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ABSTRACT

Urinary tract infections (UTIs) are among the most common bacterial infections worldwide, with catheter-associated UTIs (CAUTIs) representing a major subset in healthcare settings. CAUTIs significantly increase patient morbidity, mortality, hospital stays, and healthcare costs, while driving antibiotic overuse and antimicrobial resistance (AMR). Systemic antibiotics often fail due to poor biofilm penetration, localised infection sites, and rising multidrug resistance, highlighting the urgent need for alternative, targeted therapies.

This review discusses the role of intravesical therapies in both the treatment and prevention of CAUTIs, with a primary emphasis on therapeutic applications. The bladder is an accessible target for local treatment, as catheters can be repurposed for drug delivery. These devices are frequently colonised by biofilm-forming bacteria that contribute to persistent infection and treatment failure. This review explores intravesical therapy, the direct instillation of antimicrobial agents into the bladder, as a promising strategy to improve CAUTI management and mitigate AMR.

We examine CAUTI pathogenesis, biofilm development, and current clinical approaches, including antimicrobial stewardship, catheter management, and coating technologies. Evidence for intravesical antibiotics such as gentamicin, amikacin, colistin, fosfomycin, and trimethoprim is reviewed alongside limited data from clinical trials, and applications in other urological disorders.

Non-antibiotic alternatives, including sterile saline, antiseptic solutions, bacteriophages, antimicrobial peptides, natural bioactives, probiotics, and silver nanoparticles, are also discussed, particularly for their potential synergistic use with antibiotics to reduce resistance emergence.

Despite encouraging results, intravesical therapy faces challenges such as limited clinical data, lack of standardised protocols, and delivery barriers. This review summarises current evidence, identifies research gaps, and proposes directions to advance this underused strategy against CAUTIs amid escalating antibiotic resistance.


Table 1: Overview of the intravesical therapies for catheter-associated urinary tract infections discussed in this review







1. INTRODUCTION

Urinary tract infections (UTIs) are one of the most common bacterial infections, affecting an estimated 150 million people globally each year [1]. This high prevalence of the infection places a significant financial burden on the healthcare system, costing over $2 billion dollars annually in the US [2], whilst also consuming valuable time and resources.

UTIs can affect any part of the urinary tract; the bladder, kidneys, or urethra [3], and are classified as either uncomplicated (typically affects otherwise healthy individuals) or complicated (occurs in those with a compromised genitourinary tract or host defence system [4][5]).

Catheter associated UTI (CAUTI) is the most common type of complicated UTI, which develops following insertion of a catheter [6]. They account for approximately 75% of UTIs developed in hospitals [6]. CAUTIs disproportionately affect vulnerable patient populations, particularly those who rely on indwelling catheters or that have reduced immune defences [7].

Urinary catheters are routinely used when direct bladder drainage or access is required. One of the most common indications is urinary retention, where patients are unable to voluntarily empty their bladder due to spinal cord injury, neurological conditions, postoperative effects of anaesthesia, or obstructive urological issues like prostate enlargement, stones, or urethral strictures [8]. Catheterisation is also employed for incontinence management and for monitoring urine output [9]. They also enable bladder irrigation or drug instillation, allowing the direct delivery of treatments.

Once a catheter is inserted, the risk of developing bacteriuria increases by 3% to 10% each day [10]. Among patients with short-term catheterisation (typically 2 to 4 days), 10% to 30% develop asymptomatic bacteriuria (ASB). In contrast, nearly all patients (90% to 100%) with long-term catheterisation eventually develop bacteriuria [10]. It is important to distinguish between CAUTI and ASB. CAUTI is defined by the presence of bacteriuria in combination with clinical symptoms such as fever, suprapubic tenderness, or urinary urgency, indicating active infection requiring treatment [11]. In contrast, ASB refers to the presence of bacteria in the urine without associated symptoms and, in most patient populations, does not require antimicrobial treatment [12]. This distinction is clinically significant, as many catheterised patients develop bacteriuria over time without symptoms. Consequently, reductions in bacterial burden or eradication of bacteriuria do not necessarily correlate with improved clinical outcomes unless symptomatic infection is also addressed.

The bacteria can enter the bladder through various pathways (see figure 1), including during catheter insertion, manipulation of the catheter or drainage system, migration around the catheter, and even after its removal [10].

Figure 1: Methods of bacterial penetration and infection in the catheterized bladder. 1- bacterial growth and biofilm formation on the catheter surface. 2- bacteria present in urogenital area pushed into bladder during catheterisation, and bacterial migration through the space between the catheter and urethral mucosa. 3- damaged urothelium facilitating bacterial adhesion. 4- reduced turbulence during voiding means bacteria aren’t cleared as effectively. 5- during catheter manipulation, bacteria can be introduced to the urethra


1.1 CAUTI pathology

UTIs are most commonly caused by the gram-negative rod-shaped bacterium Escherichia coli (E. coli) from the gastrointestinal tract (GIT) entering the urethra [6], accounting for approximately 75% of uncomplicated infections, but can also be caused by Klebsiella, Proteus, Staphylococcus, and other pathogens [13]. There are hundreds of serotypes of E. coli, however not all cause disease [14]. The strains that are pathogenic are classified based on the type of infection they cause, so the type of E. coli that causes UTIs is called uropathogenic E. coli (UPEC).

In CAUTIs, UPEC remains the predominant causative agent, but accounts for only 23.9% of cases. This is because the catheterised bladder environment reduces the threshold for uropathogens that might not typically establish an infection, creating an opportunity for other opportunistic microbes to thrive (see figure 2) [15]. The pathogens colonise the tissue in the bladder, invading the urothelium, and forming intracellular bacterial communities [16]. These colonies develop into biofilms.

Figure 2: Pie chart detailing the causative pathogens of CAUTI (data of pathogens percentages were taken from [15])


1.2 The role of biofilms in CAUTI

Biofilms are communities of bacteria encased in a protective matrix of extracellular polymeric substances, including various macromolecules like exopolysaccharides, nucleic acids, and proteins [17]. Biofilms form when bacteria attach to a surface, in the case of UTIs -the urothelium, and as they multiply, they produce an extracellular matrix which they embed themselves in (as illustrated in Figure 3) [18]. Inside the biofilm, the cells proliferate and form microcolonies that can actively adapt to enhance their survival in the surrounding environment. Through quorum sensing, the bacteria communicate to coordinate gene expression and behaviour based on cell density. This enables them to adjust their activities, including biofilm formation, virulence, and antibiotic resistance, to better cope with external challenges [19]. Finally, the bacteria detatch from the biofilm and return to a planktonic state, enabling them to colonise new surfaces and proliferate the infection with an increased chance of survival [20].
Biofilms can also develop on the catheter itself, since the bacteria readily attach to the surface of the material, which lacks innate immune defences. The bacteria deposit a conditioning film, composed of host urinary components, that transforms the surface and neutralises any antiadhesive properties of the material [21]. The bacteria can then freely attach to the surface and form a biofilm. Bacterial adhesion depends on various factors though, including the species of bacteria, surface composition, environmental factors, and essential gene products [22]. These defence mechanisms can make treating CAUTI problematic, since bacteria are harder to eradicate within a biofilm, and there is a possibility that quiescent intracellular reservoirs (QIR) of the microbes may remain [23].

Figure 3: The process of biofilm formation in the bladder

Additionally, bacteria in a biofilm are harder to detect using conventional diagnostic methods. The extracellular matrix not only physically blocks access to the bacteria, but within it, the bacteria often display slower growth, altered metabolic states, greater heterogeneity, and a lack of specific biomarkers [24]. As a result, antibiotic treatment may provide relief for symptoms, but the presence of QIRs can lead to recurrent infections. For people who experience recurrent UTI’s, their quality of life is decreased, repeated medical visits amass healthcare costs, and the risk of antibiotic resistance is heightened [25].


1.3 Antimicrobial resistance (AMR) in CAUTI

Antimicrobial resistance (AMR) occurs when a microorganism acquires the ability to survive exposure to an antimicrobial agent at concentrations that would normally be effective, typically through genetic mutation or horizontal gene transfer [26]. In uropathogens, resistance can arise via these genetic changes and subsequently spread between bacteria through mobile genetic elements such as plasmids [27]. At a mechanistic level, bacteria evade the effects of antibiotics through several well-characterised strategies, including enzymatic degradation of antibiotics, modification of bacterial targets, and reduced intracellular drug accumulation via decreased permeability or active efflux (see Figure 4) [28]. These resistance mechanisms contribute to treatment failure, persistent infection, and the emergence of multidrug-resistant strains.

