Effectiveness of probiotic cleaners in healthcare facility built environments: A systematic scoping review
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Abstract
Healthcare-acquired infections (HAIs) impose a substantial global burden on healthcare systems and contribute to the growing threat of antimicrobial resistance (AMR). Environmental cleaning is a critical component of infection prevention, yet conventional chemical disinfectants have several drawbacks. Probiotic cleaning solutions—formulations leveraging beneficial Bacillus species to colonize surfaces, act as detergents, and outcompete harmful microbes—have emerged as a novel, biologically-based alternative. We conducted a systematic scoping review to (1) describe types of probiotic formulations tested in healthcare built environments and (2) evaluate their effectiveness against ESKAPEE pathogens, AMR pathogens, and HAIs. We searched PubMed, Scopus, and Embase and screened 3,034 unique studies, identifying eleven eligible studies representing nine datasets. Studies were conducted primarily in hospitals, with most employing uncontrolled or controlled pre-post designs; one was a cluster-randomized crossover trial. All probiotic formulations were commercial products containing Bacillus spp. Reporting quality was variable, and statistical testing was applied inconsistently. Across datasets, probiotic cleaners demonstrated superior or equivalent performance compared to conventional cleaning. Most studies reported reductions in ESKAPEE pathogens, AMR pathogens, or both; two datasets demonstrated mixed results across study sites or time points. No study found consistently unfavorable outcomes. Two datasets reported on HAIs, with one finding significant reductions after 6 months of probiotic cleaning and the other finding no significant differences between the probiotic, detergent, and disinfectant arms. Evidence is tentatively favorable but limited by weak study designs, poor reporting, and potential conflicts of interest. More rigorous, randomized, and transparently reported trials are needed to determine whether probiotic cleaners provide a robust, reliable alternative for pathogen control and HAI prevention in healthcare settings.
Introduction
Healthcare-acquired infections (HAIs) impose a significant burden on health systems. The global prevalence of HAIs ranges from 7–10% of hospitalized patients in high-income countries to as high as 15% in low- and middle-income countries [1]. HAIs significantly increase hospital length of stay, result in billions of dollars in preventable medical expenses, and contribute to the development of antimicrobial resistance (AMR) [2–4].
Environmental cleaning is a critical component of infection prevention and control in healthcare settings. Contamination on surfaces within the built environment, particularly high-touch surfaces, is a key reservoir of pathogens that cause HAIs, and adequate cleaning substantially reduces the risk of transmission [5–7]. Healthcare facilities have traditionally relied on chemical disinfectants for surface cleaning and disinfection. Chemical disinfectants can be highly effective, but they have several drawbacks. Chemically disinfected surfaces may be rapidly recolonized, and chemical disinfectants alone do not tend to provide sustained microbial control [8]. Chemical disinfectants can contribute to the development of AMR, as chemically disinfected surfaces offer a low-competition environment for AMR pathogens to multiply and recolonize [9]. Chemical disinfectants are also less effective against biofilm-associated pathogens than other detergent or enzyme-based alternatives [10].
Probiotic cleaning solutions have emerged as a novel, biologically-based alternative to conventional disinfectants. Probiotic cleaners are formulations that leverage beneficial microbes to colonize surfaces, act as detergents, and outcompete harmful microbes. Such formulations often use Bacillus species [11–13].  Probiotic species produce enzymes that act as surfactants that can breakdown surface biofilms more effectively than disinfectants [10]. In this way, probiotic cleaners aim to establish and maintain a stable microbiome of benign microbes in the built environment, rather than to cycle through decontamination and recontamination by pathogenic microbes.
Probiotic cleaning solutions that leverage these beneficial bacteria are commercially available and show promise as safe and effective approaches to controlling pathogens and HAIs within healthcare settings, while promoting holistically healthy microbial ecosystems in the built environment. However, most evidence comes from controlled laboratory settings, and regulatory frameworks are still evolving. Evidence synthesis for applications in healthcare settings is lacking, which is problematic because these are where probiotic cleaners are most likely to have the greatest impact. We conducted a systematic scoping review of the applications of probiotic cleaners for controlling pathogens and AMR in environments. 
[bookmark: _Toc181102141]Methods
[bookmark: _Toc181102142]Objectives and scope
Our research objectives were to (1) describe types of probiotic cleaning formulations that have been tested in healthcare environments, and (2) evaluate the effectiveness of probiotic cleaners against the proliferation of pathogenic and AMR microbes in healthcare environments and associated HAIs.
