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Assessment of a novel continuous
cleaning device using
metatranscriptomics in diverse
hospital environments
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Logan Peachey’, Christine Y Walls’, Charise M Lloyd’, Olcay
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Alexander J Shope®* and Regina Lamendella™

!Contamination Source Identification, LLC., Huntingdon, PA, United States, ?Walter Reed National Military
Medical Center, Bethesda, MD, United States, *AIONX, Hershey, PA, United States, “Nextflex, San Jose, CA,
United States

Introduction: Despite routine implementation of cleaning and disinfection
practices in clinical healthcare settings, high-touch environmental surfaces and
contaminated equipment often serve as reservoirs for the transmission of
pathogens associated with healthcare-associated infections (HAIs).

Methods: The current study involved the analysis of high-touch surface swabs
using a metatranscriptomic sequencing workflow (CSI-Dx™) to assess the
efficacy of cleanSURFACES® technology in decreasing microbial burden by
limiting re-contamination. This is a non-human single center study conducted
in the Emergency Department (ED) and on an inpatient Oncology Ward of
Walter Reed National Military Medical Center that have followed hygienic
practices during the COVID-19 pandemic environment.

Results: Although there was no difference in observed microbial richness (two-
tailed Wilcoxon test with Holm correction, P > 0.05), beta diversity findings
identified shifts in microbial community structure between surfaces from
baseline and post-intervention timepoints (Day 1, Day 7, Day 14, and Day 28).
Biomarker and regression analyses identified significant reductions in annotated
transcripts for various clinically relevant microorganisms’ post-intervention,
coagulase-negative staphylococci and Malassezia restricta, at ED and Oncology
ward, respectively. Additionally, post-intervention samples predominantly
consisted of Proteobacteria and to a lesser extent skin commensals and
endogenous environmental microorganisms in both departments.

Discussion: Findings support the value of cleanSURFACES®, when coupled with
routine disinfection practices, to effectively impact on the composition of active
microbial communities found on high-touch surfaces in two different patient
care areas of the hospital (one outpatient and one inpatient) with unique
demands and patient-centered practices.
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Introduction

Healthcare-associated infections (HAIs), i.e., infections while
receiving care at a healthcare facility, remain as one of the most
important public health challenges for affecting 1 in 25 United
States. hospital patients (CDC, 2016). In clinical settings, high-
touch environmental surfaces and contaminated equipment serve
as common reservoirs for the pathogens found in HAIs (1, 2).
In fact, between 20% to 40% of HAIs have been estimated to
be attributed to transmission via the hands of healthcare
workers (3, 4). In the context of emergency departments (ED),
these settings are characteristically fast-paced, encounter high-
volumes of patients, and ultimately vyield rapid patient
turnover. This specific type of healthcare setting is also
dynamic in which patients arrive seeking medical evaluation
and treatment for a wide variety of acute illnesses or injuries.
With roughly 130 million visits in 2018, EDs are the gateway
for admission to inpatient medical care in the United States
(5). These patients have the potential to transmit a broad
array of communicable diseases to both healthcare workers
and other patients who may be vulnerable to HAIs (6, 7). In
contrast, the oncology ward primarily treats cancer patients
who are at an elevated risk of contracting HAIs compared to
non-cancer patients for a number of reasons including,
immune invasive devices (i.e.,

compromised systems,

catheters), and invasive surgeries (8). Both clinical settings
bring unique sets of challenges for infection control.

There is a wide variety of hospital practices ranging from
chemical-based disinfectants to ultraviolet light, commonly used
for environmental safety. Although these methods are effective,
they do not provide continuous efficacy, as the literature
demonstrates surface re-contaminated occurs within minutes of
decontamination (9, 10). Re-contamination of indoor surfaces is
thought to occur for several reasons, including the fact that
building inhabitants, like patients and caregivers, are estimated to
constantly shed up to 37 million microbes/hour (11, 12). In
response to the apparent need for continuous disinfection in the
healthcare industry, efficacy studies on copper-alloy surfaces have
shown potential in persistently reducing hospital surface
microbial burden during caregiving hours (13).

