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Summary

Background: While multidrug-resistant organisms (MDRO) transmission in clinical settings
is traditionally attributed to contact with contaminated surfaces and medical devices, growing
evidence suggests that other elements of the hospital environment, particularly handwash basins,
may also act as MDRO reservoirs. However, airborne transmission of MDRO from handwash
basins under real-world conditions remains poorly characterized.

Methods: Aerosol and surface sampling were conducted in five inpatient hospital rooms and
three non-clinical restrooms during faucet operation and under control conditions. Aerosols were
collected using a single-stage Andersen Cascade Impactor and a BioSpot-VIVAS sampler. Drain
swab samples were also collected. All samples were cultured on selective and non-selective media,
and isolates were identified using MALDI-TOF mass spectrometry, with a focus on carbapenem-
resistant bacteria and Candida species.
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Results: We detected at least seven MDRO in aerosol samples during faucet operation in the
inpatient rooms and restrooms. Types of microbes differed substantially between the two aerosol
sampling methods. An overlap of organisms was detected in aerosol and drain swab samples in
several rooms.

Conclusions: Handwash basin operation can contribute to aerosolization of viable MDRO,
highlighting a potential pathway that necessitates consideration in infection prevention strategies.
Moreover, it is necessary to consider multiple aerosol collection methods for a comprehensive
assessment of airborne pathogens.

Introduction

Healthcare-associated infections (HAIs) are a major concern in the healthcare sector and are
responsible for more than 100,000 deaths and $45 billion in health-related costs annually in
the US[1]. A large portion of HAIs are caused by multidrug-resistant organisms (MDRO),
whose contribution is estimated to be >80%][2]. Consequently, extensive efforts have been
undertaken to reduce the spread of MDRO in hospitals[3,4].

A key to success in HAI-mitigation efforts is understanding the reservoirs and transmission
routes of MDROs. Traditionally, high-touch surfaces, such as bed rails, bedside tables[5],
IV pumps[6], and monitor controls[7], as well as invasive medical devices, including
catheters[8], feeding tubes[8], endotracheal tubes[9], and ventilators[10], have been
considered MDRO reservoirs. They facilitate MDRO transmission through direct and
indirect contact between patients and healthcare workers (HCWs), who interact with these
reservoirs. Consequently, strategies have been developed and implemented to minimize
these reservoirs and prevent the transmission of MDRO through these routes[11,12].
However, these strategies have not been universally effective in achieving their objectives;
in many cases, such strategies have failed to reduce the number of HAI cases despite
compliance with infection prevention measures by hospitals and HCWs[13-15].

One possible reason for the limited effectiveness of these strategies could be the presence of
other major reservoirs and transmission pathways that current strategies do not address.

In the past few years, besides high-touch surfaces and medical equipment, several

new reservoirs of MDRO, including drains[16], sink traps[17], and drainage pipes[18],

have been implicated in transmission. Moreover, the role of other transmission routes,
especially airborne transmission, is being increasingly recognized. For example, MDRO
have been found in ventilation grilles and HVAC ducts in hospitals[19,20], and aerosols
generated by patients through sneezing, coughing, and speaking have been reported to carry
pathogens[21-23]. Thus, MDRO may also originate from non-traditional sources and be
transported across hospital environments via air movement, enabling a wider spread than

is possible through direct or indirect contact alone. Moreover, the transmission potential

of MDRO could also vary by organism type, as Gram-positive bacteria (GPB) generally
tolerate desiccation better than most Gram-negative bacteria (GNB), whereas some Gram-
negative organisms show similar environmental resilience[24-26].

Among several possible sources of bioaerosols in hospital rooms, handwash basins have
garnered significant attention in recent years[27]. Handwash basins are connected to
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both the water supply and wastewater drainage system, which can serve as reservoirs

and dissemination pathways for microorganisms[28,29]. Microorganisms associated with
handwash basins may originate from incoming water supply, from patient care and staff
activities that introduce biological material and nutrients into the sink drain[30], and from
retrograde contamination arising elsewhere within the wastewater plumbing network[31].
Such continuous exposure to moisture and nutrient-rich waste streams also promotes
persistent biofilm formation within sink drains and traps. Several studies have investigated
mechanisms that may contribute to microbial dispersal from handwash basins, including
the influence of water flow characteristics on splash and aerosol generation[27], as well as
positive air-pressure transients originating from the main body of the wastewater plumbing
system that may promote the release of microorganisms from sink traps into the surrounding
environment[32]. While at least one study has argued that transmission from contaminated
sink drains may occur predominantly through droplet-mediated splash contamination rather
than true aerosolization[33], both waterborne and wastewater-associated dispersal events
are increasingly recognized as important contributors to healthcare-associated pathogen
transmission[34]. Importantly, these transmission pathways are often not readily mitigated
by standard infection prevention and control precautions[35], which has prompted some
healthcare facilities to adopt “water-free” patient care strategies during persistent or
otherwise intractable outbreaks linked to sinks and wastewater systems[36]. Overall, all
these findings emphasize the importance of understanding the mechanisms and transmission
routes of microbial dispersal from handwash basins to inform effective infection prevention
and control strategies in healthcare settings.

However, several questions remain regarding the role of handwash basins in the airborne
transmission of MDRO. Most of the current studies investigating this issue have relied on
laboratory model handwash basins, with relatively few studies evaluating aerosolization
processes in real clinical or non-clinical environments such as hospital patient rooms

or public restrooms[37]. Finally, the role of handwash basin design features, including
faucet characteristics (e.g., height and flow rate) as well as handwash basin and drain
configuration, position, and state of drainage, on splashing intensity and hence bioaerosol
generation rate[38—40] has not been thoroughly studied. As a result, although surface-based
surveys have extensively characterized MDRO species in hospital environments, significant
knowledge gaps remain regarding their prevalence in aerosol form and the contribution

of handwash basins to MDRO transmission. Identifying which species are prevalent in
aerosols and understanding how they differ from those in handwash basin drains can help
determine which MDRO are more likely to spread viathe aerosol route. Such insights can
strengthen existing HAI prevention strategies and inform policies designed to reduce MDRO
transmission from diverse sources and reservoirs. Moreover, this knowledge can be applied
to disease transmission and health-risk prediction models to better estimate the contribution
of handwash basins to airborne diseases in both clinical and non-clinical settings.