Figure 4: The processes by which uropathogens can acquire AMR 1 – Enzymatic degradation of antibiotics 2 - Outer-membrane porin modification to limit antibiotic intake 3 – Gyrase mutations to prevent DNA replication inhibition 4 - Protein mutation to reduce antibiotic affinity 5 - Efflux pump to remove antibiotics from the cell


1.4 Current treatment strategies for UTIs and CAUTIs

According to the National Institute for health and Care Excellence (NICE) guidelines for UK health professionals [29], the general approach to managing UTIs involves initiating treatment with a first-line antibiotic, like nitrofurantoin or trimethoprim. If symptoms do not improve within 48 hours, or if the patient becomes systemically unwell, a reassessment is necessary. In such cases, a urine sample should be cultured and undergo susceptibility testing to identify the causative bacteria and determine the most appropriate therapy. In cases of more severe symptoms, or when the patient is unable to take oral antibiotics due to vomiting or serious illness, intravenous antibiotics should be administered instead (see Table 2). Further treatment should then be adjusted according to culture results to ensure effective infection management. This approach applies to both uncomplicated and complicated UTIs, including CAUTIs. However, approaches to UTI treatment can vary between healthcare settings (e.g. primary care vs hospital) and across institutions and countries, reflecting differences in local guidelines, antimicrobial resistance patterns, and clinical practice. For example, while the NICE guidelines provide one framework for UTI management, alternative national and international guidelines may recommend differing strategies. 

Table 2: Antimicrobial prescribing for UTIs according to NICE guidelines, data taken from [30][31][32].
Note: Antimicrobial classifications are reported as described in the cited sources and may not reflect licensed routes of administration or clinical availability in all healthcare settings

This approach of initiating treatment prior to pathogen identification is problematic, as empirical use of broad-spectrum antibiotics without confirming susceptibility may result in ineffective therapy. In such cases, continued antibiotic exposure can exert selective pressure that promotes the survival and proliferation of resistant bacterial strains [33]. Additionally, oral antibiotics can disrupt commensal microbial communities that play an important role in maintaining host health, leading to dysbiosis of both the gastrointestinal and genitourinary microbiomes [34][35].

Furthermore, by design, systemic antibiotics are poorly effective at eliminating biofilms due to their pharmacokinetics in the bladder. Upon renal clearance from the bloodstream, they are fed at a rate-limited drip into the bladder [36], making it hard to achieve a high concentration before voiding occurs. With their extra defence mechanisms, biofilms are then extremely difficult for the antibiotic to eradicate at such concentrations. In the case of CAUTI, where the abiotic surface of the catheter serves as an additional biofilm host, the likelihood of treatment success is further decreased. Because of this, and the other issues mentioned previously, it has been highlighted that alternative treatment and prevention strategies are needed for CAUTIs. One such alternative is intravesical treatment.





2. ALTERNATIVE STRATEGIES FOR CAUTI MANAGEMENT

Given the growing challenge of antibiotic resistance, antimicrobial stewardship and preventive strategies play a critical role in managing CAUTI. These approaches focus on reducing unnecessary antibiotic use, minimising risk factors for infection, and employing non-antibiotic interventions to lower bacterial colonisation and biofilm formation. 


2.1 Antimicrobial stewardship programs

Antimicrobial stewardship refers to an organisational or healthcare system-wide approach to promoting and monitoring judicious use of antimicrobials to preserve their future effectiveness [37]. Antimicrobial stewardship initiatives have been implemented globally to optimise antibiotic prescribing practices, particularly for recurrent or resistant CAUTI cases. These programs use several key strategies, promoting targeted therapy based on urine culture results rather than using empirical broad-spectrum antibiotics, increasing likelihood of treatment success and reducing unnecessary broad-spectrum antibiotic use [38], encouraging de-escalation of therapy once the pathogen is identified and sensitivities are available, narrowing the antibiotic spectrum based on culture results [39], and implementing infection control measures (e.g., hand hygiene, contact precautions) to prevent the spread of resistant bacteria in healthcare settings [40]. However, in the present economic climate, barriers to implementing such programs include personnel shortages, financial cutbacks, and resistance from administration who are reluctant to assume economic risk [41].


2.2 Catheter management protocols

One of the most effective ways to prevent CAUTI is through proper catheter use and maintenance. Reducing catheter usage and duration significantly lowers infection rates and decreases antibiotic consumption [42]. The US Centres for Disease Control and Prevention (CDC) recommend reducing catheter use - especially in high-risk patients, such as women, the elderly, and those with impaired immunity [11], and advise that catheters should not be used for managing incontinence in patients and nursing home residents [11]. Unnecessary catheterisation can be avoided by only using them when clinically indicated.

If catheterisation is needed, then strategies such as intermittent catheterisation instead of indwelling catheters (indwelling catheters are generally changed every 6–8 weeks whereas intermittent catheters are inserted when needed, on average 4–6 times in 24 h [43], then removed), use of closed draining systems, adequate hydration, regular drainage bag emptying, early catheter removal, and regular reassessment of catheter necessity can reduce the risk of infection [11]. In hospital settings, nurse-led protocols and electronic reminder systems have been widely implemented to prompt timely catheter removal, which is one of the most effective measures for CAUTI reduction [44]. Additionally, for patients who do require catheterisation, it is highly important to do proper catheter care and maintenance. Anyone handling the catheter should adhere to aseptic techniques, following proper hand hygiene before and after handling, using clean gloves, performing peri-care with soap and water, and ensuring the catheter and tubing remain unobstructed [45].

Education and training programmes targeting healthcare professionals and care staff also play a key role in improving compliance with infection prevention guidelines. In nursing homes and long-term care facilities, where catheter use may be prolonged, interventions focus more heavily on staff education and standardisation of catheter care. Organisational culture and leadership engagement are critical determinants of success, with facilities demonstrating strong infection control governance achieving more sustained reductions in CAUTI rates [46].

In addition to healthcare system interventions, patient engagement represents an important component of CAUTI prevention, as patients can actively contribute to reducing infection risk through their behaviours. General measures such as maintaining adequate hydration and promoting regular bladder emptying may help reduce bacterial colonisation [47]. Catheter care education can also be greatly beneficial for patients, such as knowing how to maintain a closed drainage system, avoiding unnecessary manipulation, and recognising early signs of infection [48]. Empowering patients to question the ongoing need for catheterisation has also been suggested as a strategy to reduce unnecessary catheter use. Patient involvement in shared decision-making regarding catheter use and treatment options may improve adherence to preventative strategies and support antimicrobial stewardship efforts [49]. This is particularly relevant in long-term catheter users, where sustained behavioural engagement is required.

There is currently no way to completely eradicate catheter use, since there is no alternative for those who need them. Because of this, researchers have been studying other ways in which risk of CAUTI can be reduced without stopping catheter use. Some alternatives being explored include antimicrobial/antiseptic catheters, and intravesical treatment.


2.3 Catheter coatings and material modifications

To reduce bacterial adhesion and biofilm formation, modified catheters have been developed. The modifications involve either the material used for the production of the catheter, or applying an antimicrobial or antiseptic coating [50].

Catheters are typically made of silicone and latex rubber, polyvinyl chloride, and polyurethane [50]. Modified catheters have been produced from materials such as latex, siliconised latex, silicone elastomers, polyzwitterions, polytetrafluroethylene (PTFE)-coated latex, hydrogel-coated latex, and polyethylene glycol (PEG) [50]. These materials offer enhanced non-stick properties through a variety of mechanisms, creating surfaces that are less favorable to bacterial adhesion.

PTFE (Teflon®) is chemically inert, low-friction, and resistant to extreme temperatures [51]. Its smooth, non-adhesive surface reduces bacterial colonisation and catheter blockages, supporting its use for reducing biofilm formation [52]. PEG is an inert biocompatible polymer that prevents bacteria binding to catheter substrates, producing a steric repulsion effect that makes it a highly effective antifouling material [53]. Polyzwitterions, meanwhile, are strongly hydrophilic and protein-repellent; their net-neutral charge and hydration under physiological conditions make them resistant to bacterial attachment [54].

Although catheters made from these alternative materials show promise in helping to fight CAUTI, their efficacy is constrained by certain limitations. While they may reduce initial bacterial adhesion, their long-term viability for preventing adherence is less clear. Additionally, modified catheters are often more expensive, and despite the advanced materials, regular replacement of the catheter remains necessary [55], limiting the cost effectiveness.

Antimicrobial and antiseptic catheter coatings take a different approach, aiming to inhibit bacterial colonisation rather than prevent initial adhesion. These coatings act via contact killing, biofilm disruption, or interference with metabolic processes [56]. Common agents include antibiotics, metal ions, nanoparticles, nitric oxide, and antimicrobial peptides [50].

Silver is the most widely studied coating. It is a well-documented broad-spectrum antimicrobial [57]. The release of silver ions can disrupt bacterial cell walls and interfere with metabolic processes, reducing risk of infection [57]. They interact with disulphide bonds in membrane proteins, facilitating easy penetration through cell membranes and intracellular uptake via pinocytosis [57]. Additionally, they can attach to negatively charged peptidoglycans in the cell wall through electrostatic interactions, disrupting membrane transport functions and compromising structural integrity [58]. Silver ions also bind to and oxidise sulphydryl groups in bacterial cytoplasmic enzymes, impairing their function in essential metabolic processes [58].

However, studies have shown mixed results regarding the efficacy of silver-alloy-coated catheters. Some research indicates a modest reduction in CAUTI rates [59], while other studies question their cost-effectiveness and raise concerns about potential bacterial resistance [60]. For example, Zhao et al. [61] conducted a single-center prospective randomised controlled study in which they used a silver-alloy hydrogel (SAH) coated catheter in critically ill patients with the aim of preventing CAUTI. They found that CAUTI rates in those with the SAH catheter were significantly lower than those who used a regular catheter. Despite this, the catheter still needed to be replaced regularly, again raising the issue of cost-effectiveness.

