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Urinary tract infections (UTIs) are among the most common bacterial infections worldwide, and recurrent 

episodes are frequently associated with biofilm formation by uropathogens. Biofilms reduce antimicrobial 

penetration, promote metabolic heterogeneity, and favor persister-cell survival, thereby contributing to 

recurrence and treatment failure. This critical narrative review evaluates the potential role of probiotics, 

particularly Lactobacillus spp., as adjunctive anti-biofilm strategies in UTI prevention and management. 

Experimental evidence suggests that probiotics may interfere with biofilm formation through competitive 

exclusion, antimicrobial metabolite production, quorum-sensing interference, and host immune modulation. 

However, clinical evidence remains limited and heterogeneous due to strain-specific effects, variable dosing 

regimens, inconsistent formulations, and the lack of large, multicenter, randomized trials with biofilm-specific 

endpoints. Overall, probiotics represent a promising adjunctive approach, but their clinical implementation 

requires standardized strain characterization, safety assessment, and robust clinical validation. This review 

identifies specific translational gaps and proposes a roadmap for future research, including priority questions 

on strain selection, postbiotic development, and personalized microbiome modulation. 
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ABSTRACT 

Graphical abstract. Probiotics 

(Lactobacillus spp.) inhibit 

uropathogen biofilms through 

competitive exclusion, 

antimicrobial metabolites 

(bacteriocins, organic acids, H₂O₂), 

quorum-sensing interference, and 

immune modulation. However, 

translational gaps (strain-specific 

effects, variable dosing, subjective 

endpoints, and a lack of large 

trials) remain. Clinical take-home: 

probiotics are a promising 

adjunctive but NOT a replacement 

for antibiotics. 
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Urinary tract infections (UTIs) are among the most frequent bacterial infections worldwide, affecting 

approximately 150 million individuals annually and imposing a substantial clinical and economic burden. 

UTIs typically arise from microbial colonization of the urethra, bladder, ureters, or kidneys, presenting with 

uncomplicated or complicated clinical manifestations depending on patient physiology and underlying clinical 

contexts 1,2. Women exhibit a significantly higher susceptibility due to anatomical configurations and 

hormonal variations; epidemiological estimates indicate that 50–70% of women experience at least one UTI 

episode during their lifetime, with 20–30% suffering from recurrent manifestations 3,4. While acute episodes 

frequently resolve with standard antibiotic regimens, recurrent infections remain a major clinical challenge 4.  

A primary mechanism driving uropathogenic persistence and recurrence is the capacity of microorganisms to 

form dense biofilms on both uroepithelial surfaces and indwelling urinary devices. Biofilms are structured 

microbial aggregates encapsulated within a self-produced matrix of extracellular polymeric substances (EPS), 

which functions as a physical shield against host immune clearance and antimicrobial agents 5. Within these 

biofilm architectures, resident bacteria undergo profound physiological adaptations, including metabolic shifts, 

activation of quorum-sensing networks, and differentiation of dormant persister cells, thereby enabling long-

term persistence and subsequent recrudescence 6. This biofilm-mediated recalcitrance is highly pronounced in 

catheter-associated urinary tract infections (CAUTIs) and in patients with chronic, relapsing infectious clinical 

histories 7.  

Conventional antibiotic therapies remain the frontline interventions for UTIs, but their therapeutic efficacy is 

increasingly compromised by the global dissemination of antimicrobial resistance (AMR), repeated antibiotic 

exposures, and the physical impediment posed by mature biofilms to drug diffusion. Multidrug-resistant 

(MDR) uropathogens, particularly extended-spectrum beta-lactamase (ESBL)-producing Escherichia coli and 

Klebsiella pneumoniae, are increasingly isolated in clinical settings globally 8,9. Furthermore, recurrent 

antibiotic administration disrupts the protective local microbiota, exacerbating patient susceptibility to 

reinfection 10. Consequently, there is an urgent need for alternative or adjunctive non-antibiotic strategies that 

can disrupt biofilm architecture and eradicate persistent microbial reservoirs. The clinical epidemiology, 

primary virulence determinants, and specific biofilm-mediated persistence mechanisms of these dominant 

uropathogens are comprehensively summarized in Table 1.  