For our second objective, we assessed the effectiveness of control for the following pathogens: Enterococcus, Staphylococcus, Klebsiella, Acinetobacter, Pseudomonas, Enterobacter, and Escherichia (collectively referred to as ESKAPEE pathogens). ESKAPEE pathogens are the most clinically relevant for infection prevention and control, as they are highly virulent, cause a high proportion of HAIs, and are the genera commonly associated with AMR [14,15]. We also considered the control of antimicrobial-resistant pathogens across any genus, given their high clinical significance.
Reporting	
We adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 guidelines for reporting this systematic scoping review [16]. This protocol was pre-registered in the Open Science Framework database (https://doi.org/10.17605/OSF.IO/YXTQV ).
[bookmark: _Toc181102144]Search strategy
We searched PubMed (National Library of Medicine), Scopus (Elsevier), and Embase (Elsevier) databases on October 3, 2025, using both controlled vocabulary and keyword terms for four concepts: (1) cleaning technology terms, (2) pathogen terms,  (3) probiotic terms, and (4) healthcare facility and built environment terms. All searches were conducted from database inception through the present, without filters for date or language. Reviews, editorials, commentaries, and animal studies were removed from the search. Supplementary File 1 presents the full search strategies for each database.
[bookmark: _Toc181102146]Inclusion and exclusion criteria
We included studies that reported the effects of probiotic cleaners on the quantity of ESKAPEE and AMR pathogens in the healthcare built environment, or their relative abundance within microbiomes. We also included studies reporting the effects of probiotic cleaners on HAIs caused by any pathogen. 
We defined the healthcare built environment to include man-made surfaces and fixtures permanently affixed to the healthcare facility (e.g., walls, doorknobs, countertops), and non-invasive, non-living objects within the facility. For example, we classified crash carts, bed rails, and imaging machines as components of the built environment, whereas scalpels, scopes, and catheters were not. We included both clinical and non-clinical spaces within healthcare facilities. We defined healthcare facilities as institutions with the primary purpose of delivering medical services, including specialized care (e.g., dialysis and dental clinics).
We excluded therapeutic applications of probiotics (e.g., ingestion for the treatment of gastrointestinal conditions). We excluded applications of probiotic cleaners in institutional settings that provide some medical care but whose primary purpose is non-medical (e.g., schools or residential group homes with nurses on staff). 
We included only English-language studies, with no restrictions on publication date. We excluded reviews, commentaries, op-eds, conference abstracts with no associated full-text manuscript, and other article types that did not present primary data. Otherwise, all study designs were eligible for inclusion.
[bookmark: _Toc181102147]Screening
Two reviewers independently screened each study at the title-abstract level. Where screening results differed, a third reviewer resolved conflicts. Full texts of articles that passed the title and abstract screening were screened following the same procedure. We removed duplicate references using Endnote (Clarivate, Philadelphia, USA) and managed screening using Covidence software (Veritas Health Innovation, Melbourne, Australia).
[bookmark: _Toc181102148]Full-text data extraction
Reviewers extracted data using an Excel form. We piloted the extraction form on a sample of three studies before deploying it for final use. Two reviewers extracted each included study and compared results for discrepancies. We extracted information on the following variables: bibliographic details; setting (e.g., geographic location, healthcare facility type); study design; probiotic cleaner formulation and application; control/comparison group; and effectiveness outcomes for control of ESKAPEE pathogens, AMR pathogens, and HAIs.
[bookmark: _Toc181102149]Data synthesis
Our primary outcomes of interest for assessing effectiveness were changes in the quantity of ESKAPEE and AMR pathogens on built-environment surfaces, changes in the relative abundance of ESKAPEE and AMR pathogens within the built environment, and changes in HAIs. Included studies lack sufficient homogeneity in study designs and effectiveness measures to conduct a meaningful meta-analysis. We therefore synthesized our results using a narrative summary.
[bookmark: _Appendix_3_Table][bookmark: _Toc181102151]Results
Characteristics of included studies
Our search yielded 4416 studies, of which 3034 were unique. After screening, we included eleven eligible studies (Figure 1) [17–27]. Three studies used the same dataset from a trial implemented in five hospitals in Italy and reported the same outcomes for control of ESKAPEE and AMR pathogens and HAIs [19,20,26]. To avoid duplicate results, we aggregated these three studies when applicable and referenced only the most recent publication reporting the relevant outcome.
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Figure 1. PRISMA flow diagram of studies included in our systematic scoping review of the effectiveness of probiotic cleaners in healthcare facility built environments