Nitrofurazone is a topical antiseptic agent with broad spectrum antimicrobial properties [62]. Its exact mechanism of action is unknown, but it inhibits several bacterial enzymes [63]. Studies using Nitrofurazone-coated catheters have demonstrated antibiofilm activity, but concerns remain about the longevity of the treatment [64]. For example, the study by Desai et al. [65] found that nitrofurazone impregnation had a significant effect on bacterial adhesion only for the first 5 days for E. coli, and 3 days for E. faecalis.

In addition to conventional antimicrobial coatings, anti-biofilm polymers and non-killing, bacteria-phobic surfaces are now emerging as promising catheter technologies. For example, Camstent Ltd have developed a polymer bacteria-phobic coating that resists bacterial colonisation and biofilm buildup, is biocompatible, durable on catheter surfaces - including inside lumens, and is compatible with silicone, latex, PVC and polyurethane devices [66]. Meanwhile, The University of Nottingham in collaboration with Angel Guard Ltd launched the world’s first anti-biofilm polymer, known commercially as Bactigon®/KELT-7, which prevents biofilm formation even when submerged in water, does not rely on antibiotics or metal ions - thus reducing selection pressure for resistance, and can be applied via spray-coating, dip-coating or 3D printing [67].

These novel surfaces act at the level of attachment and matrix accumulation, interrupting the biofilm lifecycle at an early stage rather than attempting to kill bacteria once established. Nonetheless, their efficacy in indwelling urinary catheter settings remains to be fully demonstrated: long-term durability in the harsh bladder/urinary environment, ease of integration with existing catheter manufacturing, cost-effectiveness in high-turnover devices, and clinical trial data addressing reduction of catheter-associated biofilm and infection are limited.

Overall, antimicrobial-coated catheters show potential for the prevention of CAUTIs in laboratory and early clinical studies, but their translation into routine clinical use remains limited. Many coatings demonstrate promising antibiofilm and antimicrobial activity in vitro and in short-term clinical trials, but sustained efficacy in long-term catheterisation is less convincing. Within the NHS, large-scale evaluations have found no significant cost-effectiveness benefit compared to standard catheters, largely due to the need for frequent replacement and the high manufacturing cost of coated devices [60]. Continued research and clinical testing are essential to optimise design, durability, and economic feasibility of antimicrobial or anti-biofilm catheters, ensuring that potential infection reduction benefits outweigh practical and financial limitations.







3. TARGETED INTRAVESICAL THERAPY FOR CAUTI: POTENTIAL
AND POSITIONING

Intravesical treatment involves instilling a drug directly into the bladder through a urethral catheter (Figure 5). By delivering treatment directly to the site of infection, it reduces dosage needed, helps prevent side effects, and reduces need for hospital admission [68]. Intravesical antibiotics (IVA) are often an end of the line treatment strategy, used on patients who already rely on catheters, or who have suffered recurrent UTIs which are not responding to oral or intravenous treatments. This is due to the invasive nature of the therapy [69] and the off-label use of the drugs [70]. However, its ability to have a greater effect on bacteria at a local level while reducing systemic absorption and its associated side effects make it a good option for reducing AMR in the UTI space [70], especially for CAUTI. By administering the drug intravesically, the local concentration can be controlled so that it is sufficiently high for treating the infection and has a better chance at penetrating biofilms, reducing the risk of recurrent infection and antibiotic resistance occurring.

Figure 5: Intravesical treatment, injecting a drug solution through a catheter into the bladder

Intravesical treatment also enables use of alternative antibiotics for UTIs which would normally be ineffective when given systemically, as they can’t reach the infection site above the minimum inhibitory concentration (MIC) for a sufficient amount of time [71], are too toxic, or aren’t excreted unchanged in the bladder. For example, aminoglycosides, polymyxins, and phosphonic antibiotics. Furthermore, it opens up possibilities for the use of non-antibiotic agents to be used for treatment, such as antiseptic agents.


3.1. Clinical trials of intravesical therapies in other urological disorders

Although the use of intravesical therapy for CAUTI is still being investigated, this mode of delivery is well-established in other urological disorders. A wide body of clinical trial data (as seen in table 3) demonstrates that intravesical instillation can be safe, effective, and acceptable to patients when used for both malignant and non-malignant bladder conditions [72, 70]. These precedents are highly relevant, as they provide insight into pharmacokinetics, delivery methods, tolerability, and long-term outcomes that may inform future development of intravesical antimicrobials for CAUTI.

Table 3: Intravesical treatments for different urological disorders

The strongest clinical evidence for intravesical therapy comes from bladder cancer management. Intravesical Bacillus Calmette–Guérin (BCG) has been the gold standard treatment for non-muscle-invasive bladder cancer (NMIBC) for decades [73]. Numerous RCTs and meta-analyses demonstrate that BCG significantly reduces tumour recurrence and progression compared to intravesical chemotherapy or placebo. Additionally, intravesical chemotherapy agents such as mitomycin C, gemcitabine, and epirubicin have been widely trialled, with consistent evidence of efficacy in reducing recurrence rates following transurethral resection. These trials not only demonstrate that repeated bladder instillations are feasible in outpatient settings, but also establish long-term intravesical treatment as clinically acceptable despite side effects such as cystitis, increased urination frequency, and, in rare cases, systemic absorption of BCG.

Intravesical therapy has also been widely trialled for interstitial cystitis/bladder pain syndrome (IC/BPS), a chronic inflammatory bladder condition associated with pain and urinary urgency [70]. Agents such as lidocaine, heparin, hyaluronic acid, chondroitin sulfate, and dimethyl sulfoxide (DMSO) have been tested in both open-label studies and controlled trials [74]. They aim to repair the glycosaminoglycan (GAG) layer of the bladder or provide local anaesthesia. Results have been mixed: some trials show symptom relief and improvements in quality of life, while others demonstrate only transient or minimal benefit. Nevertheless, the breadth of intravesical trials in IC/BPS highlights patient acceptability of repeated instillations and supports the potential for bladder-directed delivery of therapeutics beyond cancer.

Another important precedent is the use of intravesical botulinum toxin A (BoNT-A) for overactive bladder (OAB) and neurogenic detrusor overactivity. Multiple RCTs, including large multi-centre studies, have demonstrated that intravesical injection of BoNT-A into the bladder wall significantly reduces urgency, frequency, and incontinence episodes, while improving quality of life [75]. These findings led to BoNT-A gaining regulatory approval as a second-line treatment for refractory OAB. The success of BoNT-A provides a key proof-of-concept: intravesical therapies can move from experimental trials to widespread clinical adoption when efficacy and safety are well-demonstrated.

Intravesical instillations have also been trialled in management of haemorrhagic cystitis secondary to pelvic radiotherapy or chemotherapy [76]. Agents such as alum, formalin, prostaglandins, hyaluronic acid, and aminocaproic acid have been studied, with varying degrees of success. Alum irrigation, for example, has been used to control haematuria, while intravesical prostaglandins have shown some efficacy in symptom relief. However, many of these treatments are limited by side effects, invasiveness, and inconsistent outcomes. Despite these limitations, such studies further illustrate the willingness to employ intravesical therapy in severe or refractory bladder conditions.

Together, these clinical trials demonstrate that intravesical therapy is a feasible and versatile delivery route across a range of bladder pathologies. Evidence from bladder cancer, IC/BPS, OAB, and haemorrhagic cystitis shows that intravesical agents can achieve high local concentrations with limited systemic exposure. Patients tolerate repeated instillations, even over long durations, when efficacy is demonstrated. Adverse effects are manageable and usually limited to local irritation or inflammation. However, these studies also highlight key challenges. Many agents require repeated dosing and maintenance schedules, patient adherence may be limited by the invasiveness of catheterisation, and treatment costs remain high. Outcomes are also variable between different conditions and patient populations.

For CAUTI, these lessons underscore both the promise and challenges of intravesical antimicrobial therapy. On one hand, the clinical success of intravesical therapies in other urological disorders provides a strong precedent for translation. On the other, the same barriers; cost, tolerability, and the need for repeated instillation, must be carefully addressed to ensure that intravesical antimicrobials are both clinically effective and practical for routine use.


3.2 Intravesical antibiotics

Several antibiotics have been investigated for their intravesical use in treating UTIs, focusing on both safety and efficacy. For the purposes of this review, we highlight those agents with the most substantial representation in the existing literature, as summarised in Table 4, and discuss each antibiotic in detail in the following sections. 

However, it is important to note that the current literature on intravesical antibiotic use is heavily skewed towards positive case reports, with limited publication of negative or null findings. This introduces potential selection bias and limits generalisability. Well-designed randomised controlled trials (RCTs) and registries are needed to provide balanced clinical evidence.