Therefore, in this study, we conducted sampling in five inpatient rooms in a hospital and
three restrooms in a university academic building to assess the relevance of aerosol-mediated
transmission in real-world settings. Overall, we aimed to (i) verify the presence of MDRO

in the air of inpatient hospital rooms, and (ii) assess whether water splashing during faucet
operation contributes to airborne MDRO dissemination.
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Methods

Sampling sites and handwash basin characteristics

Aerosol sampling was conducted between June and September 2025, in three men’s public
restrooms (denoted as Rooms R01, R02, and R03) in an academic building on the University
of Miami campus, and five inpatient rooms (denoted as Rooms A, B, C, D, and E) within

an 560-bed tertiary-care academic facility in Miami, Florida. Further details on the sampling
methodology are provided in Section S1 of the Supplementary Materials (SM).

In both restrooms and inpatient rooms, the handwash basins were located at an average
height of 3 ft above the floor. The handwash basins in the public restrooms differed in design
from those in the inpatient rooms, with the public restrooms featuring undermount basins
made of ceramic and the inpatient rooms having wall-mount type basins made primarily of
ceramic, except for two room in which the basin was made of stainless steel. The photos
of the different handwash basin designs used in the various rooms is provided in Figure S2
of the SM. The spout of the faucets in the public restrooms was approximately 0.5 ft from
the drain of the basin, whereas in the inpatient rooms, the distance between the spout and
the drain was approximately 1 ft. To further characterize and differentiate the basins of the
two types of rooms, we measured the faucet discharge rate by turning the faucet on to full
capacity and using a stopwatch to record the time required to collect a fixed volume (~150
mL) of water. For each faucet, three replicate measurements were taken.

Sampling conditions

In each room, aerosol sampling was conducted using two instruments: SACI (Aerotech 6,
EMLab P&K, USA) operating at a flow rate of 28 L/min and VIVAS (Model 300, Aerosol
Devices Inc., USA) operating at a flow rate of 8 L/min. Further details on the principle

of operation of the two instruments are provided in Section S2 of SM. Note, in this study,
aerosols were defined according to the aerosol science convention as any solid or liquid
particle suspended in air[41]. Because both samplers used in this study actively draw air
into their inlets, they preferentially sample particles that remain suspended in the airflow.
Larger splash droplets typically follow ballistic trajectories and deposit rapidly on nearby
surfaces and therefore have lower aspiration efficiency than smaller airborne particles[42—
44]. Therefore, the aerosols sampled in our study could be of a wide size range.

Aerosol samples were collected using SACI and VIVAS simultaneously, under two
conditions: first with the faucet off (control) and next with the faucet turned on to

full capacity (Fon). During the collection of the Fg, samples, the faucet was operated
continuously at its maximum flow rate for the entire sampling duration. The control
samples were used to represent the background airborne microbes and were collected
before the faucet was turned on, while the F,,, samples collected background aerosols
and aerosols generated due to the water splashing in the handwash basin during faucet
operation. In the public restrooms, VIVAS samples were collected into 3 mL Tryptic Soy
Broth (TSB), and SACI samples were collected on REMEL ™ Contact | Blood Agar plates
(BAP; Thermo Scientific, Cat. No. R111007, USA). For each restroom, one control and
one Fg, sample were collected using the VIVAS with a sampling duration of 30 minutes,
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while two control and two consecutive Fg,, samples of 15 minutes each were collected

using the SACI. In the inpatient rooms, VIVAS samples were similarly collected using 3
mL TSB; however, the SACI samples were collected using BAP, BBL™ CHROMagar™
Candida (Beckton Dickinson, Cat. no. B4354093, Maryland, USA), and HardyCHROM™
CRE (Hardy Diagnostics, Cat. No. G323, California, USA) agar plates. Unlike in the public
restrooms, the sampling duration in inpatient rooms was 1 hour for VIVAS and 20 minutes
for SACI, with three consecutive SACI samples collected per room. In all rooms, the swab
samples were collected from the drain mouth grill of each handwash basin using sterile
nylon swabs (Nasal Flocked Swab, part no. 96000, Miraclean Technology Co, Ltd., China)
after collecting the control samples and prior to collecting Fg, samples. The swabs were then
immersed in 9 mL of Tryptic Soy broth in a glass vial. A detailed flow chart showing the
sequence of sampling in public restrooms and inpatient rooms used in our study is provided
in Figure S1 of SM.

Sample analyses

Following sampling, all agar plates used with the SACI were incubated at 37 °C for 48
hours. Samples collected using VIVAS and swab samples suspended in TSB were vortexed
for 5 minutes and incubated at 37 °C for 24 hours. After incubation, the broth was vortexed
again for 5 minutes and sub-cultured onto BAP, MacConkey agar, Sabouraud dextrose agar,
HardyCHROM™ CRE, and BBL™ CHROMagar" Candida agar plates, followed by an
additional incubation for 48 hours at 37 °C. After 48 hours, presumptive identification was
performed according to the manufacturer’s recommendations based on colony color and
growth characteristics.