Study contexts and experimental designs
The nine datasets were generated from studies in Italy (n=5), Germany (n=2), the United Arab Emirates (n=1), and a multi-country study with sites in Italy and Belgium (n=1). All datasets were generated in hospital wards or units, except one, which was conducted in dental clinics [17]. Among hospital-based datasets, seven were generated in inpatient, non-pediatric, non-intensive care units or wards (most commonly internal medicine) [18,21–24,26,27], and one was generated in the triage room of an emergency department and the rooms of suspected COVID-19 patients [25]. We attempted to extract and synthesize trends in healthcare facility characteristics (management, level of care, patient volume) but found that this contextual information was not provided by most studies.
Four datasets (used in six studies [17–20,26,27]) were funded in whole or in part by the product manufacturer. Three datasets (used in three studies [22–24]) were funded by a neutral third party, and two datasets did not disclose the funding source (used in two studies [21,25]).
Study designs were primarily controlled or uncontrolled pre-post evaluations (Table 1). Overall, we found weak reporting of comparators. At control sites, little to no details about cleaning practices were provided. Studies described  “routine,” “maintenance,” or “daily” cleaning of surfaces, with little additional detail. Where described, the most common active ingredient for conventional cleaning was sodium hypochlorite. While six studies reported enrolling control sites, we found that outcomes were often reported only for intervention sites, and no direct comparison was made with control sites. For example, the five-hospital trial in Italy recruited a sixth control hospital to compare HAI outcomes. The methods also describe sampling of ESKAPEE and AMR pathogen outcomes in the control hospital, but the results were not reported in any of the three studies [19,20,26]. 
Table 1. Outcomes assessed, study contexts, and study designs across included studies. ESKAPEE = Enterococcus, Staphylococcus, Klebsiella, Acinetobacter, Pseudomonas, Enterobacter, and Escherichia pathogens. AMR = antimicrobial-resistant pathogens and/or antimicrobial resistance genes. HAI = healthcare-acquired infections. *Indicates studies using the same dataset
	Study
	Outcomes assessed
	Study context and sample size
	Study design and control group details