 

Pathogen Epidemiology & Clinical Significance Primary Virulence Factors Biofilm & Persistence Mechanisms 

Uropathogenic E. 

coli (UPEC)13 

Accounts for 75% of uncomplicated 

and 65% of complicated UTIs; 

represents 70-85% of community-

acquired cases. 

Primary factors include type 1 

fimbriae (FimH), P fimbriae 

(PapG), hemolysin (HlyA), and 

CNF-1. 

Adhesins facilitate binding to bladder/kidney cells; iron acquisition via siderophores. 

Klebsiella 

pneumoniae14 

Key uropathogen in hospitalized, 

catheterized, and immunocompromised 

patients. 

A critical virulence factor is a large 

capsule that protects against 

phagocytosis and the complement 

system. 

Type 1 and 3 fimbriae support biofilm development on catheters; the presence of ESBL/carbapenem resistance. 

Proteus mirabilis15 Mostly encountered in complicated 

UTIs and CAUTIs. 

A classical factor is urease, which 

converts urea to ammonia and 

raises urine pH. 

Persistence is associated with swarming motility, fimbrial adhesins, and robust biofilm formation. 

 
INTRODUCTION 
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Pseudomonas 

aeruginosa16 

Primary opportunistic pathogen found 

in hospital infections. 

Flagella, type IV pili, exotoxin A, 

elastase, and pyocyanin facilitate 

tissue damage. 

Highly structured biofilms regulated by las and rhl quorum-sensing systems. 

Enterococcus 

faecalis17 

Associated with nosocomial and 

recurrent UTIs. 

Major factors include AS, Esp, and 

gelatinase. 

Intrinsic resistance to antibiotics and environmental stress facilitates long-term persistence. 

Staphylococcus 

saprophyticus18 

Common agent in UTIs for young, 

sexually active women. 

Surface proteins for uro-adherence, 

hemagglutinins, and urease. 

A moderate level of biofilm formation promotes colonization and persistence. 

Table 1. Clinical epidemiology, virulence determinants, and biofilm-mediated persistence of major uropathogens associated 

with urinary tract infections. Data summarized from references 13-18. Abbreviations: UPEC, uropathogenic Escherichia coli; 

CAUTI, catheter-associated urinary tract infection; ESBL, extended-spectrum beta-lactamase; EPS, extracellular poly-

meric substances; AS, aggregation substance; Esp, enterococcal surface protein. 

 

Although probiotics have been increasingly investigated as non-antibiotic or adjunctive strategies for UTI 

prevention, current evidence remains fragmented across in vitro assays, animal models, and heterogeneous 

clinical studies 11. Four critical gaps persist: (i) the clinical relevance of probiotic-mediated biofilm inhibition 

remains uncertain due to strain-specific effects; (ii) dosing, formulation, and delivery protocols vary widely 

across studies; (iii) most clinical trials rely on subjective symptomatic recurrence rather than objective biofilm-

related endpoints; and (iv) large-scale, multicenter randomized trials are lacking 12. This critical narrative 

review addresses these gaps by evaluating the anti-biofilm mechanisms of probiotics, synthesizing 

experimental and clinical evidence, and identifying the major translational barriers that must be overcome 

before probiotics can be considered reliable anti-biofilm interventions in UTI management. 

 

This critical narrative review was based on a literature search conducted in PubMed, Scopus, Web of Science, 

and Google Scholar for peer-reviewed studies published between January 2010 and February 2026. Search 

terms included "urinary tract infection", "recurrent UTI", "catheter-associated urinary tract infection", 

"biofilm", "uropathogens", "probiotics", "Lactobacillus", "anti-biofilm therapy", "urinary microbiome", and 

"antimicrobial resistance", combined with Boolean operators (AND/OR). Priority was given to original 

studies, randomized clinical trials, systematic reviews, meta-analyses, and mechanistic studies directly 

addressing probiotic-mediated inhibition of uropathogen biofilms. Additional studies were identified through 

manual screening of reference lists. Studies unrelated to UTIs, lacking relevance to probiotic-mediated biofilm 

inhibition, or focused exclusively on non-human contexts without translational relevance were excluded. 

Because this is a critical narrative review (not a systematic review), no formal meta-analysis or PRISMA flow 

diagram was performed. Evidence was synthesized narratively according to study type, biological mechanism, 

clinical relevance, and translational limitations. 