HardyCHROM™ CRE was used to screen for Carbapenem-resistant organisms. Unlike
inpatient rooms where SACI samples were collected on multiple agar media plates, restroom
SACI samples were collected only on BAP to recover gram-negative bacilli (GNB) and
mold. Therefore, presumptive colonies from these BAP samples were further isolated

onto MacConkey agar, Sabouraud dextrose agar for confirmation and characterization.
Preliminary assessment of SACI, VIVAS, or swab samples collected in the public restrooms
did not indicate any presence of Candida species, so no further subculturing on BBL™
CHROMagar™ Candida agar plates was performed for these samples.

After the preliminary identification and confirmation of various groups of microbes for all
samples, suspected carbapenem-resistant bacteria and Candida species were subsequently
identified to the species level using matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF VITEK® MS PRIME). Overall, our study focused on the
identification of two groups of MDRO: C. auris and carbapenem-resistant GNB. Although
Gram-positive bacteria (GPB) and mold were isolated, they were not further speciated in this
study. Note, no separate microbiological analysis of faucet water was performed as part of
this study because routine monitoring of the hospital water supply to handwash basins used
in our study indicated very low microbial loads, including negligible levels of Pseudomonas
aeruginosa (Figure S3 in the SM).
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Faucet discharge rate

The faucet discharge rates measured in different rooms where sampling was conducted are
summarized in Figure 1. The discharge rates varied across the rooms, with the average
discharge rate in inpatient rooms substantially higher than that of the public restrooms.
Discharge rates in inpatient rooms ranged from 74 to 135 mL/s, whereas restroom discharge
rates ranged from 19 to 45 mL/s, indicating that restroom flow rates were approximately 3.5
times lower than those of inpatient rooms.

Organisms in Control samples

The microorganisms detected in the control aerosol samples collected using SACI and
VIVAS are presented in Figure 2. The microbial composition of the control samples varied
by room. In the public restrooms, control samples consisted primarily of mold and GPB,
and no MDRO were detected. Similarly, no MDRO were identified in most inpatient room
controls, with the exception of Room C, where Burkholderia contaminans, a carbapenem-
resistant GNB[45], was detected along with Candlida sp (Not C.auris). Penicillium sp was
also detected in Rooms D and E, while mixed GPB were observed in Rooms A and

B. Notably, despite SACI and VIVAS collecting samples simultaneously and at similar
locations in the room, the two instruments recovered different microbial profiles. For
instance, in Room C, unidentified Candida spp were detected in SACI samples but not

in VIVAS samples, whereas Burkholderia contaminans was recovered from VIVAS samples
but not from SACI samples. Overall, the control samples chiefly consisted of mold and
GPB.

Contribution of handwash basin to bioaerosols

The overlap of organisms detected in samples collected during faucet operation (Fgp) using
different sampling methods across various rooms is shown in Figure 3. In the public
restrooms, swab samples revealed the presence of carbapenem-resistant Aeromonas spp.(in
RO1, R02, R03). There were also other organisms present in the swab samples from the
public restrooms, including Enterococcus spp. and mold. Among inpatient rooms, swab
samples from handwash basin drains showed substantial variability and significant presence
of MDRO including carbapenem-resistant Enterobacter cloacae complex, a well-known
MDRO and a cause of HAIs[46], carbapenem-resistant Klebsiella pneumoniae, carbapenem-
resistant Pseudomonas aeruginosa (an emerging MDRO[47]), and Stenotrophomonas
maltophilia.

Similar to swab samples, aerosol samples collected using SACI and VIVAS with the faucet
turned on to full capacity (Fqn), demonstrated the presence of MDRO frequently matching
those from the drain swab, although they differed markedly in microbial composition, both
within and across rooms. In restrooms, SACI samples largely contained mixed GPB, with
mold and one MDRO, Aeromonas hydrophila, detected in R02. Unlike SACI samples,
mixed GPB were not detected in any VIVAS samples collected from restrooms, and no
MDROs were detected in VIVAS samples from R03. Instead, Pantoea agglomerans, a
GNB with strains known to be carbapenemresistant[48] was detected in RO1. Unlike SACI
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samples, no mold was detected in any of the VIVVAS samples collected in the restrooms.

In inpatient rooms, filamentous mold was detected in room B, and mixed GPB were
detected in room C in SACI samples. Only one MDRO, Stenotrophomonas maltophilia, was
detected in SACI samples in room B. In contrast, VIVAS samples captured a broader range
of MDROs during faucet operation compared to SACI samples. We detected organisms
such as Pantoea dispersain room A, Leclercia adecarboxylata, and Klebsiella pneumoniae
in room B, Acinetobacter radioresistens and Pseudomonas aeruginosain Room C, and
Stenotrophomonas maltophiliain Room D. No MDRO was detected in VIVAS samples
collected in room E. Notably, across the study, overlap between MDRO detected in swab
samples and those recovered in aerosol samples during faucet operation was observed

in three of the five inpatient rooms (K/ebsiella pneumoniae in room B, Pseudomonas
aeruginosain room C, and Stenotrophomonas maltophiliain room D) primarily in VIVAS
samples. In contrast, among the restrooms, clear overlap of one MDRO was observed
between swab samples and SACI samples in one of the three rooms (Aeromonas hydrophila
in R0O2). Importantly, these overlapping organisms were not detected in corresponding
VIVAS and SACI control samples, suggesting that faucet-induced water splashing may
disrupt biofilms and facilitate the aerosolization of pathogenic microorganisms in both
clinical and non-clinical settings.