Table 4: Intravesical antibiotics explored in the literature. *Sources were obtained from PubMed using the search “Intravesical [drug name]”


3.2.1 Gentamicin

Gentamicin is the most extensively studied IVA, and while it is not officially approved for intravesical use, it is recognised as an alternative treatment in several healthcare settings [77]. In the UK, the National Health Service’s (NHS) clinical guidelines on gentamicin instillation vary between different Foundation Trusts (Table 5). Those that are available to the public are detailed in the table below. There is limited information about the use of intravesical gentamicin therapy in the US. The NIH, ICER, and IDSA (as of the date of writing) have not published any information on intravesical gentamicin usage, mentioning only intravesical therapies for bladder cancer.

Table 5: Guidelines for intravesical gentamicin usage from different NHS Foundation 487 Trusts, data taken from [68, 78, 79, 80, 81]

Gentamicin is an aminoglycoside antibiotic [82]. Aminoglycosides exert their bactericidal antibacterial effect by binding, with high affinity, to the A-site on 16S ribosomal RNA of the 30S ribosome, causing misreading of tRNA which disrupts protein synthesis essential for bacterial growth and survival [83]. Aminoglycoside use can produce serious adverse side effects, including nephrotoxicity, neurotoxicity, and irreversible ototoxicity, so patients being treated with them must be carefully monitored [84], and they cannot be used long-term. The origin of their toxicity is yet to be ascertained, and theories for which mechanisms are truly responsible are ambiguous [85]. Intravesical administration of aminoglycosides should mitigate the risk of these toxicities occurring though, due to not having to circulate systemically to reach the drug target.

It is currently available in ophthalmic, topical, and parenteral (encompassing intravenous and intramuscular administration) preparations [86]. Gentamicin undergoes next to no metabolism in the body, and is excreted by glomerular filtration in an active, unchanged form [82], which would make it a good option for UTI treatment, if it weren’t limited by its toxicity. Therefore, it is a good candidate for intravesical administration.

The safety and efficacy of intravesical gentamicin for UTI treatment has been explored in numerous studies. A 2018 systemic review by Pietropaolo et al. [69] of 11 studies found that with the use of IVAs gentamicin, neomycin, or colistin, a 78% reduction in symptomatic UTI was achieved, with high short-term success rates of 71% and 88% in different treatment groups (treatment versus prophylaxis). Of those, 7 studies utilised gentamicin and had a collective success rate of 88.97%. Additionally, gentamicin treatment discontinuation rates were just 3% and 7% respectively, with only minor side effects reported. The authors concluded that intravesical treatment is a relatively safe and effective treatment method. Other studies, such as those conducted in 2017 by Cox et al. [35], the 2021 study by Marei Marei et al. [87], and the 2024 study by Tate et al. [88] support these findings.

Cox et al. investigated the effect of IVA gentamicin on the rate of symptomatic UTIs in patients on intermittent self-catheterisation with a neurogenic bladder suffering recurrent UTIs. They found that patients had fewer symptomatic UTIs, with the median reducing from 4 to 1, underwent fewer courses of oral antibiotics, and days of oral antibiotic therapy decreased from an average of 15 to 5. Additionally, fewer multidrug resistant organisms were found in patient’s urine cultures, decreasing from 58.3% to 47.1%, and the rate of gentamicin resistance did not increase. They also found that adverse events were mild and rare.

Marei Marei et al. also investigated the use of IVA gentamicin, but in paediatric patients with complex UTIs. Their results demonstrated a treatment success rate of 86% in acute UTI suppression, with no severe side effects like sensorineural hearing loss. Gentamicin resistance emerged in only one case, or in 4.16% of the patients. They concluded that IVA gentamicin is well-tolerated and safe to treat and/or prevent UTIs in patients with complex bladder conditions and lower urinary tract pathologies. 

Tate et al. explored the use of IVA gentamicin in patients with spinal cord injuries who required clean intermittent catheterisation. Patients underwent 6 months of nightly gentamicin instillations. Prior to treatment, there were 35 reported UTIs, but during treatment it decreased to only 6, an 83% reduction. As well as this, the patients reported improved quality of life with intravesical gentamicin therapy. The study is limited by the fact that it was conducted with a small sample size, however, it highlights how CAUTI negatively impacts patients’ quality of life and community participation, and that IVA treatment can help improve both.


3.1.1.1 Clinical trials

Multiple clinical trials have been/are being conducted on the use of intravesical gentamicin (Table 6). However, many of the trials have limited information or have not yet been completed, so data is limited. From those that have finished and published their results, they show that intravesical gentamicin helps to reduce UTIs in patients, and adverse events are rare and mild. Upon completion, the clinical trials currently in progress may provide further data on the safety and efficacy of intravesical gentamicin.

Table 6: Intravesical gentamicin clinical trials


3.2.2 Amikacin

Amikacin is also an aminoglycoside antibiotic, so it too carries the risk of causing nephrotoxicity, neurotoxicity, and permanent ototoxicity [89]. It is commonly used to treat infections caused by more resistant strains of gram-negative bacteria and some gram-positive bacteria [90].

Intravesical amikacin therapy has been adopted in some NHS trusts [8] to treat recurrent UTIs in cases where when urine culture results indicate better susceptibility to it than gentamicin. However, its use is still much less common. Intravesical amikacin has also been explored in case studies and research outputs. In the 2022 case study by Sherwin et al. [91] they used a single dose intravesical amikacin instillation for a patient with pyocystitis. The 25mg/100ml dose was held in the bladder for 2 hours, after which a culture showed no colonies, and the patient had no signs or symptoms of re-infection for one month following treatment.

Another study by Cortés-González et al. [92], involving seven patients with emphysematous cystitis, reported that continuous bladder irrigation with amikacin (500 mg in 1 L of saline), administered on days 0, 3, and 7 of infection, led to successful treatment in 86% of patients within three days and in all patients by day seven. No toxicity was reported, and they concluded that the treatment is an inexpensive, effective and safe tool which could aid conventional treatment and provide rapid recovery. These findings highlight the treatment potential of intravesical amikacin as a well-tolerated and effective adjunct or alternative to systemic antibiotics in managing complex urinary tract infections, warranting further investigation through larger clinical studies.



3.2.3 Colistin

Polymyxin E, more commonly known as colistin, belongs to the polymyxin class – a group of bactericidal antibiotics used to treat gram-negative bacterial infections [93]. Their use is reserved for serious infections of MDR gram-negative bacteria as they are a last line of treatment [94]. Polymyxins exert their antibacterial effect by disrupting membrane integrity via electrostatic interactions, leading to leakage of the cytoplasmic content and ultimately causing cell death [95]. However, this mechanism also affects human cell membranes, leading to toxicity. The primary toxic effects are observed in the kidneys and brain, with renal toxicity being more severe [94]. Due to these harmful effects, the clinical use of polymyxins was largely discontinued until the mid-1990s [94]. However, with the rise in AMR, researchers set to elucidate their chemical, microbiological, pharmacokinetic/pharmacodynamic, and toxicological properties in an effort to allow safe and efficacious use in patients [95].

Colistin is administered intravenously as the prodrug colistimethate for UTI treatment [95]. However, it still presents major complexities for dosing and significant toxicity risk, therefore, intravesical colistin administration may help to bypass these risks and eliminate MDR UTIs. There are a number of case studies on the use of colistin intravesically. One case report by Volkow-Fernández et al. [96] involved a patient with a persistent UTI related to MDR A. baumannii who was administered colistimethate through a three-lumen urinary device for continuous urinary irrigation over seven days. The patient did not report any adverse effects, and a culture taken at the end of irrigation and another ten days later were both negative. This suggests intravesical antimicrobial administration can be a good treatment option, especially for those in whom parenteral administration could be toxic.

In another case study by Encarnado Assis et al. [97], a patient with type I cardiorenal syndrome suffering cystitis due to MDR P. aeruginosa was treated with intravesical colistin. As the patient had acute kidney failure with anuria, intravesical administration was considered the best option. The patient underwent continuous bladder irrigation of colistin for seven days, after which negative urine cultures were obtained. This again suggests intravesical colistin can be a safe and effective way to target UTIs caused by MDR bacteria, allowing controlled exposure to the drugs’ toxicity.



3.2.4 Fosfomycin

Fosfomycin is a phosphonic, broad spectrum, bactericidal antibiotic [98]. It works by covalently binding to the active site of the UDP-acetylglucosamine enolpyruvyl transferase enzyme, rendering it inactive, and ultimately disrupting the first step of bacterial cell wall synthesis [98]. It can be taken orally to treat uncomplicated UTIs, as it is not metabolised and is predominantly excreted unchanged in the urine [98]. However, intravesical administration could avoid systemic side effects, reduce bacterial resistance in the gut flora, and improve patient acceptance compared to continuous oral use [99].

In a study by Welk et al. [99] they conducted in vitro experiments to test if fosfomycin would still be bactericidal in the absence of metabolism by the human gut, thus if it would be effective for intravesical use. They found that fosfomycin was still effective in inhibiting growth of E. coli, supporting further investigation of fosfomycin as an IVA.

In another study by Ozok et al. [100], intravesical fosfomycin was tested in vivo in a rat model for UTI treatment. They found that transurethral delivery of fosfomycin led to decreased infection intensity and improved pathology. There is limited information about the efficacy and safety of intravesical fosfomycin use in humans, however, in a case study discussed in the paper by Welk et al. [99] mentioned prior, three patients with neurogenic lower urinary tract dysfunction suffering from recurrent UTIs found it to be tolerable and have a similar efficacy to other intravesical antibiotics. However, these anecdotal accounts have many limitations, as no direct assessment of potential toxicity and resistance development was conducted. More investigation on the use of intravesical fosfomycin is needed, but it shows promise as an alternative treatment.