 

 

Predisposing Risk Factors for UTI and Biofilm Development  

 

Risk Factors  

Susceptibility to urinary tract infections is governed by an interplay of anatomical, clinical, and environmental 

variables. Female anatomy significantly elevates risk due to a shorter urethra (approximately 3–4 cm), which 

minimizes the physical distance uropathogens must traverse to colonize the bladder epithelium 19. Indwelling 

urinary catheters represent another critical risk factor, being implicated in up to 80% of complicated UTIs, 

with the daily probability of developing bacteriuria rising by 3–7% for each day the device remains in place 
20.  

Clinical comorbidities like diabetes mellitus further compound susceptibility; elevated glucose levels within 

the urine optimize bacterial proliferation, while concurrent autonomic neuropathy can cause incomplete 
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bladder emptying, facilitating urinary stasis 21. Immunocompromised populations, including individuals with 

HIV, oncology patients, and transplant recipients, experience elevated rates of infection by atypical, highly 

resistant organisms that frequently display masked clinical presentations 22. Furthermore, repeated exposures 

to empirical antibiotic cycles exert selective evolutionary pressures that accelerate the emergence of 

multidrug-resistant strains, such as MDR E. coli, severely complicating subsequent clinical resolution 23.  

 

Biofilm Formation and Characteristics  

Biofilms are highly organized, multicellular microbial communities that adhere to biotic or abiotic surfaces 

and are embedded within a self-secreted extracellular polymeric substance (EPS) matrix. This matrix is 

functionally composed of polysaccharides, structural proteins, extracellular DNA (eDNA), and lipids 24. 

Within the urogenital tract, biofilms develop on the urinary bladder epithelium, indwelling urethral catheters, 

and related prosthetic medical devices 25. The structural integrity of the EPS matrix provides robust mechanical 

stability while protecting nested bacterial populations against mechanical shear, host humoral and cellular 

immunity, and systemic antibiotic therapies 26. The primary uropathogens associated with biofilm-mediated 

UTIs include uropathogenic Escherichia coli (UPEC), Klebsiella pneumoniae, Proteus mirabilis, 

Pseudomonas aeruginosa, and Enterococcus faecalis 27.  

 

Stages of Biofilm Development  

The cyclical architecture of biofilm development proceeds through four distinct, highly regulated operational 

phases: initial attachment, microcolony formation, maturation, and active dispersion 28. The sequential 

progression of these developmental stages on the urinary bladder epithelium is diagrammed in Figure 1.  

 

Initial Adhesion  

The primary stage involves the transition of free-living planktonic bacterial cells to a surface interface. This 

initial attachment is tentative and reversible, mediated by nonspecific physicochemical forces (including van 

der Waals, hydrophobic, and electrostatic interactions) and by bacterial surface appendages such as flagella, 

pili, and fimbriae. Under favorable environmental conditions, the bound cells initiate EPS synthesis, thereby 

cementing irreversible attachment. Local environmental parameters, including ambient temperature, 

hydrodynamic flow, and pH, strongly influence this early adhesive phase 29.  

 

Microcolony Formation  

Following irreversible attachment, localized cells undergo binary fission and aggregate into clustered cellular 

assemblies that secrete additional matrix components to construct distinct microcolonies. During this phase, 

intercellular communication via small signaling molecules termed quorum sensing becomes highly active, 

enabling the coordinated transcriptional regulation of genes required for structural stability and matrix 

maintenance 28.  

 

Maturation  

Continuous cell division and structural EPS secretion drive the development of the microcolonies into 

complex, three-dimensional mature biofilm architectures. These mature communities possess macro-

structural characteristics like "mushroom-shaped" cellular towers interlaid with open fluid channels that 

facilitate nutrient delivery to deep-layer cells and the outward removal of metabolic waste products. Bacteria 

housed within these mature structures exhibit elevated resistance to environmental stressors, antimicrobials, 

and host defenses 28.  
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Dispersion  

The final terminal phase involves active cellular detachment, in which specific bacterial subpopulations escape 

the matrix and revert to a motile, planktonic lifestyle to colonize downstream sites and reinitiate the infectious 

cycle. This dispersion is a highly controlled physiological response triggered by distinct environmental cues, 

enzymatic matrix degradation, and internal metabolic alterations that compromise the matrix's mechanical 

integrity, thereby facilitating cell egress 28,30.  