Discussion

Our results demonstrate the potential for transmission of MDRO through aerosols

generated from faucet-induced water splashing in handwash basins in both clinical and
non-clinical settings. In inpatient rooms, we detected at least seven MDRO in aerosol
samples, including carbapenem-resistant GNB (Pseudomonas aeruginosa, Pantoea dispersa,
Stenotrophomonas maltophilia, Burkholderia contaminans, Acinetobacter radforesistens,
Leclercia adecarboxylata, and Klebsiella pneumoniae). Among these, carbapenem-

resistant Klebsiella pneumoniae, carbapenem-resistant Pseudomonas aeruginosa, and
Stenotrophomonas maltophilia, are well-established causes of hospital- and community-
acquired pneumonial47,49,50], while Burkholderia contaminans has been associated with
chronic pulmonary infections in patients with cystic fibrosis[51]. Although Acinetobacter
radioresistens, Leclercia adecarboxylata, and Pantoea dispersa are less frequently implicated
in clinical diseases, they are recognized opportunistic pathogens capable of causing
infections in immunocompromised individuals[52-54]. Beyond respiratory illnesses, all

of these organisms have the potential to contaminate the patient’s environment, and be
transferred to the patient colonizing or causing a range of other infections, including urinary
tract, bloodstream, wound, and skin infections. Importantly, the overlap between organisms
detected in swab samples and aerosol samples during faucet operation observed in our study,
particularly in inpatient rooms, supports the hypothesis that water splashing in handwash
basins can aerosolize clinically relevant microbes which might be found in the drains of
handwash basins. Similar overlap observed in one restroom (R02) highlights that handwash
basins as a bioaerosol source may also be relevant in non-clinical environments, as shown
by the detection of Aeromonas hydrophila, a pathogen capable of infecting both healthy and
immunocompromised individuals[55].
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Significant differences were observed in the microbial communities recovered by the two
aerosol collection methods, SACI and VIVAS, with no overlap in organisms detected by the
two samplers in any room, except for a mixed population of GPB in inpatient room B. These
differences likely reflect variations in biological collection efficiency and the influence

of collection media (liquid versus agar) used by the two samplers. Our findings align

with and reinforce prior evidence that captured airborne microbial communities can vary
substantially depending on the aerosol sampling method employed[56]. Previous studies
have shown that microbial viability can vary widely across aerosol sampling techniques[57-
59]; because our analysis relied on culture-based methods for preliminary identification,
viability and cultivability were critical determinants of recovery. VIVVAS has been reported
to better conserve microbial viability compared with the Andersen impactor[60]. However,
its lower sampling flow rate (8 L/min vs. 28 L/min for SACI) may result in a lower

number of microorganisms collected, especially at low airborne concentrations. Since both
samplers were operated simultaneously, the combined effects of sampling volume, collection
mechanism, and microbial viability influenced which organisms were recovered. Therefore,
our results demonstrate the limitation of relying on a single aerosol sampling method to
characterize airborne microbiota. Additional factors, including basin design, basin material,
use of aerators, and faucet discharge rate, may further influence bioaerosol generation.
Notably, faucet flow rates in inpatient rooms were substantially higher than those in
restrooms (Figure 1), which may have contributed to differences in aerosolization potential
of the organisms. Another key observation that requires further investigation is the detection
of organisms exclusively in the Fgp, aerosol samples, despite both negative background
aerosols and negative drain swabs. This could possibly be due to the presence of the primary
reservoir of these organisms in other parts of the handwash basin, such as the faucet aerator
or spout, internal fixture plumbing, wastewater system, or the incoming water pathway and
the water exiting from the faucet itself, rather than the drain biofilm sampled in our study.
Faucet operation can mobilize low-abundance organisms intermittently through biofilm
detachment from some of these reservoirs and generate aerosols via splash mechanisms

that are absent when the faucet is off. Future studies should investigate all these factors
thoroughly for a better understanding of the various reservoirs of MDRO. One more
important factor that needs to be considered is that previous studies have shown that splash-
generated droplets can play a dominant role in microbial dispersal from contaminated sink
traps. In this study, aerosols were defined according to the aerosol science convention as
any solid or liquid particle suspended in air, which includes particles that may be classified
as droplets in infection-control literature. Because size-segregated aerosol sampling was not
performed, it is difficult to determine which particle size ranges contribute most to MDRO
dispersal. Our findings, therefore, suggest that both droplet- and aerosol-mediated pathways
may occur during faucet operation.

Note, our study also had some limitations that must be carefully considered when
interpreting the results. First, we did not assess the full diversity of microorganisms present,
potentially underestimating the overlap between surface and airborne samples. Our analyses
were qualitative rather than quantitative, and microbial identification focused primarily on
selected GNB, and GPB were not speciated. Therefore, there might be other pathogenic
organisms in the swab samples that have also been aerosolized due to water splashing and
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hence pose a potential risk. Moreover, all culture plates were incubated at 37 °C for 48 hours
following CDC guidelines, which may not be optimal for all organisms[61]. As a result,
some slow-growing bacteria, such as Stenotrophomonas maltophilia, that grow better at
lower temperatures may have been under-detected[62]. Additionally, since our study focused
on qualitative detection of microorganisms rather than quantitative measurement of airborne
microbial concentrations, the airborne bioburden and the relative contribution of aerosol
versus droplet-mediated transmission could not be assessed and should be addressed in
future studies using quantitative and size-segregated aerosol sampling approaches. Second,
the sampling flow rates and sampling duration of SACI and VIVVAS differed, and thus,

a direct comparison of sampler performance in capturing various airborne MDRO was

not possible. Third, in our analyses, we used MALDI-ToF, which can provide a species-
level identification of the microbes but requires advanced analyses to identify the strains.
Moreover, MALDI-ToF cannot reliably discriminate between closely related species[63].
Therefore, although several MDROs were identified in our study, we cannot comment on
their pathogenicity. A detailed assessment of the various strains in handwash basins and
aerosol samples using advanced techniques such as whole genome sequencing should be
conducted in future studies to identify the significance of handwash basins as a source

of pathogenic MDRO in clinical and non-clinical settings. The fourth limitation of this
study is that faucets were operated continuously at maximum flow for extended periods
(30-60 minutes) to enable sufficient air sampling, which does not reflect typical clinical
handwashing durations. Therefore, the aerosol generation observed in this study may

