each accounting for 34% and 66% infections respectively [41]. Commercially available antimicrobial catheters display intraluminal antimicrobial coating. However, PDMS-PIM45 biomaterial contains antimicrobial compounds as composite in the matrix with sustain release of antimicrobial polymer PIM45 in solution. Thus, the antimicrobial potential is exposed to both intraluminal and extraluminal surfaces, thereby eliminating the possibility of infection, “in and out”, proving that PDMS-PIM45 could serve as an excellent candidate for fabrication of catheter for medical application.

4. Conclusion
    Catheter associated urinary tract infections represent a serious threat to individuals/patients that are subjected to indwelling catheterization either for short or long durations. Though urinary catheters with antimicrobial propensities are available, their efficacy and robustness are limited and below satisfaction/expectation. PDMS-PIM45 material has been demonstrated to be robust, exhibits long shelf live, shows high antimicrobial potency following recycling at least up to 45 days with continuous microbial challenge and could eliminate the ESKAPE pathogen within 24h of exposure. We proved that PDMS-PIM45 antimicrobial composite biomaterial is biocompatible and proposed that the antimicrobial biomaterial could be developed as urinary catheter. In this study, using a continuous flow of artificial urine, we have further supported our claims, proving that PDMS-PIM45 composite biomaterial can maintain its excellent antimicrobial efficacy on a flow model, executing combined contact killing and released-based bactericidal mechanisms. Further to preventing colonization against the prevalent CAUTI pathogens E.coli and K.pneumoniae, PIM5 could also prevent the development of encrustation following P.mirabilis colonization, a critical corollary that could impose further complications in patients undergoing indwelling urinary tract catheterizations. 
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