3.2.5 Trimethoprim (including TMP-SMX formulations)

Trimethoprim is an antifolate antibacterial agent that works by inhibiting the critical bacterial enzyme dihydrofolate reductase, which catalyses the formation of tetrahydrofolic acid, thus preventing DNA synthesis [101]. It is commonly prescribed as an oral treatment for acute episodes of uncomplicated UTIs, since 50-60% is excreted in the urine within 24 hours, 80% of which is unchanged parent drug [101]. However, increasing bacterial resistance to commonly used antibiotics is a growing problem, so an alternative would be to use it intravesically.

Trimethoprim is often administered in combination with sulfamethoxazole as co-trimoxazole (TMP-SMX), which acts synergistically via sequential inhibition of folate synthesis. The study referenced here, a clinical trial by Hachen [102], evaluates the combined formulation. It involved 205 paraplegic inpatients with UTIs who were treated with TMP-SMX bladder instillations, and found that drug concentrations achieved in the bladder were 50-100 times superior to the MICs of growth for most sensitive bacteria, and several strains of Klebsiella and Proteus which had previously proved resistant to oral treatment were eliminated. Other studies have been conducted where they try to create a carrier for trimethoprim to optimise intravesical administration. For example, Brauner et al. [103] created PLGA nanoparticles loaded with trimethoprim, and found that the amount of active pharmaceutical ingredient inside the nanospheres had no effect on adhesion capability, and so combinatory use with antibiotics like trimethoprim could enable higher efficacy.

3.3 Non-antibiotic therapies

Bladder irrigation with non-antibiotic solutions is another approach to prevent and manage CAUTI, by mechanically washing out bacteria [104] or using antiseptic agents to limit colonisation.


3.3.1 Sterile saline

Flushing the bladder with sterile fluids aims to remove early bacterial biofilms before they mature. A study by Ramezani et al. [105] on the efficacy of bladder irrigation with saline solution in comatose patients in intensive care units to reduce CAUTI found that, after 3 days of saline irrigation, risk of CAUTI decreased by 99% in the experimental group compared to the control. It also improved patient’s urine appearance, urinary red and white cells, and erythrocyte sedimentation rate. However, it is important to note that reductions in bacteriuria observed in these studies may reflect changes in asymptomatic colonisation rather than true resolution of CAUTI, and the clinical significance of this distinction should be considered.

Other studies report that they cannot recommend bladder irrigation with saline as a means of bacteriuria treatment, as they found no advantages in reducing bacterial colony counts or urinary leukocytes, or improving the quality of urine overall [106]. Discrepancies in the results of different studies suggests more research needs to be conducted on the efficacy of using saline irrigation for treating and reducing risk of CAUTI in order to get more conclusive answers.


3.3.2 Antiseptic bladder instillations

Antiseptics are chemicals that stop or slow the growth of microorganisms on the skin or other living tissue to prevent infection [107]. They are commonly used for hand washing, preoperative skin disinfection, mucous membrane disinfection, treating and preventing skin infections, and treating oral infections [107]. They can also be used in the bladder to treat and prevent UTIs. Antiseptics such as chlorhexidine, povidone-iodine, and methenamine have been used in patients with varying degrees of success.

Chlorhexidine is a broad spectrum antimicrobial biguanide, commonly used as a topical antiseptic and in dental practice [108]. It works by disrupting microbial cell membranes, destroying the integrity of the cell, allowing intracellular material leakage and chlorhexidine entrance, causing precipitation of cytoplasmic components and, ultimately, cell death [108]. Researchers have investigated the efficacy of chlorhexidine when instilled in the bladder for reducing UTIs, however these studies are limited. One study by Ball et al. [109] in a randomised prospective controlled study of men after transurethral operations found that chlorhexidine irrigation helped to reduce the incidence of postoperative infection, with the control group having 36.7% incidence compared to 12.8% in the treatment group, but did not eliminate pre-existing infection. In another study by Wikström et al. [110] it was again found that it helped reduce bacteriuria in patients undergoing intermittent self-catheterisation, but did not eradicate pre-existing bacteria. These findings suggest that chlorhexidine irrigation could be helpful in preventing CAUTI, but not for treating a pre-existing infection.

Povidone-iodine is a topical antiseptic agent used for the treatment and prevention of infection in wounds [111]. It is an iodophor, so when the iodine is released from the complex, the free iodine penetrates the microbial cell wall and disrupts protein and nucleic acid structure and synthesis, resulting in cell death [111]. Research has also been done on the use of povidone-iodine in the bladder for decreasing UTI. One study by Nayyar et al. [112] found that urethral instillation of povidone-iodine post-cystoscopy significantly reduced UTIs, with the control group having a 22% UTI incidence compared to the intervention group which only had 7% incidence. Another study by Moussa et al. [113] found that after using daily povidone-iodine bladder irrigation for recurrent UTIs, the rate of symptomatic UTIs was reduced by 99.2%, the rate of emergency department visits decreased by 99.2%, and the number of inpatient hospitalisations decreased by 99.9%. Overall, the use of povidone-iodine intravesical treatment for UTIs appears to be a very promising non-antibiotic approach to helping tackle UTIs and CAUTIs. However, irritation has been reported in some studies following irrigation, so this is something that would need to be considered.

Methenamine is a urinary antiseptic used for the prophylaxis and treatment of recurrent UTIs, particularly in long-term management [114]. In acidic conditions, methenamine is hydrolysed to formaldehyde, a non-specific bactericidal agent that denatures bacterial proteins and nucleic acids. Orally administered methenamine has demonstrated comparable efficacy to low-dose antibiotics in reducing UTI incidence [115].

However, its application as an intravesical therapy remains largely unexplored. Effective activity is dependent on an acidic environment and sufficient dwell time to allow conversion to formaldehyde, both of which may be difficult to achieve and control within the bladder. In addition, localised generation of formaldehyde raises concerns regarding urothelial irritation and toxicity. As such, while methenamine represents a potential non-antibiotic alternative, further research is required to evaluate its safety and feasibility for intravesical use.




3.3.3 Bacteriophage therapy

Bacteriophages (phages) are viruses that infect and replicate inside bacteria [116], destroying the host cell in the process (Figure 6).

Figure 6: Phage mechanism of bacterial killing

Phages have specific hosts and a narrow spectrum of activity [116], so can be used to target specific bacterial infections. Research has been conducted to investigate how they may be used to treat UTIs. In the comprehensive systematic review by Al-Anany et al. [117] about phage therapy in the management of UTIs, they found that in most studies, phage administration resulted in microbiological and clinical improvements, with 62% of the articles reporting complete bacterial eradication, and only a 0.8% rate of re-infection within the next 2-4 months post treatment. Administration methods included intravesical, oral, subcutaneous, intravenous, topical, rectal, vaginal, and intraperitoneal. In most of the reported cases they studied, phages were found to be safe, with no reported adverse effects. However, they stated that although there has been a recent increase in the number of studies using phage therapy to treat UTIs, the quality of these studies is variable. Thus, researchers and clinicians need to use standardised treatment, monitoring, and reporting protocols and, ideally, to share this information with a phage registry.

Another review by Zulk et al. [118] highlighted that phages may be particularly effective for tackling biofilms in CAUTI, since some bacteriophages have the ability to kill bacteria within biofilms by using mechanisms such as cell wall degrading polysaccharide depolymerases. Phage mediated biofilm eradication has been well documented in vitro, with some shown to both disrupt established biofilms and prevent their formation on catheters. Additionally, Zulk et al. discuss the many other potential benefits of phage use for CAUTI/UTI treatment; phage can have synergy with antibiotics, are bacteria specific, can steer resistance, are genetically diverse, and potentially cost-effective. However, they also outline their challenges, notably that their high specificity may hinder the development of ‘off-the-shelf’ treatments, as large phage libraries would be needed to create tailored therapeutics. Furthermore, this specificity also selects for the development of phage resistance. While this can result in less virulent bacteria, it can also lead to treatment failure in the absence of bacterial clearance. To face these challenges, work is needed to develop phage therapeutics with wide host ranges that are difficult for bacteria to evade.


3.3.4 Antimicrobial peptides

Antimicrobial peptides (AMPs) are a class of small peptides that exist widely in nature and are part of the innate immune system [119]. AMPs have an amphipathic structure that enables them to interact with bacterial membranes, leading to membrane crossing and disruption with pore formation, culminating in cell death [120]. 
LL-37 is a 37 amino-acid cationic peptide belonging to the cathelicidin family [121]. LL-37 is the only cathelicidin found in humans, playing a role in the innate immune system. It works by penetrating bacterial membranes and forming transmembrane pores, leading to bacterial lysis [121]. Additionally, LL-37 exhibits anti-biofilm activity through mechanisms including disrupting cell adhesion, interfering with quorum sensing, and promoting cell motility [122]. Although LL-37 is naturally expressed in epithelial tissues, its local concentration may be insufficient during infection. Therefore, intravesical instillation would allow direct delivery to the bladder and catheter surfaces, high local concentration without systemic toxicity, and a reduced risk of AMR. However, they face key issues in terms of stability in the urinary environment and rapid degradation by proteases. Few AMPs have reached the market because of these stability issues, or because they exhibit toxicity [120]. Further research is needed to configure a more stable AMP that could also be efficacious in treating CAUTIs.