	Al-Marzooq et al 2018
	ESKAPEE, AMR
	Dental hospital (n=1); dental clinics (n=3, 1 probiotics intervention clinic, 2 control clinics) selected from the hospital
	Controlled pre-post study. Baseline outcomes were assessed in all clinics during a conventional cleaning period. Probiotics were applied in 1 clinic; 2 control clinics continued conventional cleaning. Outcomes were reassessed at two and three weeks.

	Caselli et al 2016
	ESKAPEE, AMR
	Hospital (n=1); rooms (n=4) randomly selected from long-term care, geriatric, and acute care departments
	Uncontrolled pre-post study. Baseline outcomes were assessed in all rooms during a conventional cleaning period. Probiotics were applied in all rooms. Outcomes were reassessed monthly for 6 months.

	Caselli et al 2018*
	ESKAPEE, AMR, HAI
	Hospitals (n=6, 5 for pre-post probiotics evaluation, 1 control for monitoring HAIs); rooms (n=3-6 per hospital, exact number not specified) randomly selected from internal medicine/geriatrics and neurology departments
	Controlled pre-post study. Baseline outcomes were assessed in all rooms during a conventional cleaning period. Probiotics were applied for a  6-month (n=3 hospitals) or 2-month (n=2 hospitals) stabilization period. Routine probiotics application was then continued for an additional 6 months, with monthly microbial and quarterly molecular assessments. Control hospital continued conventional cleaning throughout.