 

 

Figure 1. Sequential stages of biofilm formation on the urinary bladder epithelium. The four phases are: (1) Initial 

attachment (reversible adhesion via flagella/pili); (2) Microcolony formation (irreversible adhesion, EPS secretion, cell 

division); (3) Maturation (3D architecture with fluid channels for nutrient distribution); and (4) Dispersion (active 

detachment, planktonic escape, reinitiation of infection). Biofilm-embedded cells exhibit increased tolerance to antibiotics 

and host immune defenses. 

 

Pathogenic Persistence vs. Therapeutic Limitations  

  

Role of Biofilms in Recurrent UTIs  

The capacity for biofilm formation is a major virulence factor dictating infectious recurrence, shielding 

uropathogens from both standard antibiotic concentrations and host cellular immunity 31. Within the biofilm 

microenvironment, bacterial cells undergo significant phenotypic variation, characterized by altered metabolic 

activity, reduced proliferation rates, and increased rates of horizontal gene transfer, thereby amplifying 

antibiotic tolerance 32. Furthermore, the capacity of certain strains, such as UPEC, to form specialized 

intracellular bacterial communities (IBCs) and enter quiescent intracellular reservoirs within the bladder 

epithelium enables long-term evasion of clinical interventions. Consequently, clinical relapses frequently stem 

from the resurgence of the initial persistent strain rather than separate exogenously acquired reinfections 33.  

 

Catheter-Associated Biofilms  

Catheter-associated urinary tract infections (CAUTIs) represent a major clinical subset of biofilm-driven 

urogenital pathologies. Indwelling medical devices provide optimal synthetic surfaces for rapid microbial 

attachment and biofilm formation 34. Established catheter biofilms exhibit severe resistance to chemical 

eradication, frequently mandating invasive device replacement. Furthermore, specific uropathogens such as 

Proteus mirabilis secrete high levels of urease, which hydrolyzes urinary urea into ammonia; the resulting 
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elevation in urine pH triggers the precipitation of magnesium and calcium phosphates, culminating in 

structural catheter encrustation and the formation of crystalline urinary calculi 35. Despite extensive 

understanding of these biological systems, standard clinical paradigms remain focused on eliminating 

circulating planktonic targets rather than destabilizing the protective matrix, thereby driving interest in 

adjunctive biofilm-disrupting candidates such as probiotics 36, 37.  

 

Limitations of Conventional Antibiotic Therapy  

Conventional antimicrobial agents are optimized to target active, planktonic bacterial metabolic pathways and 

exhibit poor efficacy against structural biofilms. The dense EPS layer acts as a physical and chemical barrier 

that slows or blocks antibiotic diffusion, leading to sub-lethal sub-inhibitory drug concentrations within deep 

biofilm layers. Concurrently, the deeper resident cells are metabolically quiescent or slow-growing, rendering 

them highly insusceptible to drugs that target active cell division or cell wall synthesis 5, 38.  

A distinct subpopulation of these dormant cells, termed persisters, displays extreme non-genetic drug tolerance; 

upon cessation of antibiotic therapy, these cells resume active metabolic states and re-populate the site, causing 

clinical relapses 30, 39. This cycle is worsened by the global rise of true genetic resistance, including ESBL-

producing E. coli and carbapenem-resistant K. pneumoniae. Frequent empirical antibiotic use accelerates this 

selective pressure 8, 40. Additionally, the systematic use of antibiotics induces collateral dysbiosis in the host's 

indigenous vaginal, urinary, and intestinal microbiomes. The depletion of protective commensal Lactobacillus 

populations removes natural competitive barriers, increasing patients' susceptibility to recurrent infections and 

prolonged hospitalizations 41, 42. This highlights the need for non-antibiotic adjunctive strategies 1, 43.  

While antibiotics have been used successfully to manage acute infections, they cannot address the biofilm 

architecture of chronic infections. Due to the above limitations, research has increasingly focused on 

developing alternative treatments that inhibit biofilm formation without affecting the host's natural 

microbiome 44, 45. 