3.3.5 Natural bioactive compounds

Cranberries and cranberry juice have been widely used for several decades to help prevent and treat UTIs [123]. However, their mechanism of action against infection has only recently been better understood. It was originally thought that the quinic acid, which they contain caused large amounts of, caused hippuric acid to be excreted in the urine, which then acted as an antibacterial agent [123]. It is now understood that it is the presence of proanthocyanidins that enables their antibacterial effects, as they prevent bacteria from sticking to the bladder walls and forming a biofilm [124]. They use an iron chelation mechanism to deplete the bacterial cells’ iron supplies, which are needed for biofilm formation [125]. Further research seems to support this [126]. The intravesical use of cranberry proanthocyanidins for UTI treatment hasn’t been explored, but it may theoretically benefit from intravesical delivery through the achievement of higher local concentrations within the bladder and reduced systemic exposure. This could enhance their ability to interfere with bacterial adhesion to the urothelium. However, the clinical advantage of this approach remains uncertain.

D-mannose, a monosaccharide, also found naturally in cranberries as well as other fruits and berries, is another commonly marketed dietary supplement for reducing the risk of UTIs [127]. It is thought that it works by saturating E. coli FimH structures, subsequently blocking their adhesion to epithelial cells in the urinary tract [127]. This inhibits E. coli’s ability to form biofilms. While intravesical delivery could theoretically enhance local concentrations, prolong dwell time, and provide targeted anti-adhesion effects at the bladder surface, the advantages over oral administration remain unclear. Additionally, intravesical delivery would require invasive catheterisation, and may only provide transient exposure unless frequently repeated. Further research is needed to determine whether this approach provides meaningful clinical advantages over existing oral formulations.

Curcumin, or diarylheptanoid, is a curcumoid derived from the rhizome of the Curcuma longa plant, contained in the extract commonly called turmeric [128]. It is a bioactive compound that exerts robust antioxidant, anti-inflammatory, and anti-cancer effects, as well as strain-specific anti-bacterial activity [129]. It targets several bacterial mechanisms, like the quorum sensing system, cell division and replication, and cell membrane and cell wall integrity [130]. Studies on the use of curcumin for UTI treatment have shown success, like the study by Xue et al. [131] in rats, which found that curcumin injections significantly improved symptoms of chronic UTI as well as providing protection to renal tubular function and reducing inflammation. The use of intravesical curcumin has been explored in the context of cancer treatment, but not for the treatment of UTIs, so the safety and efficacy of it in the bladder is unknown. Investigation of this may present another alternative treatment.


3.3.6 Probiotics

Probiotics are live microorganisms which, when administered in adequate amounts, confer a health benefit on the host [132]. They are thought to work against UTIs by preventing pathogenic bacteria from ascending the urinary tract and causing infection by reducing bacterial adherence, growth, and colonisation, and by modulating host defences [132]. Lactobacilli are among the most widely studied probiotic species for the prevention and management of UTIs.

Clinical studies have primarily investigated oral and intravaginal administration routes. For example, Stapleton et al. [133] reported a 12% reduction in recurrent UTI rates following intravaginal administration of Lactin-V. However, findings across studies remain inconsistent. A systematic review by Schwenger et al. [132] found no significant difference in recurrence risk between treatment and placebo groups receiving oral or intravaginal Lactobacillus. These disparities highlight the need for more research on the efficacy of probiotics like lactobacilli for UTIs.

Intravesical administration of probiotics has been proposed as a potential strategy to deliver beneficial microorganisms directly to the bladder, with the aim of restoring microbial balance and inhibiting pathogen colonisation at the site of infection. First-in-human studies, like that of Groah et al. [134], have found that intravesical Lactobacillus is safe and well tolerated in adults and children. However, this approach remains largely unexplored, with limited clinical evidence to support its efficacy. Challenges include ensuring microbial viability, achieving sustained colonisation, and avoiding unintended introduction of pathogens during catheterisation. Overall, while probiotics show promise as a non-antibiotic approach to UTI prevention, further research is required to determine the optimal strains, routes of administration, and clinical effectiveness, particularly for intravesical applications.





3.3.7 Silver nanoparticles

Nanotechnology is an emerging field in antimicrobial therapy, offering promising alternatives to conventional antibiotics. Among the most studied nanomaterials for this purpose are silver nanoparticles (AgNPs) [135], which have attracted significant attention due to their potent and broad-spectrum antimicrobial activity.

AgNPs exert their antimicrobial effects through multiple mechanisms, as described earlier in section 2.3. Because of their small size and large surface area-to-volume ratio, they can interact closely with microbial membranes. Upon contact, AgNPs disrupt cell membrane integrity, alter membrane potential, increase ion permeability, and induce structural damage. They also generate reactive oxygen species (ROS), interfere with bacterial DNA replication, and inhibit essential enzymes involved in cell division [136]. This multifaceted mode of action reduces the likelihood of resistance development compared to traditional antibiotics that typically target a single pathway. AgNPs have demonstrated efficacy against a wide range of uropathogens, including E. coli, P. aeruginosa, Klebsiella pneumoniae, and other MDR strains frequently implicated in CAUTIs.

In a study by Sajjad et al. [137] against MDR E. coli, using AgO2-NPs in addition to antibiotics led to a significant increase in the size of the inhibition zone. This is because AgNPs increase membrane permeability and alter membrane transport, helping to make treatment more effective with a lower dose of antibiotics.

Furthermore, they exhibit low cytotoxicity to human cells at appropriate concentrations, making them attractive candidates for intravesical delivery [136]. Their use could potentially reduce systemic side effects and minimize the disruption of the host microbiota. While silver nanoparticles have shown potential for intravesical treatment application, studies on their behaviour in the bladder, potential accumulation, interaction with urothelial tissues, and optimal dosing regimens are still limited.


3.3.8 Acetic acid

Acetic acid, also known as ethanoic acid [138], has also been used for bladder irrigation in catheterised patients as a non-antibiotic approach to reduce CAUTI risk. Many clinics report using acetic acid irrigation as a way to prevent CAUTI, such as the Cleveland Clinic, and The paediatric surgical associates [139][140]. The proposed mechanism is related to its acidic pH, which may inhibit bacterial growth and reduce biofilm formation on catheter surfaces [141]. However, the clinical evidence supporting its effectiveness is limited and inconsistent, for example, in a trial conducted by Bruun and Digranes [142] they found that irrigation with 0.25% acetic acid had no effect on the urinary bacterial count in patients. Also, concerns have been raised regarding bladder irritation, patient discomfort, and lack of standardised dosing regimens [143]. As such, acetic acid irrigation remains an empirically used but poorly validated strategy in CAUTI prevention.


3.4 Antibiotic vs non-antibiotic approaches

Currently, the efficacy of non-antibiotic intravesical treatments for existing infections appears to be limited, and they instead have higher value in being used for UTI prophylaxis. While this is useful, to be used instead of antibiotics they would need to also be able to eradicate pre-existing bacteria causing infection too. Additionally, although replacing antibiotic use with non-antibiotic treatments may help reduce AMR, not much is currently known about how bacteria may develop resistance to these treatments either, so research on their longevity is needed.

Intravesical antibiotic therapy offers a localised approach that enables high drug concentrations directly at the site of infection, often well above the MIC of uropathogens. This targeted delivery not only enhances efficacy, but also makes resistance development less likely, and can instead aid in clearance of MDR organisms [144]. However, the risk of antibiotic resistance developing in uropathogens is not negligible, and concerns about the broader impact of antibiotic use and resistance persist, underscoring the importance of optimising treatment protocols, exploring alternative therapies, and using antibiotics judiciously to preserve the efficacy of these treatments.

Cost is another major consideration. The development and implementation of non-antibiotic therapies may require substantial upfront investment, and carry the risk of limited efficacy, which deters organisations from pursuing them. However, if successful, the cost would be offset by long-term savings through reduced infection rates, lower antibiotic usage, and a decreased burden of AMR.

Therefore, while antibiotic-based approaches currently remain essential for treating UTIs, integrating non-antibiotic strategies offers a promising complementary approach to prevention. Addressing the challenges associated with these alternatives requires further research, standardisation of treatment protocols, and greater education to enhance their effectiveness and clinical adoption.


4. BARRIERS TO CLINICAL ADOPTION OF INTRAVESICAL
ANTIBIOTIC THERAPY

Despite the promising potential of intravesical antibiotic administration for the treatment of CAUTIs, several barriers continue to limit its routine clinical use. These challenges are multifactorial, spanning clinical, regulatory, logistical, and scientific domains.