	Caselli et al 2019*
	ESKAPEE, AMR
	
	

	Tarricone et al 2020*
	HAI
	
	

	D’Accolti et al. 2019
	ESKAPEE
	Hospital (n=1); rooms (n=8), and their adjoining bathroom were randomly selected from the general medicine department
	Uncontrolled pre-post study. Baseline outcomes were assessed in all rooms during a conventional cleaning period. Probiotics were applied in all rooms and adjoining bathrooms. Four adjoining bathrooms were randomly assigned to receive bacteriophage. Outcomes were reassessed at 1, 3, 5, 7, 9, 10, 11, 14, 16, and 18 days.

	D’Accolti et al 2023
	ESKAPEE, AMR
	Hospital (n=1), rooms (n=24), and their adjoining bathroom were randomly selected from the general medicine department
	Uncontrolled pre-post study. Baseline outcomes were assessed in all rooms during the conventional cleaning period. Probiotics were applied in all rooms and adjoining bathrooms, and outcomes were assessed at 2 and 4 weeks. Probiotics plus bacteriophage were then applied only in bathrooms; rooms continued probiotics only, and outcomes were assessed at 1, 4, 5, and 6 weeks.

	Klassert et al 2022
	ESKAPEE, AMR
	Hospital (n=1); rooms (n=9) randomly selected from neurology department
	Uncontrolled pre-post study. Baseline outcomes were assessed during a 13-week conventional disinfectants phase, a 13-week conventional detergents phase, and a 13-week probiotics phase. All outcomes were sampled once per week during weeks 7-13 of each phase.

	Leistner et al 2023
	HAI
	Hospital (n=1); all wards (n=18) randomized in 1:1:1 ratio to one of three treatment arms
	Cluster randomized crossover trial. Wards were assigned to one of three arms: probiotics, conventional disinfectants, and conventional detergents. Clusters rotated among the three arms, with each phase lasting 5 months (a 1-month wash-in phase followed by a 4-month monitoring phase). Incidence of HAIs was monitored in all wards.

	Soffritti et al 2022
	ESKAPEE, AMR
	Maternal and child hospital (n=1); corridor, refectory room, and patient rooms (exact number unreported) sampled from the emergency department
	Uncontrolled pre-post study. Baseline outcomes were assessed in all rooms during a conventional cleaning period. Probiotics were applied in all rooms. Outcomes were reassessed at 2, 5, and 9 weeks. Emergency disinfection with 0.5% sodium hypochlorite was permitted during the probiotics phase for admitted patients with confirmed SARS-CoV-2 positivity.

	Vandini et a. 2014
	ESKAPEE
	Hospitals (n=3); unspecified number of rooms and wards within each hospital
	Controlled pre-post study. Exact design unclear. "Comparison between control and microbial cleaning was made both over time and on units with identical infrastructure within the hospital." Results for control units are not presented. All comparisons were made pre- and post-probiotic application.



Many studies did not evaluate changes in ESKAPEE or AMR pathogens for statistical significance. Results were sometimes displayed exclusively in figures, making precise quantitative values difficult to discern (Figure 2). 
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	Reporting ranking scale for ESKAPEE pathogens

	
	Not measured

	
	Methods state ESKAPEE pathogen was measured, but quantitative results are not clearly reported

	
	Graphical results display a high-level trend; precise quantitative results are not reported

	
	Precise quantitative values are reported but not tested for statistical significance

	
	Precise quantitative values are reported and tested for statistical significance



Figure 2. ESKAPEE pathogen and AMR outcomes measured and reported by included studies. ESKAPEE = Enterococcus, Staphylococcus, Klebsiella, Acinetobacter, Pseudomonas, Enterobacter, and Escherichia pathogens. AMR = antimicrobial-resistant pathogens and/or antimicrobial resistance genes.