 

Probiotics as an Anti-Biofilm Strategy in UTIs  

 

Rationale for Probiotic Intervention  

Probiotics are defined as live microorganisms that, when administered in adequate quantities, confer health 

benefits upon the host. Within urology, their use is evaluated as a non-antibiotic adjunctive or prophylactic 

strategy to mitigate UTI recurrence rates without disrupting systemic microbial ecology 46, 47. Because the 

depletion of indigenous urogenital Lactobacillus populations strongly correlates with elevated pathogen 

colonization, the therapeutic reintroduction of these beneficial species is hypothesized to reconstitute a 

functional biological barrier against uropathogenic persistence 48.  

 

Role of the Normal Urogenital Microbiome  

The female urogenital microbiome provides a critical baseline defense against opportunistic pathogens. 

Healthy vaginal and distal urethral environments are typically dominated by specific Lactobacillus species, 

including L. crispatus, L. gasseri, L. jensenii, and L. rhamnosus 49. These commensal strains maintain a low 

local pH through lactic acid production, compete directly for epithelial adhesion receptors, and synthesize 

specialized antimicrobial secondary metabolites that actively suppress uropathogenic expansion 50. 

Disruptions to this homeostatic microbial balance directly predispose the host to recurrent infectious 

colonization.  
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Mechanisms of Probiotic Anti-Biofilm Activity  

Probiotics deploy a multi-targeted physiological approach to hinder uropathogenic colonization and 

destabilize existing biofilm matrices. The primary biochemical pathways comprising competitive exclusion, 

antimicrobial metabolite production, quorum sensing interference, and immunomodulatory signaling are 

schematically conceptualized in Figure 2.  

 

Figure 2. Multi-targeted mechanisms of probiotic-mediated biofilm inhibition in the urinary tract. Probiotics, primarily 

Lactobacillus spp., interfere with uropathogen biofilms through four complementary pathways: (1) Competitive exclusion 

— Probiotic cells adhere to epithelial receptors, physically blocking pathogen attachment. (2) Antimicrobial metabolite 

production — Secretion of bacteriocins, organic acids, and hydrogen peroxide (H₂O₂) disrupts pathogen viability and matrix 

integrity. (3) Quorum-sensing (QS) interference — Degradation of autoinducer molecules suppresses virulence gene 

expression and biofilm maturation. (4) Immune modulation — Activation of toll-like receptors (TLRs) in the urothelium 

enhances local phagocytic activity (macrophage recruitment) while maintaining tissue homeostasis via anti-inflammatory 

signaling. 

 

Competitive Exclusion of Uropathogens  

Probiotics directly compete with invading uropathogens for localized physical attachment sites. Select strains 

of Bifidobacterium and Lactobacillus can adhere tightly to the mucosal epithelium, establishing a physical 

"colonization barrier" that prevents pathogens from accessing and anchoring to the host tissue 52. By physically 

blocking these surface docking sites on both biotic and abiotic surfaces, probiotics disrupt initial attachment, 

the requisite first step in biofilm development. This competitive exclusion process is mediated primarily by 

specialized cell-surface binding proteins located on the outer membranes of the probiotic cells 53.  

 

Production of Antimicrobial Metabolites  

Probiotics synthesize diverse metabolic byproducts that disrupt uropathogenic viability and matrix cohesion. 

Specific lactic acid bacteria, including L. rhamnosus and L. acidophilus, produce biosurfactants, amphiphilic 

surface-active compounds that lower surface tension on host membranes and abiotic devices, impeding initial 

bacterial anchoring 54. Purified biosurfactants isolated from L. acidophilus have demonstrated more than 50% 
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biofilm inhibition in vitro against UPEC, S. aureus, and E. faecalis, while those from L. fermentum B54 exhibit 

potent anti-adhesive activity against diverse clinical uropathogens 55.  

Concurrently, probiotics ribosomally synthesize bacteriocins, antimicrobial peptides with targeted or broad-

spectrum bactericidal properties. These peptides suppress the expression of biofilm-associated genes, disrupt 

quorum-sensing communication, and penetrate mature matrices to induce targeted cell lysis, reducing total 

biofilm biomass 56, 57. Furthermore, probiotic anaerobic metabolism produces short-chain organic acids (lactic, 

acetic, propionic, and butyric) that lower the local pH. This acidic environment disrupts uropathogenic 

membrane potential, inhibits enzymatic pathways, and destabilizes the structural EPS matrix 58, 59. The 

concurrent production of hydrogen peroxide and specialized exopolysaccharides further destabilizes existing 

matrices and inhibits the growth of competitive uropathogens 60.  