not fully represent real-world conditions during routine handwash basin use. Fifth, the
temporal resolution of sample collection is another major limitation. Using the current
methods, it is unclear if the samples were mainly collected at the beginning of the
sampling activity or throughout the sampling event. Time-resolved sampling is necessary
to understand the kinetics of bioaerosol generation through handwash basin operation.
Lastly, although this study focused on MDRO, antibiotic-susceptible microorganisms may
also be transmitted through the same environmental pathways and should be considered

in future investigations[64]. Future studies should therefore evaluate both resistant and
susceptible microorganisms to better understand microbial dispersal from handwash basins
and its implications for infection control. Despite these limitations, our findings provide
evidence that handwash basin operation may serve as a source of airborne dissemination of
opportunistic and antibiotic-resistant pathogens, and it is important to consider deploying
more than one aerosol sampling method, with implications of airborne transmission in
infection prevention and control.

Conclusion

In this study, we demonstrated that the operation of handwash basins can generate
bioaerosols containing MDRO in both clinical and non-clinical settings. Through differences
in microbial capture between two aerosol sampling methods, we also demonstrated that

a single sampling method may not fully capture the entire airborne microbial spectrum.
Therefore, aerosol sampling in hospitals cannot rely on a single method to monitor the
airborne transmission of MDRO. Furthermore, our findings provide evidence that faucet
flow rate could potentially influence bioaerosol generation. Collectively, our study shows the
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need for further quantitative and mechanistic investigations to better understand handwash
basin-associated bioaerosol formation and to inform infection prevention strategies aimed at
reducing airborne spread of MDRO-driven HAIs in healthcare environments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

The authors would like to thank the MALDI-TOF analysis facility of the University of Miami, Clinical
Microbiology Laboratory, for their support in the analyses of our samples. The authors would also like to thank
Handix Scientific Inc. and Aerosol Dynamics Inc. for providing technical support in aerosol sampling.

Funding statement

This research was partially supported by the National Institutes of Health (NIH) under Grant No. RO1AI158868 and
University of Miami’s Start-up fund PG014873 for Dr. Chang-Yu Wu.

References

[1]. Lobdell KW, Stamou S, Sanchez JA. Hospital-Acquired Infections. Surgical Clinics of North
America 2012;92:65-77. 10.1016/j.suc.2011.11.003. [PubMed: 22269261]

[2]. Jernigan JA, Hatfield KM, Wolford H, Nelson RE, Olubajo B, Reddy SC, et al. Multidrug-
Resistant Bacterial Infections in U.S. Hospitalized Patients, 2012-2017. New England Journal of
Medicine 2020;382:1309-19. 10.1056/NEJM0a1914433. [PubMed: 32242356]

[3]. Gussin GM, McKinnell JA, Singh RD, Miller LG, Kleinman K, Saavedra R, et al. Reducing
Hospitalizations and Multidrug-Resistant Organisms via Regional Decolonization in Hospitals
and Nursing Homes. JAMA 2024,331:1544. 10.1001/jama.2024.2759. [PubMed: 38557703]

[4]. Mody L, Gontjes KJ, Cassone M, Gibson KE, Lansing BJ, Mantey J, et al. Effectiveness of
a Multicomponent Intervention to Reduce Multidrug-Resistant Organisms in Nursing Homes.
JAMA Netw Open 2021;4:e2116555. 10.1001/jamanetworkopen.2021.16555.

[5]. Mody L, Washer LL, Kaye KS, Gibson K, Saint S, Reyes K, et al. Multidrug-resistant Organisms
in Hospitals: What Is on Patient Hands and in Their Rooms? Clinical Infectious Diseases
2019;69:1837-44. 10.1093/cid/ciz092. [PubMed: 30980082]

[6]. Kanamori H, Rutala WA, Sickbert-Bennett EE, Weber DJ. Role of the contaminated environment
in transmission of multidrug-resistant organisms in nursing homes and infection prevention. Am
J Infect Control 2023;51:A151-7. 10.1016/j.ajic.2023.01.003. [PubMed: 37890946]

[7]. Gu GY, Chen M, Pan JC, Xiong XL. Risk of multi-drug-resistant organism acquisition from
prior bed occupants in the intensive care unit: a meta-analysis. Journal of Hospital Infection
2023;139:44-55. 10.1016/j.jhin.2023.06.020. [PubMed: 37406860]

[8]. Li J, Zheng Y, Ma J, Zhang Y, Dong H, Chen L, et al. The relationship between catheter-related
bloodstream infection and multi-drug resistant bacteria: a five-year retrospective study. BMC
Infect Dis 2025;25:988. 10.1186/s12879-025-11367-7. [PubMed: 40770677]

[9]. Motallebirad T, Mohammadi MR, Jadidi A, Safarabadi M, Kerami A, Azadi D, et al.

Tracheal tube infections in critical care: A narrative review of influencing factors, microbial
agents, and mitigation strategies in intensive care unit settings. SAGE Open Med 2024;12.
10.1177/20503121241306951.

[10]. Wang M, Xu X, Wu S, Sun H, Chang Y, Li M, et al. Risk factors for ventilator-associated
pneumonia due to multi-drug resistant organisms after cardiac surgery in adults. BMC
Cardiovasc Disord 2022;22:465. 10.1186/s12872-022-02890-5. [PubMed: 36333679]

[11]. Kanamori H, Rutala WA, Sickbert-Bennett EE, Weber DJ. Role of the contaminated environment
in transmission of multidrug-resistant organisms in nursing homes and infection prevention. Am
J Infect Control 2023;51:A151-7. 10.1016/j.ajic.2023.01.003. [PubMed: 37890946]

J Hosp Infect. Author manuscript; available in PMC 2026 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Salana et al.

[12].

[13].

[14].