Probiotic cleaner formulations and applications
All probiotic cleaners were formulated with Bacillus spp. (Table 2). Five datasets were from studies using the Probiotic Cleaning Hygiene System (PCHS), a commercial probiotic cleaning product manufactured by Copma [18,21,22,25,26]. The remaining datasets used commercial products manufactured by CHRISAL, Innu Science, and SYNBIO, but did not specify the product name [17,23,24,27]. 
The doses or concentrations of the probiotic cleaners that were applied to surfaces were not reported in 8 of 11 studies. Application methods were also rarely reported. Eight studies did not specify an application method; those that did used either mops or cloths [22,24] or a wipe [25]. Cleaning procedures were not described beyond the frequency of cleaning (e.g., “daily”) and occasionally the types of surfaces cleaned (e.g., “whole room” or “hard surfaces”).
Table 2. Probiotics manufacturers and formulations used in the included studies. 'X' indicates that the Bacillus species was used in the formulation. PCHS = Probiotic Cleaning Hygiene System.
	
	
	Probiotic species

	Dataset
	Manufacturer (product name)
	B. subtilis
	B. pumilus
	B. megaterium
	B. myloliquefaciens
	B. licheniformis

	Al-Marzooq et al 2018
	Innu Science (unspecified)
	x
	
	
	
	

	Caselli et al 2016
	Copma (PCHS)
	x
	x
	x
	
	

	Caselli et al 2018, Caselli et al 2019, Tarricone et al. 2020
	Copma (PCHS)
	x
	x
	x
	
	

	D’Accolti et al 2019
	Copma (PCHS)
	x
	x
	x
	
	

	D'Accolti et al 2023
	Copma (PCHS)
	x
	x
	x
	
	

	Klassert et al 2022
	CHRISAL (unspecified)
	x
	x
	x
	x
	x

	Leistner et al 2023
	SYNBIO (unspecified)
	x
	x
	x
	x
	x

	Soffritti et al 2022
	Copma (PCHS)
	x
	x
	x
	
	

	Vandini et al 2014
	CHRISAL (unspecified)
	x
	x
	x
	
	



Effectiveness
We identified eight datasets that reported on control of ESKAPEE pathogens (nine studies [17–23,25,27]) and six datasets that reported on AMR pathogens and/or genes (seven studies [17–20,22,23,25]). Effectiveness for control of ESKAPEE pathogens was assessed by sampling surfaces before and after application of probiotics—typically with sampling at multiple timepoints over a multi-day or multi-week intervention period—and quantifying reductions in colony-forming units (CFUs) or antimicrobial resistance genes. Replicate Organism Detection and Counting (RODAC) plates were the typical sampling and recovery strategy for microbial profiling; rayon swabbing and quantitative real-time PCR (qPCR) were the standard sampling and recovery strategy for antimicrobial resistance profiling. Floors, sinks, bathrooms, bed rails or footboards, and door handles were commonly sampled surfaces. Table 3 reports effectiveness outcomes for control of ESKAPEE and AMR pathogens.
Two datasets that reported on HAIs (three studies [19,24,26]). Effectiveness was assessed via the incidence or prevalence of HAIs documented through existing healthcare facility surveillance systems. Table 4 reports effectiveness outcomes for control of HAIs.
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Table 3.  ESKAPEE and AMR pathogen control assessment methods and results of included studies. ESKAPEE = Enterococcus, Staphylococcus, Klebsiella, Acinetobacter, Pseudomonas, Enterobacter, and Escherichia pathogens. AMR = antimicrobial-resistant pathogens and/or antimicrobial resistance genes. CFU= colony forming units.
	Study
	ESKAPEE pathogen control
	AMR pathogen control

	Al-Marzooq 2018
	Staphylococcus showed mean reductions ranging from 6.3 to 87.7 CFUs across all swab sites after 3 weeks of probiotic cleaning. Mean reductions for conventional cleaning control sites were not described. Overall, CFUs were lower across all swab sites for probiotics versus conventional cleaning clinics at the end of the 3-week study period. Statistical significance tests were not reported.
	AMR rates of Staphylococci sampled for probiotics versus conventional cleaning sites were not statistically significantly different for any of the eight antibiotics tested.