4.1 Lack of standardised protocols and clinical guidelines

A significant barrier to the widespread adoption of intravesical therapy for CAUTIs is the absence of standardised protocols. This lack of consensus can create significant variation in clinical practice, leading to suboptimal outcomes or inconsistent patient management. Different studies use varying antibiotic dosages, instillation frequencies, and dwell times. For example, some studies use a single instillation, while others rely on multiple doses over several days (as seen in table 5, earlier). This lack of consistency makes it difficult to establish clear treatment guidelines for practitioners. Without a well-established set of guidelines, clinicians may be hesitant to use intravesical therapies, fearing they might be inconsistent with best practices, or even worse, lead to unintended side effects. Furthermore, even in settings where intravesical therapy is studied, hospitals may still be reluctant to implement it without standardised evidence and a clear pathway for adoption into routine clinical practice.

To try and overcome these issues, collaboration between clinical experts and guideline-setting bodies to establish consensus guidelines, and multicentre RCTs to provide high-quality evidence supporting dosing and treatment protocols, could aid massively.


4.2 Limited clinical evidence and trial data

Most of the data supporting use of IVAs comes from small case series, observational studies, or retrospective analyses, which do not provide the level of evidence required to influence large-scale clinical practice. Rigorous methodology is needed to draw definitive conclusions about safety, efficacy, and optimal usage of IVAs. The rarity of negative study publication also skews the available evidence base, and selection bias remains a concern.

Additionally, many studies only focus on short-term outcomes, like bacterial eradication, without assessing long-term benefits or negative outcomes, like recurrence rates, local and systemic toxicity, quality of life, or AMR. Furthermore, little is known about how localised antibiotic exposure may affect the bladder and genitourinary microflora. There is potential it could lead to dysbiosis.

Longitudinal safety data is critically needed, including monitoring resistance development during and after treatment, evaluation of cumulative toxicity with prolonged or repeated use, standardised definitions of adverse events, and studies in at-risk populations. Further RCTs are needed for this, and should be a collaboration between urologists, infectious disease specialists, and pharmacists to obtain robust data and to allow protocol standardisation.




4.3 Intravesical drug formulation and delivery device development

For intravesical administration to be feasible, the selected drugs must be stable in the urinary environment, able to maintain their efficacy over time, and be compatible with the bladder lining and catheter materials. Due to the variable pH of urine, ranging between 4.5-8.0 [145], many drugs may undergo chemical changes or breakdown in more acidic or alkaline conditions, which could result in drug inefficacy or negative side effects from the changed form of the treatment.

Additionally, there is currently no purpose-designed drug delivery system available for outpatient intravesical treatment. Clinicians who wish to administer intravesical therapy for CAUTI must provide patients with intravenous drug vials, needles, syringes, saline, and urinary catheters — materials not specifically intended for this use. Pharmacists are often reluctant to dispense intravenous medications for off-label intravesical administration, further complicating access to treatment. This is because pharmacists and clinicians may assume personal liability for the off-license use of drugs and devices if adverse events occur when using them outside approved indications [146]. Consequently, obtaining appropriate patient consent and completing additional documentation are necessary steps in the prescribing process, introducing further challenges and costs to delivering intravesical treatment.

The lack of a purpose-designed drug delivery device has also presented as a major barrier for the industrialisation of intravesical treatment. The idea of intravesical therapy for UTIs has been established for over 60 years, with studies investigating its use dating back to at least 1963 [147]. However, it has not been explored or developed by big pharmaceutical companies, despite showing a great deal of promise. The most likely cause for this is that there is no licensed delivery device with which to administer an intravesical drug. If companies were to develop a new intravesical therapy that required administration via the off-label use of a medical device, they could expose themselves to legal liability for any resulting adverse events, potentially facing significant financial or reputational harm. Moreover, given that licensed systemic treatments already exist for UTIs and CAUTIs, justifying the off-label use of such a delivery method would be particularly challenging.

This barrier is evidenced by the fact that there are several non-pharmaceutical intravesical treatments on the market. For instance, iAluRil — a therapy designed to temporarily replenish the glycosaminoglycan (GAG) layer following damage from certain bladder conditions — which is administered directly into the bladder via a urinary catheter [148]. While this method of administration is also technically off-label, iAluRil is classified as a medical device rather than a drug, and it lacks inherent pharmacokinetic properties [149]. Consequently, the regulatory and governance requirements for its use are comparatively less stringent.

To bypass these barriers, new formulations that are fit for purpose, and a complimentary drug delivery system would be required to meet clinical safety standards and support therapeutic efficacy.

4.4 Historical bias

It is also worth noting that, as an issue that predominantly affects women, intravesical treatment for UTIs and CAUTI may have historically been overlooked or deprioritised by the predominantly male leadership in pharmaceutical companies. UTIs, and particularly recurrent UTIs, disproportionately impact women due to anatomical and hormonal factors [150], yet the pharmaceutical industry has long been criticised for systemic gender biases in research priorities, funding allocation, and drug development pipelines. Historically, conditions primarily affecting women, such as menstrual disorders, endometriosis, or urinary tract health, have received less research attention and investment compared to diseases with broader or male-dominated patient populations [151].

This neglect may stem, in part, from the fact that decision-makers at the highest levels of pharmaceutical development have traditionally been male, meaning personal urgency or lived experience of such conditions was often absent from boardrooms and R&D priority discussions [152]. As a result, innovative but niche solutions, like intravesical therapies for UTIs, may have been seen as commercially unappealing or not worth the regulatory and legal risks, especially when systemic antibiotics were already available as a generalised solution.

Recent efforts in healthcare research equity have increasingly highlighted the importance of addressing such gender-based gaps, recognising that diseases disproportionately affecting women deserve focused innovation, investment, and tailored therapeutic approaches [153]. As awareness grows around the burden of recurrent UTIs on women’s quality of life, productivity, and healthcare costs, there is now a strong case for re-examining overlooked treatment avenues like intravesical therapies, not only as a clinical necessity but also as an ethical and economic imperative. Addressing these historical biases will be key to unlocking the full potential of targeted treatments that can improve outcomes for a largely female patient population.


4.5 Potential adverse effects

While intravesical therapies generally minimise systemic side effects, they are not without potential local adverse effects, especially with repeated use. The urothelium can be sensitive to certain chemicals or drugs. Some antibiotics, especially those with low pH or strong antiseptic properties, can irritate the bladder mucosa, causing discomfort, haematuria, or even cystitis. In rare cases, direct instillation of certain drugs can cause inflammation or damage to the bladder lining, leading to long term complications [154]. Additionally, repeated use of intravesical treatments could potentially lead to cumulative toxicity, especially in patients with underlying bladder conditions such as interstitial cystitis or bladder cancer [155].

To enable more widespread use, close monitoring of bladder function during and after treatment to detect early signs of irritation or injury would be necessary. It would also be essential to conduct more research into the long-term safety profile of intravesical antibiotics and ensure their safety in patients with fragile urological conditions. As well as this, in patients without an indwelling catheter, intravesical drug delivery requires intermittent catheterisation, introducing both practical and clinical limitations.

Catheter insertion is an invasive procedure associated with patient discomfort, urethral trauma, and risk of introducing pathogens into the urinary tract [156]. This iatrogenic introduction of bacteria may paradoxically increase the risk of infection, particularly in vulnerable populations. Repeated catheterisation also carries risks of urethral irritation, haematuria, and, in some cases, the development of urethral strictures with long-term use [10]. Patient acceptability and adherence may therefore be limited, especially in community settings where trained personnel may not be available to perform the procedure safely.

From an infection control perspective, each catheterisation event represents a potential breach of natural host defences [10], increasing the risk of CAUTI. This is particularly relevant when considering prophylactic or repeated intravesical treatments, where cumulative risk may become clinically significant. Furthermore, there are logistical and economic considerations, including the need for trained healthcare professionals, sterile equipment, and clinical oversight, which may limit scalability outside of specialist settings. Overall, while intravesical therapy presents a promising alternative to systemic treatment, its use in non-catheterised patients must be carefully balanced against the risks associated with invasive drug delivery.

4.6 Community use, self-administration, and patient considerations

The use of intravesical therapy in community settings presents both opportunities and practical challenges. In selected patient groups, particularly those already familiar with clean intermittent self-catheterisation, self-administration of intravesical therapies may be feasible following appropriate training. This approach is already established in patients with neurogenic bladder dysfunction [157], suggesting that extension to drug delivery is possible in carefully selected individuals. However, broader implementation is likely to be limited by patient-related factors. As previously discussed, catheterisation is an invasive procedure and may be associated with discomfort or pain, which can be exacerbated during active UTI due to dysuria and urethral irritation [158]. This may reduce tolerability and adherence, particularly where repeated administrations are required.

Additionally, not all patients will be able to perform catheterisation independently. Older adults, or those with reduced manual dexterity (e.g. due to arthritis or other disabilities), may require assistance from caregivers or community healthcare professionals. This introduces additional considerations regarding training, acceptability, and infection control in the home environment. Overall, while intravesical therapy may be feasible in a subset of patients, its use in the community is likely to depend on careful patient selection, adequate training, and support from healthcare services.


4.7 Urobiome considerations

Emerging evidence has challenged the traditional view of the urinary tract as sterile, with increasing recognition of the urinary microbiome (urobiome) and its potential role in maintaining urinary tract health [159]. Although the composition and function of the urobiome remain incompletely understood, it is thought to contribute to resistance against pathogenic colonisation and recurrent infection.