[15].

[16].

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

Page 11

Cheng VC, Tai JW, Chan W, Lau EH, Chan JF, To KK, et al. Sequential introduction of single
room isolation and hand hygiene campaign in the control of methicillin-resistant Staphylococcus
aureus in intensive care unit. BMC Infect Dis 2010;10:263. 10.1186/1471-2334-10-263.
[PubMed: 20822509]

McCarthy S, Motala A, Shekelle PG. Prevention in adults of transmission of infection with
multidrug-resistant organisms: an updated systematic review from Making Healthcare Safer IV.
BMJ Qual Saf 2025;34:244-56. 10.1136/bmjgs-2024-017545.

De Angelis G, Cataldo MA, De Waure C, Venturiello S, La Torre G, Cauda R, et al. Infection
control and prevention measures to reduce the spread of vancomycin-resistant enterococci

in hospitalized patients: a systematic review and meta-analysis. Journal of Antimicrobial
Chemotherapy 2014;69:1185-92. 10.1093/jac/dkt525. [PubMed: 24458513]

Cohen CC, Cohen B, Shang J. Effectiveness of contact precautions against multidrug-resistant
organism transmission in acute care: a systematic review of the literature. J Hosp Infect
2015;90:275-84. 10.1016/j.jhin.2015.05.003. [PubMed: 26051927]

Tanner WD, Mathew T, Roberts SC, Dieter L, Healy HG, Peaper DR, et al. Decontamination
approaches and strategies for the prevention of sink drain-related healthcare-associated
infections. Clin Microbiol Rev 2025;38. 10.1128/cmr.00061-24.

Rodger G, Chau KK, Bou PA, Moore G, Roohi A, Ambalkar S, et al. Survey of healthcare-
associated sink infrastructure, and sink trap antibiotic residues and biochemistry, in twenty-

nine UK hospitals. Journal of Hospital Infection 2025;159:140-7. 10.1016/j.jhin.2025.02.002.
[PubMed: 39961513]

\Voigt AM, Faerber HA, Wilbring G, Skutlarek D, Felder C, Mahn R, et al. The occurrence

of antimicrobial substances in toilet, sink and shower drainpipes of clinical units: A

neglected source of antibiotic residues. Int J Hyg Environ Health 2019;222:455-67. 10.1016/
j.ijheh.2018.12.013. [PubMed: 30622005]

Wong SC, Chen JH, Kwok MO, Siu CY, Yuen LL, AuYeung CH, et al. Air dispersal of
multi-drug-resistant organisms including meticillin-resistant Staphylococcus aureus, carbapenem-
resistant Acinetobacter baumannii and carbapenemase-producing Enterobacterales in general
wards: surveillance culture of air grilles. Journal of Hospital Infection 2024;149:26-35. 10.1016/
j.jhin.2024.04.011. [PubMed: 38705476]

Chezganova E, Efimova O, Sakharova V, Efimova A, Sozinov S, Kutikhin A, et al. Ventilation-
Associated Particulate Matter Is a Potential Reservoir of Multidrug-Resistant Organisms in
Health Facilities. Life (Basel) 2021;11. 10.3390/1ife11070639.

Diab-Elschahawi M, Lusignani LS, Starzengruber P, Mitteregger D, Wagner A, Assadian O,

et al. The strength of coughing may forecast the likelihood of spread of multi-drug resistant
microorganisms from the respiratory tract of colonized patients. Antimicrob Resist Infect Control
2014;3:38. 10.1186/513756-014-0038-z. [PubMed: 25530847]

O’Neil CA, LiJ, Leavey A, Wang Y, Hink M, Wallace M, et al. Characterization of Aerosols
Generated During Patient Care Activities. Clin Infect Dis 2017;65:1335-41. 10.1093/cid/cix535.
Wang CC, Prather KA, Sznitman J, Jimenez JL, Lakdawala SS, Tufekci Z, et al. Airborne
transmission of respiratory viruses. Science 2021;373. 10.1126/science.abd9149.

Tang JW. The effect of environmental parameters on the survival of airborne infectious agents. J
R Soc Interface 2009;6. 10.1098/rsif.2009.0227.focus.

Kramer A, Schwebke I, Kampf G. How long do nosocomial pathogens persist on inanimate
surfaces? A systematic review. BMC Infect Dis 2006;6:130. 10.1186/1471-2334-6-130.
[PubMed: 16914034]

Schimel J, Balser TC, Wallenstein M. Microbial Stress-Response Physiology and its Implications
for Ecosystem Function. Ecology 2007;88:1386-94. 10.1890/06-0219. [PubMed: 17601131]
Hayward C, Ross KE, Brown MH, Whiley H. The impact of water flow rates on

bioaerosol production from handwashing basins. Build Environ 2025;271:112624. 10.1016/
j.buildenv.2025.112624.

Kelly SA, O’Connell NH, Thompson TP, Dillon L, Wu J, Creevey C, et al. Large-scale
characterization of hospital wastewater system microbiomes and clinical isolates from infected

J Hosp Infect. Author manuscript; available in PMC 2026 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Salana et al.

[29].

[30].

[31].

[32].

[33].

[34].

[35].

[36].

[37].

[38].

[39].

[40].

[41].

[42].

[43].
[44].

[45].