	Caselli 2016
	Acinetobacter, Pseudomonas, and S. aureus contamination decreased significantly after 1 month of probiotic cleaning and was sustained throughout the 4-month study period. Precise values for the magnitude of reductions were not reported.
	Genetic testing showed the presence of 21 AMR genes across the entire surface microbiome at baseline, with most showing reductions of 0-0.5 log-fold after 6 months. Statistical significance tests were not performed.

	Caselli et al. 2018
Caselli et al. 2019
	The proportion of samples containing ESKAPEE pathogen isolates decreased after 6 months of probiotics application for all assessed ESKAPEE pathogens. Decreases were significant for Staphylococcus, Acinetobacter, and Pseudomonas (82.7%, 81.7%, 57.2% reductions, respectively).
	Overall, AMR gene counts decreased significantly after 6 months, with most genes showing a 0-1 log-fold reduction. Minimal discernible change in AMR genes was observed during the 6-month conventional cleaning period. Statistical significance tests were not performed. 

	D’Accolti et al. 2019
	Staphylococcus concentrations fluctuated from approximately 20% above baseline levels to 60% below baseline levels throughout the 18-day treatment period in bathrooms. Patient rooms were sampled but results were not reported. Statistical significance tests were not reported.
	Not assessed

	D’Accolti et al 2023
	Results were mixed. Staphylococcus contamination decreased after 4 weeks of probiotic cleaning at hospital site 1 (35.8% reduction in CFU/m2), but increased at hospital site 2 (9% increase in CFU/m2). Statistical significance tests were not reported.
	Results were mixed. Hospital site 1 decreased all detected AMR genes after 4 weeks. Hospital site 2 decreased some but increased other detected AMR genes. Statistical significance tests were not performed.

	Klassert et al 2022
	Pseudomonas and Enterococcus relative abundance decreased significantly compared with conventional cleaning and conventional detergents in some, but not all, swabs after 13 weeks (0.48-4.12% reductions). Staphylococcus and Escherichia showed no significant changes in relative abundance across any swab sites.
	Overall, AMR gene counts decreased significantly in probiotics compared to conventional disinfectants (0.95 ± 0.067 antibiotic resistance genes [ARG]/sample for probiotics vs. 0.386 ± 0.116 ARG/sample for disinfectants) after 13 weeks. No significant differences were observed between probiotics compared to conventional detergents.

	Soffritti et al. 2022
	Staphylococcus contamination decreased after two weeks (16,792 CFU/m2 reduction) and five weeks (17,443 CFU/m2 reduction), but increased to levels above baseline after nine weeks (5,276 CFU/m2 increase). Pseudomonas and Enterococcus were detected at low levels at baseline (<500 CFU/m2) and decreased modestly. Klebsiella and Acinetobacter were detected at any time point. Statistical significance tests were not reported.
	Results were mixed. Overall AMR resistance gene counts decreased significantly at after 2 weeks (0-0.5 log-fold reduction) and 5 weeks (0.5-1.0 log-fold reduction). AMR genes rose after 9 weeks and not significantly different from baseline.

	Vandani et al 2014
	S. aureus contamination decreased significantly across the three hospital sites (26-53% reduction in CFU/m2) after 1 week and remained significantly below baseline levels with minor fluctuations for subsequent weeks. Sites achieved a maximum reduction of 59%-99% for S. aureus across all time points. Occasional minor week-to-week minor increases were observed.
	Not assessed



Table 4. HAI control assessment methods and results of included studies.
	Dataset
	HAI control results

	Leistner et al. 2023
	Incidence density ratios (IDR) for HAIs were not significantly different between the detergent arm (reference arm), disinfection arm (IDR 0.953 [95% CI 0.692, 1.313]), and probiotics arm (IDR 0.955 [95% CI 0.692, 1.315]). IDR for multidrug-resistant HAIs was also not significantly different between the detergent arm (reference arm), disinfection arm (IDR 0.919 [95% CI 0.468, 1.800]), and probiotics arm (IDR 0.862 [95% CI 0.434, 1.710]). No detected HAIs were attributable to Bacillus species in any arm.