More recently, ATONX®™ has developed a unique technology,
cleanSURFACES®,
properties of copper and silver ions. Micro-electric currents
that run throughout cleanSURFACES® are closed when objects

like pathogens land on the product. Once the micro-electric

that also harnesses the antimicrobial

currents are complete, concentrations of silver and copper ions
are released to create a micro-environment that is toxic to
pathogens. We have previously shown within an intensive care
unit, that installation of cleanSURFACES® at high-touch
surfaces were effective in reducing microbial burden, including
(13). In that study, the
biodiversity was assessed using a metatranscriptomic (MT)

Staphylococcus  spp microbial

sequencing pipeline (CSI-Dx™) that allows simultaneous

assessment of a large breadth of microbial diversity from a
given sample, like surface swabs (14-16, 13). In various
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clinical scenarios, MT has shown promise in identifying active
pathogens and associated pathways of interest (17, 18). We
now present our recent investigation to assess and compare
the efficacy of cleanSURFACES® on high-touch surfaces over
time at an emergency department and oncology ward,
representing two unique clinical environments which differ in
risk factors for HAISs.

Methods

Site information, study design, and sampling
methodology

This study was conducted at Walter Reed National Military
Medical Center, Bethesda. A total of 91 samples were collected
from the Emergency Department and Oncology ward at Walter
Reed National Military Medical Center (Bethesda, MD) across
two high-touch surface types (keyboards and work surfaces).
Four baseline samples were collected from each of the two
surface types across the two departments for a total of 16
baseline samples. cleanSURFACES® mats were then installed
either atop or near surfaces. For surfaces that are not flat, like
keyboards, cleanSURFACES® were installed on a nearby surface.
To reduce sampling bias through the physical removal of
bioburden from surfaces (19), mats were split into quadrants for
sampling at each of the 4 timepoints throughout the duration of
the intervention. At least eight samples were collected from
surfaces at each timepoint (Day 1, Day 7, Day 14, and Day 28)
after the installation of cleanSURFACES®. Findings from
disinfection literature have reported surface recontamination
within minutes to days after decontamination events (9, 10).
Post-intervention timepoints for the current study were selected
based on disinfection literature and previous cleanSURFACES®
studies that demonstrated significant impacts on bioburden after
two weeks (13, 20). Samples were collected following 6 h after
daily disinfection throughout the duration of the study. Routine
daily disinfection by environmental services were performed
based on CDC protocols for floors, trash, and high-touch
surfaces with diluted 3M Disinfectant Cleaner RCT concentrate
(21). As per disinfection protocol at Walter Reed National
Military Medical Center, nursing staff disinfected workspaces
throughout the duration of their shift, in addition to staff shift
changes. Nursing staff used a range of chemical-based
disinfectant wipes from Professional Disposables International,
Inc and Clorox. Each swab was collected using the same
sampling methodology as described in Chen See et al. (13) and

was immediately preserved in 2 ml of Shield DNA/RNA.

RNA extraction, concentration,
quantification, library preparation, and
sequencing

RNA extraction, concentration, as well as DNA and RNA
quantification of samples were conducted as described (13), with
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the exception of additional extraction positive controls in the
current study. A volume of 1 ml of preserved Aliivibrio fischeri at
a concentration of 1x10° cells/ml was used for each RNA
extraction positive control. Concentrated RNA extracts were
normalized to 500 pg as an input for the NEBNext Single Cell/
Low Input RNA Library Prep Kit (New England Biolabs, Ipswich
MA). In situations where the concentration of an RNA extract
was below detection (<0.25 ng/ml) the maximum volume (8 ul)
was used for cDNA synthesis. Libraries were prepared based on
the manufacturer’s protocol for the NEBNext Single Cell/Low
RNA Library Prep Kit. with the
manufacturer’s instructions, sample libraries were quantified
using a Quant-iT 1xdsDNA High Sensitivity Assay (Thermo
Fisher Scientific, Waltham MA). Sequencing libraries were

Input In accordance

prepared by pooling sample libraries at an equivalent mass.
Ampure XP beads (0.9 Xratio) (Beckman Coulter, Brea, CA)
were then used to purify sequencing libraries. After purified
sequencing libraries were quantified using a Qubit 1x dsDNA
HS assay (Thermo Fisher Scientific, Waltham MA), libraries were
diluted, denatured, and sequenced on an Illumina NextSeq 550
using a 150 cycle High Output v2.5 kit.