In this context, intravesical therapy may offer both advantages and potential drawbacks. Localised drug delivery enables high antimicrobial concentrations at the site of infection while limiting systemic exposure, which may help preserve microbial communities at extra-urinary sites, such as the gut [68]. However, the impact of intravesical therapy on the urobiome itself is less clear. High local antimicrobial concentrations may disrupt resident bladder microbial communities, potentially leading to dysbiosis and altered susceptibility to future infection. In addition, repeated catheterisation may introduce exogenous microorganisms [10], further influencing urobiome composition.

Given the current limitations in understanding urobiome dynamics, further research is needed to determine how intravesical therapies affect microbial ecology within the bladder and whether this has clinically meaningful implications for infection recurrence and patient outcomes.

5. EMERGING THERAPEUTIC APPROACHES FOR TREATING CAUTI

Despite advancements in CAUTI management, significant gaps remain in research and clinical practice. Future studies should focus on innovative approaches to prevention and treatment, optimising non-antibiotic strategies, and improving patient outcomes. 

5.1 Innovative drug delivery systems

New drug delivery technologies aim to enhance the efficacy of antimicrobial agents while minimising systemic toxicity. Some approaches that are being investigated have shown promise.



5.1.1 Nano-carriers for intravesical drug delivery

Nanotechnology-based drug carriers can enhance the effectiveness of existing treatments by increasing antibiotic stability, release, and physiochemical properties, offering an opportunity for biofilm internalisation and enabling targeted drug delivery to the infection site [160]. Several nanoparticles made from a variety of materials, such as silver and polymers, have/are being investigated and demonstrate success [160]. 

For example, Skoll et al. [161] investigated the use of human serum albumin nanoparticles combined with wheat germ agglutin and olive oil as an intravesical carrier for trimethoprim and rifampicin. They found that the antibiotics were released from the nanoparticles following enzyme interactions, and had a higher affinity for urothelial cells, enabling enhanced uptake. Furthermore, the drug-loaded nanoparticles were found to have a higher efficacy than drug solutions. They concluded that this drug delivery vehicle is well tolerated and biocompatible, and could serve as an innovative and advanced treatment method for UTIs in the future, following further research.

Liposomes have also been used as nano-carriers to enhance drug delivery and efficacy of intravesical treatment. Their bilayer lipid structure enables them to adhere to the apical membrane of luminal bladder cells, while their vesicular form allows them to utilize the endocytosis pathway for uptake following instillation [162]. Liposomes have been demonstrated to improve the delivery of both hydrophilic and hydrophobic drugs, as well as toxins and oligonucleotides, across the bladder epithelium [162].

Research by Chuang et al. [163] evaluated the safety and efficacy of intravesical liposomes compared to oral pentosan polysulphate sodium for interstitial cystitis. They found no unanticipated adverse effects, and a significant decrease in urinary frequency, nocturia, pain, and urgency. Efficacy was similar to that of the oral pentosan polyphosphate sodium though. However, this study highlights the fact that intravesical liposomes are safe and well tolerated in the bladder, and provide a promising approach.

5.1.2 Hydrogels

Hydrogels consist of three-dimensional (3D) polymer networks formed by physical or chemical crosslinking of hydrophilic polymers [164]. They can absorb large amounts of water and swell while maintaining structural integrity, making them attractive drug delivery platforms, as illustrated in Figure 7 [165].

Figure 7: Hydrogels as drug carriers

In the context of intravesical therapy, hydrogels have gained increasing interest as intravesical drug reservoirs, where they can be instilled into the bladder in liquid form and subsequently form gels in situ. This allows prolonged retention of therapeutic agents within the bladder, reducing drug washout due to urine flow and improving local drug exposure. By acting as a sustained-release depot, hydrogels can enhance mucosal contact time, improve drug stability, and reduce the frequency of re-dosing required for conventional intravesical instillation approaches [164, 50]. 

Compared to conventional intravesical drug solutions, hydrogel-based systems address key limitations of bladder delivery, including short residence time, urine dilution, and poor mucosal penetration. These advantages arise from their mucoadhesive properties and ability to physically retain drugs within the bladder environment despite continuous urine production.

In addition to their role as intravesical drug delivery systems, hydrogels have also been extensively investigated as catheter surface coatings. For example, a poly(sulfobetaine methacrylate)-tannic acid (polySBMA-TA) hydrogel coating has demonstrated high antimicrobial loading capacity and pH-responsive release, effectively inhibiting bacterial colonisation and encrustation on urinary catheters [166].

Further work has focused on hydrogel coatings incorporating antimicrobial peptides or antibiotics to enable sustained local release at the catheter–urine interface, thereby reducing reliance on systemic therapy [50]. Fatty acid-containing poly(2-hydroxyethyl methacrylate) [p(HEMA)] hydrogels have also shown promise as antifouling and bactericidal catheter coatings, potentially reducing CAUTI incidence [167].

Collectively, hydrogel-based technologies represent a versatile platform for both intravesical drug delivery and catheter surface modification, offering complementary strategies to reduce the burden of CAUTIs and improve patient outcomes. 

5.2 Personalised medicine for treating CAUTI

Emerging research supports the integration of personalised medicine approaches in the treatment of CAUTIs, moving beyond standardised antibiotic protocols to strategies tailored to individual patient profiles. Understanding a patient’s unique urobiome and genetic predisposition to infections can facilitate more personalised therapeutic interventions.

Advancements in next-generation sequencing have enabled detailed characterisation of the urobiome, revealing its potential role in urinary tract infections [168]. This insight allows for targeted therapies that consider the specific microbial composition of each patient. For example, modulation of the host’s immune response or enhancement of the bladder’s innate defences with the use of probiotics.

In addition to microbiome-guided approaches, bacteriophage therapy represents another emerging personalised strategy. Phages can be selected based on the specific infecting strain, enabling highly targeted antibacterial activity through “phage matching” from characterised libraries [169]. This personalised selection process may be particularly relevant in recurrent or multidrug-resistant CAUTIs, where conventional antibiotics are limited by resistance patterns.

Together, these approaches highlight a shift towards precision urological infection management, where treatment is informed by both microbial composition and pathogen-specific susceptibility, rather than empirical antibiotic use alone. Probiotics may also contribute to this personalised framework by supporting restoration of beneficial microbial communities, however, evidence for their efficacy remains variable.

5.3 Combination therapies

While current knowledge highlights the potential success and safety of the use of IVAs like gentamicin as a potential alternative treatment to combat AMR, there is a lack of understanding about the most efficacious and cost-efficient formulations needed to enable widespread adoption. There is also significant opportunity to further reduce AMR through combination strategies that enhance antimicrobial efficacy. Such approaches may include antibiotic–antibiotic or antibiotic–adjuvant synergy, which can lower the minimum inhibitory concentration (MIC), improve penetration of E. coli biofilms, and enhance overall treatment effectiveness [170].

In addition, phage–antibiotic synergy (PAS) has emerged as a promising combination strategy in other bacterial infections, where bacteriophages and antibiotics act cooperatively to enhance bacterial killing [171]. This interaction may improve biofilm disruption, reduce bacterial load, and potentially limit the emergence of resistance by exerting multiple simultaneous selective pressures [171]. Although PAS has not yet been widely explored in CAUTI, its relevance to biofilm-associated infections suggest strong potential for future investigation in this context.


6. CONCLUSION

CAUTIs remain a persistent and costly challenge in modern healthcare, exacerbated by the rise of AMR and the limitations of current systemic antibiotic therapies. This review has highlighted the potential of intravesical treatments—both antibiotic and non-antibiotic—as a promising strategy to address these challenges by delivering high local drug concentrations directly to the site of infection, improving efficacy against biofilms, and reducing systemic antibiotic exposure.

While studies and case reports show encouraging results for intravesical antibiotics like gentamicin, amikacin, colistin, fosfomycin, and trimethoprim, broader clinical adoption is currently hampered by a lack of standardised treatment protocols, limited large-scale trial data, and uncertainties regarding long-term safety, drug formulation, and cost-effectiveness. Non-antibiotic intravesical approaches, including bladder irrigation with antiseptics, bacteriophage therapy, antimicrobial peptides, nanomaterials, and natural bioactive compounds, offer additional avenues to both prevent and manage infections. However, many of these approaches remain in experimental stages, and robust clinical evidence is urgently needed to clarify their roles.

Looking ahead, future research should prioritise the development of standardised protocols, conduct multicentre randomised controlled trials, explore advanced drug delivery systems, and integrate personalised medicine approaches tailored to individual patient and microbial profiles. In parallel, healthcare systems must address regulatory, logistical, and educational barriers to facilitate the safe and effective implementation of intravesical treatments in routine clinical practice.

In summary, while systemic antibiotics will likely remain essential in the management of UTIs, intravesical therapies represent a valuable complementary or alternative approach—particularly for CAUTIs—offering a targeted, localised strategy that may help preserve antibiotic efficacy, reduce resistance development, and improve patient outcomes. Embracing and refining these strategies will be critical as we navigate the challenges of infection control in an increasingly antimicrobial-resistant world.
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