Page 12

patients: profiling of multi-drug-resistant microbial species. Journal of Hospital Infection
2023;141:152-66. 10.1016/j.jhin.2023.09.001. [PubMed: 37696473]

Kanamori H, Weber DJ, Rutala WA. Healthcare Outbreaks Associated With a Water Reservoir
and Infection Prevention Strategies. Clinical Infectious Diseases 2016;62:1423-35. 10.1093/cid/
ciw122. [PubMed: 26936670]

Grabowski M, Lobo JM, Gunnell B, Enfield K, Carpenter R, Barnes L, et al. Characterizations
of handwashing sink activities in a single hospital medical intensive care unit. Journal of Hospital
Infection 2018;100:e115-22. 10.1016/j.jhin.2018.04.025. [PubMed: 29738784]

Kotay S, Chai W, Guilford W, Barry K, Mathers AJ. Spread from the Sink to the Patient:

In Situ Study Using Green Fluorescent Protein (GFP)-Expressing Escherichia coli To Model
Bacterial Dispersion from Hand-Washing Sink-Trap Reservoirs. Appl Environ Microbiol
2017;83. 10.1128/AEM.03327-16.

Gormley M, Kelly DA, Campbell DP, Aspray TJ, Dight T. The role of air pressure
transients on the spread of bacteria from wash-hand basin sink traps in hospital en-suite
bathrooms: a laboratory-based pilot study. Journal of Hospital Infection 2025;165:32-40.
10.1016/j.jhin.2025.07.026. [PubMed: 40812395]

Kotay SM, Donlan RM, Ganim C, Barry K, Christensen BE, Mathers AJ. Droplet- Rather
than Aerosol-Mediated Dispersion Is the Primary Mechanism of Bacterial Transmission
from Contaminated Hand-Washing Sink Traps. Appl Environ Microbiol 2019;85. 10.1128/
AEM.01997-18.

Hayward C, Ross KE, Brown MH, Whiley H. Water as a Source of Antimicrobial Resistance and
Healthcare-Associated Infections. Pathogens 2020;9:667. 10.3390/pathogens9080667. [PubMed:
32824770]

Tanner WD, Mathew T, Roberts SC, Dieter L, Healy HG, Peaper DR, et al. Decontamination
approaches and strategies for the prevention of sink drain-related healthcare-associated
infections. Clin Microbiol Rev 2025;38. 10.1128/cmr.00061-24.

Hopman J, Tostmann A, Wertheim H, Bos M, Kolwijck E, Akkermans R, et al. Reduced

rate of intensive care unit acquired gram-negative bacilli after removal of sinks and

introduction of “water-free” patient care. Antimicrob Resist Infect Control 2017;6:59. 10.1186/
s13756-017-0213-0. [PubMed: 28616203]

Dieter L, Bowie K, Luhung I, Healy HG, Roberts SC, Mathew T, et al. Aerosol-based exposure
to opportunistic pathogens originating from hospital sink drains. Am J Infect Control 2025.
10.1016/j.ajic.2025.10.030.

Hayward C, Ross KE, Brown MH, Whiley H. The impact of water flow rates on

bioaerosol production from handwashing basins. Build Environ 2025;271:112624. 10.1016/
j.buildenv.2025.112624.

Torres-Teran MM, Greentree DH, Varghese MM, Cadnum JL, Pavis RL, Saade EA, et al.
Identifying and Remediating Super-splasher Sinks to Reduce Dispersal of Pathogens From Sink
Drains. Open Forum Infect Dis 2024;11. 10.1093/ofid/ofae293.

Pirzadian J, Souhoka T, Herweijer M, van Heel L, van Wamel WJB, Goossens RHM, et al.
Impact of sink design on bacterial transmission from hospital sink drains to the surrounding sink
environment tested using a fluorescent marker. Journal of Hospital Infection 2022;127:39-43.
10.1016/j.jhin.2022.04.017. [PubMed: 35577265]

Boucher O Atmospheric Aerosols. Dordrecht: Springer Netherlands; 2015.
10.1007/978-94-017-9649-1.

Durham MD, Lundgren DA. Evaluation of aerosol aspiration efficiency as a function

of stokes number, velocity ratio and nozzle angle. J Aerosol Sci 1980;11:179-88.
10.1016/0021-8502(80)90033-6.

Liu BYH, Pui DYH. Aerosol sampling inlets and inhalable particles. Atmospheric Environment
(1967) 1981;15:589-600. 10.1016/0004-6981(81)90190-6.

Grinshpun SA, Chang C-W, Nevalainen A, Willeke K. Inlet characteristics of bioaerosol
samplers. J Aerosol Sci 1994;25:1503-22. 10.1016/0021-8502(94)90221-6.

Lama M, Chanakya PP, Khamari B, Peketi ASK, Kumar P, Nagaraja V, et al. Genomic

and phylogenetic analysis of a multidrug-resistant Burkholderia contaminans strain isolated

J Hosp Infect. Author manuscript; available in PMC 2026 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Salana et al.

[46].

[47].

[48].

[49].

[50].

[51].

[52].

[53].

[54].

[55].

[56].

[57].

[58].

[59].

[60].

[61].

[62].

[63].

Page 13

from a patient with ocular infection. J Glob Antimicrob Resist 2021;25:323-5. 10.1016/
j.jgar.2021.04.004. [PubMed: 33965629]

Annavajhala MK, Gomez-Simmonds A, Uhlemann A-C. Multidrug-Resistant Enterobacter
cloacae Complex Emerging as a Global, Diversifying Threat. Front Microbiol 2019;10:44.
10.3389/fmich.2019.00044. [PubMed: 30766518]

Fujii A, Seki M, Higashiguchi M, Tachibana I, Kumanogoh A, Tomono K. Community-acquired,
hospital-acquired, and healthcare-associated pneumonia caused by Pseudomonas aeruginosa.
Respir Med Case Rep 2014;12:30-3. 10.1016/j.rmcr.2014.03.002. [PubMed: 26029534]

Bilyiikcam A, Tuncer O, Giir D, Sancak B, Ceyhan M, Cengiz AB, et al. Clinical and
microbiological characteristics of Pantoea agglomerans infection in children. J Infect Public
Health 2018;11:304-9. 10.1016/j.jiph.2017.07.020. [PubMed: 28780309]