Bioinformatics methods and analysis

Genomics sequencing data was processed as described in Chen
See et al. (13), using CSI's Rapid Active Pathogen Identification and
Detection (RAPID-Dx") pipeline. Normalization was performed by
scaling observed taxa counts proportionally to total microbial reads
per sample. A noise filter was applied on a per-sample basis,
omitting taxa with both a normalized mean count < 10 and also
a standard deviation greater than the mean. Alpha diversity, beta
diversity, and Linear discriminant analysis of Effect Size (LEfSe)
were calculated as previously described (13). The Binary Jaccard
distances between samples were visualized as a network, and the
degree and eccentricity of each node was calculated using the
tidygraph package (22). Partitioning of binary Jaccard distance
into nestedness and turnover was performed again, reporting the
distance between baseline samples and subsequent timepoints. A
two-tailed Wilcoxon test with Holm correction was used
throughout to compare means between groups and relative to
baseline, with alpha =0.05. The association between selected taxa
and sampling day during intervention was characterized using
Spearman’s rank correlation, followed by a t-test with the Holm
correction applied.

10.3389/fmedt.2023.1015507

Results

A total of 344,957,930 million raw sequences were generated
from 108 samples with 91 samples yielding adequate data across
five timepoints (baseline, Day 1, Day 7, Day 14, and Day 28),
two surfaces (work surface and keyboard), and two facilities
(Emergency Department and Oncology ward). Refer to Table 1
for a summary of samples that were included in downstream
bioinformatic analysis after quality filtration.

Alpha diversity

The richness of each sample was reported as the number of
unique microbial taxa observed after quality filtration and was
delineated by facility and timepoint post-intervention. Median
microbial richness was lower after 1 Day of intervention by
AIONX® compared to baseline (dropping from a median of
171 to 122 in Emergency Department and 168 to 126 in
Oncology ward), and slowly returns to a similar level (164
and 167, respectively) by Day 28 (Figure 1). Across all
samples similar trends were observed, with mean Richness
beginning at 169, dropping to 124 by day 1, and returning to
165 on Day 28. However, variability in richness was high
across all timepoints and a two-tailed Wilcoxon test followed
showed that
significantly different in richness compared to baseline in

with Holm correction no timepoint was
either facility or by surface type (Figure 1, Supplementary

Figure S1).

Beta diversity network

Pairwise binary Jaccard distances between all samples were
calculated and visualized as a network. Connected nodes
represent samples that share 60% of taxa in common (binary
Jaccard distance <0.4). A total of 26 isolated nodes
omitted from the graph, while connected components
cleanSURFACES®
timepoint (Figure 2). Baseline samples had a median

were
were

and
of 3
while post-

colored by pre/post intervention

edges them to other

intervention samples, including those from Day 14, yielded a

connecting samples,
median of 4 connections between samples. A greater degree of
connectivity indicates a greater number of samples that share
more microbial content within a given group of samples. In
the network of all samples, median node disconnectedness was

TABLE 1 Summary of samples that were included in downstream bioinformatic analysis after quality filtration.

Timepoint
Department Surface Type Baseline AIONX®, Day 1 AIONX®, Day 7 AIONX®, Day 14 AIONX®, Day 28
Emergency Keyboard 3 4 6 6 6
Work Surface 4 4 6 6 6
Oncology Keyboard 4 4 4 4 4
Work Surface 4 4 4 4 4
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FIGURE 1

Observed microbial richness for emergency and oncology ward before (baseline) and after AIONX"™ intervention (Day 1, Day 7, Day 14, and Day 28). While
not statistically significant, there was an observed decrease in microbial richness from baseline to Day 1 and 7 samples.

@ Basclne @ Day1 @ Day7
Timepoint

® Day 14 Day 28

FIGURE 2

Sample networks of surface swabs connect samples with similar
microbial community compositions (weighted jaccard distance < 0.4)
when colored by pre/post AIONX® intervention and sampling day
reveal successional changes in the microbial community over time. A
total of 26 isolated vertices represented samples with <60% taxa in
common with any other samples have been omitted from the network.