 

Quorum Sensing (QS) Inhibition  

Quorum sensing (QS) is the density-dependent chemical signaling mechanism utilized by bacteria to 

coordinate group behaviors, virulence factor expression, and biofilm maturation once population thresholds 

are met. Disruption of these signaling networks represents a major non-lethal antibiofilm mechanism 61. 

Probiotic lactic acid bacteria produce organic acids, bacteriocins, and bioactive fractions that degrade or 

reduce the concentration of uropathogenic autoinducers. By quenching these inter- and intra-species 

communication signals, probiotics suppress biofilm development and virulence gene expression, rendering 

pathogens more vulnerable to host immune clearance and exogenous antimicrobials without imposing direct 

selective pressures for resistance traits 62, 63.  

 

Modulation of Host Immune Responses  

Probiotics also exert protective actions by modulating local mucosal immune responses within the host 

urogenital tract. Selected Lactobacillus strains upregulate signaling cascades through host toll-like receptors 

(TLRs) in the urothelium, inducing a controlled secretion of proinflammatory cytokines that enhance the 

recruitment and activity of local phagocytic cells to clear adhering uropathogens 64, 65. Simultaneously, these 

strains stimulate anti-inflammatory counter-signaling pathways to maintain tissue homeostasis, preventing 

excessive immunopathology and mucosal tissue damage while preserving long-term defense efficacy and 

reducing symptomatic recurrence rates. However, while these discrete molecular mechanisms are well 

supported by in vitro assays, their successful clinical translation remains variable due to profound strain-

specific variations, host microbiome interactions, and formulation-viability constraints 66, 67.  

Synthesis of Evidence and Translational Gaps  

 

In Vitro, In Vivo, and Clinical Evidence  

In vitro investigations provide robust mechanistic verification that Lactobacillus and Bifidobacterium strains 

can suppress initial cell attachment, reduce total biofilm biomass, and disrupt density-dependent quorum-

sensing networks on abiotic surfaces 68. However, these simplified models do not replicate the chemical and 

mechanical complexities of the human urinary tract, including continuous urine flow, volatile solute 

compositions, fluctuating host immune factors, and polymicrobial biofilms 69. In vivo evaluations using 

murine models and advanced 3D-bioprinted catheters have shown sustained colonization with the probiotic L. 

rhamnosus under active flow, alongside reduced inflammatory tissue damage. Nonetheless, animal models 

often fail to mirror human urinary microbiome profiles, chronic recurrence timelines, and long-term clinical 

safety profiles 70.  
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Human clinical trials evaluating probiotic interventions for recurrent UTIs remain limited and show mixed 

results. While select randomized controlled trials report reduced recurrence rates and prolonged infection-free 

intervals in cohorts receiving combined oral and vaginal probiotic strains, wide clinical heterogeneity exists 
71. Most completed clinical trials suffer from small sample sizes, short follow-up periods, and a reliance on 

subjective symptomatic recurrence endpoints rather than objective, direct biofilm-related outcomes (such as 

biomass reduction or persister-cell eradication) 72. Regarding safety, probiotics are well-tolerated, with minor 

gastrointestinal symptoms, though caution is warranted in severely immunocompromised individuals, given 

the potential risk of horizontal antibiotic resistance gene transfer and the need for product quality 

standardization. A critical evaluation of these data across different experimental models is consolidated in 

Table 2.  