	Tarricone et al. 2020
	Prevalence of HAIs across all probiotics hospitals decreased significantly after 6 months (4.6% to 2.4% of hospitalized patients) No significant changes were detected in the control hospital during the same time period. No detected HAIs were attributable to Bacillus species in any arm.





Microbial outcomes
Staphylococcus was measured in every dataset that assessed control of ESKAPEE pathogens. The next most assessed pathogens were Pseudomonas and Acinetobacter. Only one study reported on all ESKAPEE pathogens  (Figure 2). All studies measured additional pathogens besides ESKAPEE pathogens.
We found that reporting of ESKAPEE pathogen results was poor. We found several instances where the methods described sampling and recovery techniques for ESKAPEE pathogens, but the results were never reported. Some studies reported results solely in figures, so we could not identify precise quantitative changes in contamination levels. Statistical significance testing was not consistently performed by all studies (Figure 2). Some studies described conducting statistical testing in the methods but did not indicate in the results whether reported changes in ESKAPEE pathogen contamination were statistically significant.
Datasets reported superior or equivalent performance of probiotics (i.e., reductions or no change in ESKAPEE or AMR pathogens or HAIs from pre- to post-application of probiotics, or in comparison to conventional cleaning controls). Two datasets presented mixed results, though not consistently worse performance. One reported decrease in ESKAPEE pathogens and AMR genes at one hospital site and an increase at another [22]. One reported initial decrease in AMR genes at two and five weeks, but increases above baseline levels at nine weeks [25]. All other datasets found consistently superior or equivalent performance. We did not identify any dataset reporting unfavorable performance of probiotics (i.e., consistently demonstrating increases in ESKAPEE or AMR pathogens or HAIs from pre- to post-application of probiotics or in comparison to controls). Table 2 summarizes the results.
Healthcare-acquired infections
All datasets found superior or equivalent performance of probiotics compared to conventional cleaning. Leistner et al. 2023 [24] conducted a cluster randomized trial using a crossover design, where 18 wards received sequential 5-month intervention phases of probiotic cleaners, conventional disinfectants and conventional detergents in a randomly selected order. No significant differences in HAIs were observed between the phases. Tarricone et al. 2020 [26] reported significant decreases in the prevalence of HAIs among hospitalized patients after six months of cleaning with probiotics (2.4% vs. 4.6% at baseline). An external control hospital was monitored during the same period and saw no significant changes. The relative rates of change between the probiotic and control hospitals were not directly compared.
Discussion
We conducted a systematic scoping review to assess the effectiveness of probiotic cleaners at controlling ESKAPEE and AMR pathogens in healthcare built environments, and associated impacts on HAIs. We identified eleven studies reporting on nine unique datasets. Six datasets reported on control of ESKAPEE pathogens and antibiotic resistance; two reported on HAIs.
Overall, results are tentatively favorable to probiotics cleaners. No study consistently showed probiotics performing worse than conventional cleaners, although two studies found mixed results, with relatively better and relatively worse performance across different study sites [22,25]. Remaining studies showed favorable or equivalent performance. Even where studies found no significant improvement in the performance of probiotics cleaners, equivalent performance to conventional cleaning is relevant. Leistner et al. found equivalent performance of probiotic cleaners to conventional cleaners and explicitly note in their discussion that equivalent performance may be favorable to probiotic cleaners due to their other benefits—such as reduced ecosystem impacts from production and discharge into environments through wastewater and lower toxicity to cleaning staff [24].
However, we caution that the literature suffers from several serious concerns. First, four out of nine datasets disclosed a conflict of interest due to product manufacturers sponsoring the trial in whole or in part, and two datasets did not disclose a funder. Second, studies had substantial limitations in the study design and/or reporting.
Leistner et al [24] was the only study to randomize enrolled sites to probiotics and comparison treatment arms and assess for statistically significant differences in the relative performance across arms. All other studies relied on pre-post comparisons or monitored control sites but presented results separately without conducting statistical tests to compare relative performance. Sometimes, we found that results were reported exclusively in figures, so we could determine a general trend but not precise effect sizes. Without robust statistical testing and clearly reported effect sizes, the relative advantage of probiotics cannot be definitively established. 
Uncontrolled pre-post study designs (or controlled pre-post study designs that do not report or compare results between arms) are subject to several key limitations. First, contamination from ESKAPEE pathogens in healthcare built environments and HAIs are known to follow seasonal trends [28], which is a plausible confounder for studies that implement probiotics and collect data over several months. Studies collecting data over several days are less likely to be subject to this bias. Second, cleaning behaviors by healthcare facility staff are also potentially subject to reactivity between different cleaning methods, particularly in unblinded studies where staff hold prior beliefs about the effectiveness of each method. Prior reviews have shown a wide variation in compliance with cleaning procedures [29].
To promote widespread uptake of probiotic cleaners, there must be robust, consistent evidence that they are superior—or at least equivalent—to the current standard of care using conventional disinfectants. Healthcare is notably risk-averse in adopting novel technologies, and its regulations are often more stringent than those in other settings. We found that robust, consistent evidence is lacking, though current evidence suggests that probiotics warrant further investigation. This lack of robust evidence in healthcare settings is somewhat surprising, given that probiotic cleaning products are available from multiple manufacturers for commercial purchase. 
Using spore-forming species in probiotic cleaners has a clear advantage: the spores will remain viable within the cleaning product indefinitely [30] and therefore can be stocked and sold on shelves at room temperature like other common cleaning products. Unlike other cleaning products, however, these spores must germinate and resume a vegetative state before they can exert their influence on the surrounding environment. However, the built environment in hospitals, aside from sinks, toilets, and showers, is dry and nutrient-devoid [31]. This is a significant challenge: how do spores not only germinate on these surfaces, but also compete with and inhibit nearby microbes? The germination of Bacillus species depends upon the spore interacting with amino acids and sugars to restart normal metabolism, along with the presence of water to rehydrate the cell [32]. The absence of water and nutrients means that there is no signal for germination. While it is possible to trigger germination without nutrient addition, it requires unusual conditions, such as high hydrostatic pressure, that do not occur in the built environment [33].
The mode of action of probiotic cleaners is therefore unclear: how are spores germinating, growing, and then inhibiting pathogens on surfaces that are devoid of the nutrients required for germination (and would in fact seem to encourage spore formation, not germination)? To understand this phenomenon, studies using microcosms with strictly controlled conditions have been attempted. In a probiotic cleaner microcosm study using  Acinetobacter baumannii and Klebsiella pneumoniae as the challenger pathogens, there was no statistical difference in the survival of A. baumannii when comparing exposure to a cleaner containing probiotic bacteria or the cleaner without the probiotic Bacillus spores, and a small statistical difference in survival for K. pneumoniae [34]. Transcriptomic sequencing of microcosms containing a pathogen and spores yielded fewer than 0.5% of reads mapping to Bacillus spp. genomes, suggesting that the spores failed to germinate and resume normal metabolic growth and gene expression.
To advance the state of the field—with the aim of eventual widespread adoption to tackle the healthcare-acquired infections and the growing threat of antimicrobial resistance—a stronger evidence base is needed. Further studies in healthcare facilities need stronger reporting, such that the application methods of probiotic cleaners are described in clear, comprehensive detail. Applications in certain room types or on certain surfaces (e.g., in bathrooms or on sinks) may prove more effective than others. Similarly, details of comparators must be robustly reported, and ideally performance of probiotics directly compared to conventional disinfectants as the competing standard of care. Finally, statistical significance should be consistently and clearly reported. Studies must be sufficiently powered to detect meaningful differences, and this requires that sample size calculations should be conducted during the design phase.
In parallel, concerns about the mechanism of action of these probiotic cleaners need to be addressed through further laboratory study. It is unlikely hospitals will adopt probiotic cleaners if their mode of action is unknown. Therefore, lab-based experiments under tightly controlled conditions that mimic the dry, low-nutrient conditions found on surfaces should be conducted to better understand the dynamics of pathogen inhibition on these surfaces. Additionally, realistic numbers of both pathogens and the probiotic strains should be applied to these test surfaces, rather than in easier-to-use but less realistic droplets, which, at the microbial scale, are more similar to a liquid culture than to a surface.
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