Looney WJ, Narita M, Mihlemann K. Stenotrophomonas maltophilia: an emerging opportunist
human pathogen. Lancet Infect Dis 2009;9:312-23. 10.1016/S1473-3099(09)70083-0. [PubMed:
19393961]

Odoom A, Opoku-Asare B, Donkor ES. The Burden of Hospitalization Due to Klebsiella
pneumoniae-Associated Pneumonia in Children Under 5 Years in Low- and Middle-Income
Countries: A Systematic Review and Meta-Analysis. Health Sci Rep 2025;8:€71395. 10.1002/
hsr2.71395. [PubMed: 41245949]

Ledn B, Prieto C, Bettiol M, Leguizamén M, DAlessandro V, Casco D, et al. The Burkholderia
contaminans prevalent phenotypes as possible markers of poor clinical outcomes in chronic lung
infection of children with cystic fibrosis. Pathog Dis 2023;81. 10.1093/femspd/ftad003.

Visca P, Petrucca A, De Mori P, Festa A, Boumis E, Antinori A, et al. Community-
Acquired Acinetobacter radioresistens Bacteremia in an HIV-Positive Patient. Emerg Infect Dis
2001,7:1032-5. 10.3201/eid0706.010621. [PubMed: 11747736]

Zayet S, Lang S, Garnier P, Pierron A, Plantin J, Toko L, et al. Leclercia adecarboxylata as
Emerging Pathogen in Human Infections: Clinical Features and Antimicrobial Susceptibility
Testing. Pathogens 2021;10:1399. 10.3390/pathogens10111399. [PubMed: 34832555]

Asai N, Koizumi Y, Yamada A, Sakanashi D, Watanabe H, Kato H, et al. Pantoea dispersa
bacteremia in an immunocompetent patient: a case report and review of the literature. J Med Case
Rep 2019;13:33. 10.1186/s13256-019-1969-z. [PubMed: 30755259]

Zhao Y, Alexander J. Aeromonas hydrophilia Infection in an Immunocompromised Host. Cureus
2021;13:€20834. 10.7759/cureus.20834. [PubMed: 35141087]

Kwak N, Washeem M, Gaire TN, Mendoza KM, Cortus EL, Cardona C, et al. Comparison

of three bioaerosol samplers for bacterial diversity. J Aerosol Sci 2026;191:106719. 10.1016/
j.jaerosci.2025.106719.

Sajjad B, Hussain S, Rasool K, Hassan M, Almomani F. Comprehensive insights into advances
in ambient bioaerosols sampling, analysis and factors influencing bioaerosols composition.
Environmental Pollution 2023;336:122473. 10.1016/j.envpol.2023.122473.

Hong S, Kim M-W, Jang J. Physical collection and viability of airborne bacteria collected under
electrostatic field with different sampling media and protocols towards rapid detection. Sci Rep
2021;11:14598. 10.1038/s41598-021-94033-7. [PubMed: 34272448]

Haig CW, Mackay WG, Walker JT, Williams C. Bioaerosol sampling: sampling mechanisms,
bioefficiency and field studies. J Hosp Infect 2016;93:242-55. 10.1016/j.jhin.2016.03.017.
[PubMed: 27112048]

Raynor PC, Adesina A, Aboubakr HA, Yang M, Torremorell M, Goyal SM. Comparison of
samplers collecting airborne influenza viruses: 1. Primarily impingers and cyclones. PLoS One
2021;16:€0244977. 10.1371/journal.pone.0244977. [PubMed: 33507951]

Centers for Disease Control and Prevention. Appendix C. Water Guidelines for Environmental
Infection Control in Health-Care Facilities 2024. https://www.cdc.gov/infection-control/hcp/
environmental-control/appendix-c-water.html (accessed March 9, 2026).

Mahdi O, Eklund B, Fisher N. Laboratory Culture and Maintenance of Stenotrophomonas
maltophilia. Curr Protoc Microbiol 2014;32. 10.1002/9780471729259.mc06f01s32.

Rychert J. Benefits and Limitations of MALDI-TOF Mass Spectrometry for the Identification of
Microorganisms. J Infect (Grand Rapids) 2019;2:1-5. 10.29245/2689-9981/2019/4.1142.

J Hosp Infect. Author manuscript; available in PMC 2026 June 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Salana et al.

Page 14

[64]. Schérer V, Meier M-T, Schuepbach RA, Zinkernagel AS, Boumasmoud M, Chakrakodi B, et al.
An intensive care unit outbreak with multi-drug-resistant Pseudomonas aeruginosa — spotlight
on sinks. Journal of Hospital Infection 2023;139:161-7.10.1016/j.jhin.2023.06.013. [PubMed:
37343769]

J Hosp Infect. Author manuscript; available in PMC 2026 June 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Salana et al.

Page 15

175
o 150
T
oc
) 125
@ —
T n
.§ E 100
a~— 75
2
o 50
e

25 '

: [

A B C D R01 R02 RO3

Figure 1.

Faucet discharge rate for handwash basins in different rooms where aerosol sampling was
conducted in our study. Rooms A, B, C, D, and E, are inpatient rooms, R01, R02, and R03,
are public restrooms. Error bar represents one standard deviation.
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Figure 2.

Microbes found in control samples collected by SACI and VIVAS in various rooms. Rooms
A, B, C, D, and E, are inpatient rooms, R01, R02, and RO03, are restrooms. Mold represents

non-Penicillium mold genera. Key: GPB = Gram-positive bacteria
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Figure 3.

Venn diagram showing the overlap of organisms among swab samples and aerosol samples
collected during the operation of the faucet, using different sampling methods. Rooms A,
B, C, D, and E, are inpatient rooms, R01, R02, and RO3, are restrooms. Key: VRE =
Vancomycin-Resistant Enterococci, GPB = Gram-positive bacteria; GNB = Gram-negative
bacilli.
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