 

Study Evidence 

Type 

Model/Population Probiotic Strain / 

Intervention 

Biofilm-Specific 

Endpoint 

Main 

Finding 

Main 

Limitation 

Mahgoub et al. 68 In vitro Urinary catheter 

sections 

Lactic acid bacteria 

(LAB) strains 

Catheter 

colonization and 

biomass 

accumulation 

Reduced 

catheter 

biofilm 

formation 

Restricted to 

artificial 

laboratory 

conditions 

Nair et al. 69 In vitro Static microtiter 

assays 

Vaginal 

Lactobacillus 

metabolites 

(Tryptamine) 

Biofilm matrix 

viability and 

gene expression 

Reduced 

UPEC biofilm 

cell viability 

Lacks 

validation in 

human clinical 

systems 

Kyser et al. 70 Animal Murine model with 

3D-bioprinted 

catheters 

Lactobacillus 

rhamnosus 

In vivo catheter 

colonization and 

bladder recovery 

Sustained 

probiotic 

colonization 

under flow 

Animal data 

exhibit limited 

translational 

fidelity 

Gupta et al. 71 Clinical 

trial 

Adult female 

patients 

Combined oral and 

vaginal probiotics 

Symptomatic 

clinical 

recurrence rates 

Reduced 

recurrence 

frequency and 

delayed onset 

Small patient 

cohort with 

brief follow-up 

New et al. 72  Systematic 

review 

Pooled human 

clinical trials 

Heterogeneous multi-

strain regimens 

Variable clinical 

outcomes across 

trials 

Mixed 

findings with 

modest 

reduction in 

risk 

High 

heterogeneity 

in strains and 

dosing 

Table 2. Critical evaluation of experimental and clinical evidence on probiotic-mediated anti-biofilm effects against 

uropathogens. Studies are organized by model complexity (in vitro, animal, clinical) and chronological order. Each row 

includes the corresponding reference number in Vancouver style 68–72. The table highlights the main findings alongside key 

translational limitations, underscoring the heterogeneity in strains, endpoints, and study quality that currently prevents 

clinical adoption of probiotics as definitive anti-biofilm agents. 
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Translational Challenges and Limitations  

Several critical factors restrict the routine clinical application of probiotics for biofilm-associated UTIs:  

• Strain Specificity and Functional Diversity: Probiotic efficacy is highly strain-specific. 

Antimicrobial, anti-biofilm, and adhesion capabilities vary significantly even within the same species, 

meaning results from one strain cannot be generalized to others. Relying solely on genus and species 

names for therapeutic claims is scientifically inadequate for infection control 73, 74.  

• Dosing and Formulation Hurdles: Inconsistent dosing regimens and treatment periods across studies 

hinder comparative analysis. Furthermore, probiotic viability is often compromised by manufacturing 

stress, oxygen exposure, temperature fluctuations, and gastric acidity before reaching the target site. 

While new encapsulation technologies are emerging, their efficacy remains variable 75, 76.  

• Regulatory Complexity: In many regions, probiotics are classified as dietary supplements rather than 

pharmaceuticals, allowing for less stringent clinical trial requirements prior to marketing. This lack of 

standardized oversight leads to variability in product quality, strain authentication, and clinical 

reliability 77, 78.  

• Insufficient Large-Scale Evidence: Current clinical evidence is predominantly based on small, 

single-center studies with high variation in design and endpoints. Most trials focus on symptomatic 

recurrence rather than direct biofilm-related outcomes, such as biomass reduction or persister cell 

eradication 79.  

Transitioning probiotics from experimental supplements to standard anti-biofilm therapies requires rigorous, 

multi-center randomized controlled trials (RCTs) and improved standardized frameworks for strain selection 

and dosing 80.  

 

Future Perspectives and Emerging Strategies  

 

Advanced Biotic Frameworks: Synbiotics and Postbiotics  

The evolution from single-strain probiotics to synbiotics and postbiotics represents a strategic shift toward 

enhancing colonization resistance. Synbiotics utilize fermentable sources to selectively promote probiotic 

viability and metabolic activity within the urogenital tract, potentially managing bacterial resistance and 

reducing recurrence 81, 82. More critically, postbiotics comprising inert microorganisms or their metabolic 

byproducts offer a safer, highly stable alternative for immunocompromised patients. These metabolites can 

effectively inhibit biofilm production and virulence gene expression without the safety risks associated with 

live bacterial translocation 83.  

Probiotic-Derived Molecules as Precision Antibiofilm Agents  

The isolation of specific bioactive substances, such as biosurfactants and quorum-sensing inhibitors, allows 

for therapeutic intervention without the unpredictability of whole-cell therapies. Recent mechanistic evidence 

highlights that Lactobacillus-derived metabolites can inhibit efflux pumps and eradicate persister cells, which 

are the primary drivers of treatment failure in chronic UTIs 54, 84. Developing these purified molecules into 

pharmaceutical-grade agents could improve dosing precision and regulatory oversight compared to traditional 

probiotics 85.  

 

Synergy through Combination Therapy  

Combining probiotics or their derivatives with conventional antibiotics addresses the physical barrier of the 

biofilm matrix. Probiotics enhance antibiotic efficacy by altering local pH, disrupting pathogen adhesion, and 

increasing intracellular drug uptake. Although combination strategies involving probiotics, probiotic-derived 
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molecules, and antibiotics are promising, current clinical evidence remains insufficient to establish probiotics 

as a standardized adjunctive anti-biofilm therapy for UTIs 12, 86. Furthermore, this synergy may reduce the 

total antibiotic load required, potentially minimizing the selective pressure for antimicrobial resistance 8.  

 

Precision Medicine and Personalized Microbiome Management  

Advancements in 16S rRNA and metagenomic sequencing are shifting UTI management toward a 

personalized model. Metatranscriptomic profiling has revealed significant inter-patient variation in microbial 

makeup and metabolic activity, which influences individual predisposition to recurrent infections 87, 11. 

Identifying these unique microbial signatures enables targeted microbiome modulation, moving away from 

"one-size-fits-all" probiotic treatments toward high-resolution, predictive patient care 42, 11.  

 

Limitations of This Review 

This narrative review has several limitations. First, the absence of a formal systematic review protocol (e.g., 

PRISMA) means that the search strategy, inclusion/exclusion criteria, and quality assessment of primary 

studies were not standardized, potentially introducing selection bias. Second, the heterogeneity of probiotic 

strains, dosing regimens, and clinical endpoints across the included studies precluded quantitative meta-

analysis. Third, most in vitro and animal studies reviewed lack direct clinical validation. Fourth, the review 

did not include non-English language studies or unpublished clinical trial data. These limitations underscore 

the need for future systematic reviews and meta-analyses as more high-quality randomized controlled trials 

become available. 

 

 

 

 

Biofilm-associated urinary tract infections remain a significant clinical challenge due to their inherent 

resistance to conventional antibiotics and high recurrence rates. Probiotics, particularly Lactobacillus spp., 

offer a biologically sound, multi-pronged alternative strategy by blocking pathogen adhesion, producing 

antimicrobial metabolites (bacteriocins, organic acids, and biosurfactants), interfering with quorum sensing, 

and modulating host immune defenses. 

However, probiotics should currently be considered promising adjunctive candidates rather than validated 

anti-biofilm therapeutics for UTI management. The current evidence is limited by four major translational 

barriers: (i) strain-specific functional diversity; (ii) inconsistent dosing and formulation; (iii) lack of regulatory 

standardization; and (iv) insufficient large-scale clinical trials with biofilm-specific endpoints. 

Key unresolved questions for future research include: 

1. Which specific probiotic strains demonstrate consistent anti-biofilm activity against UPEC and other 

uropathogens in validated ex vivo and in vivo models? 

2. What are the minimum effective concentrations and optimal dosing regimens for Lactobacillus-

derived postbiotics to disrupt mature biofilms? 

3. Can urinary biomarkers (e.g., sIgA, lactoferrin, calprotectin) predict individual patient response to 

probiotic prophylaxis? 

4. Do probiotics combined with low-dose antibiotics reduce total antibiotic exposure and selective 

resistance pressure without increasing recurrence risk? 

 

 
CONCLUSIONS 
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Clinical take-home message: For now, probiotics are not a replacement for antibiotics in active UTI 

treatment. Their most promising role is in recurrence prevention among women with recurrent UTIs, 

particularly as adjuncts to antibiotic therapy or in patients with contraindications to long-term antimicrobial 

suppression. Routine clinical adoption requires strain-level characterization, standardized dosing, robust 

safety assessment (especially in immunocompromised patients), and large multicenter trials using biofilm-

relevant endpoints. 

Ultimately, transitioning probiotics from supplemental status to a validated drug class for biofilm-targeting 

therapies will require bridging the gap between mechanistic discovery and standardized clinical outcomes, 

with support from high-resolution metagenomic and metatranscriptomic profiling to enable personalized 

microbiome management. 
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