Frontiers in Medical Technology

higher post-intervention, peaking on Day 7. Disconnectedness
measures the maximum shortest path from each sample to all
other samples in the network, and the increased values on Day
7 are indicative of disruption to the sample composition
during this time.

Nestedness and turnover

Samples before and after intervention were compared using
the binary Jaccard distances as described above. Because any
difference between a pair of samples can be attributed to a
combination of nestedness (species loss) and turnover (species
gain), we can partition these distances into their nestedness
and turnover components to describe how the successional
changes in community composition compared to baseline. For
both Emergency Department and Oncology ward, median
Jaccard distances increase over time from baseline to post-
intervention indicating a change in the microbial community
structure driven by increases in microbial turnover (Figure 3).
Species gain was significantly greater than species loss across
both buildings and surface types over time, which is consistent
with the patterns of successional changes we observed in
composition of Proteobacteria (Figure 4). Changes due to
turnover in subsequent samples were also significantly greater
across both the Emergency Department and Oncology ward

frontiersin.org
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FIGURE 3

Comparisons of baseline samples to post AIONX®

while turnover (species gain) increases over time.

intervention across emergency department and oncology ward. Binary Jaccard distances were
partitioned into nestedness (species loss) and turnover (species gain) to explain their contribution to changes compared to baseline. Higher Jaccard
distances indicate more dissimilarity in the microbial community where as lower Jaccard distances indicate more similarity in the microbial
community. Turnover contributes more to Jaccard distances as compared to nestedness. Nestedness species loss stays relatively stable over time

samples on Day 7 and Day 14 after intervention (two-tailed
Wilcoxon test with Holm correction, all p<0.002). By
contrast, nestedness was only significantly different from
baseline in one group; Oncology samples from Day 14, when
the median species loss compared to baseline fell under 15%

(Figure 3).

Lefse biomarker analysis

A total of 7 microbial taxa (domains, phyla, genera, and species)
were significantly enriched (Kruskal-Wallis p < 0.05, log (LDA) > 1.5)
among Emergency Department baseline samples compared to post-
intervention samples (Figure 5). Taxa identified to be elevated in
baseline samples from the Emergency Department included
Firmicutes, Staphylococcus, S. epidermidis, S. hominis, and S.
auricularis (Kruskal-Wallis p <0.05, log (LDA) >1.5). Within the
same comparison, Pseudomonas and Proteobacteria were found to
be significantly enriched in post-intervention samples. Additional
biomarker analysis comparing baseline and post-intervention
timepoints (Day 1, Day 7, Day 14, Day 28) revealed similar taxa to
be enriched (Kruskal-Wallis p<0.05, log (LDA)>15) from
baseline addition to
Corynebacterium spp., Lactobacillus, Clostridium, Leptotrichia spp.,
and Malassezia spp. (Supplementary Figure S2). In addition to

Emergency Department samples, in

Frontiers in Medical Technology

Proteobacteria and Pseudomonas previously observed (Figure 5), P.
aeruginosa, ~ Stenotrophomonas, Leptorichia, ~Fusobacteria, and
Actinobacteria were significantly elevated (Kruskal-Wallis p <0.05,
log (LDA) >1.5) at various post-intervention timepoints compared
to baseline (Supplementary Figure S2).

Biomarker analysis comparing baseline and post-intervention
Oncology ward samples revealed Eukaryota and Basidiomycota to
be significantly enriched (Kruskal-Wallis p <0.05, log (LDA) >
1.5) in baseline samples, whereas Bacteria and S. epidermidis was
elevated among post-intervention samples (Figure 5). Additional
analysis comparing baseline to each of the post-intervention
also addition to
Lactobacillus curvatus, Streptococcus salivarious, and M. restricta to
be enriched (Kruskal-Wallis p <0.05, log (LDA) > 1.5) in baseline
Oncology ward samples (Supplementary Figure S3). For the
baseline-Day 1 and baseline-Day 7 comparison only S. epidermidis

timepoints revealed  Basidiomycota, in

was significantly elevated in the post-intervention timepoint. Two
comparisons of Oncology ward samples, baseline-Day 14 and
baseline-Day 28, yielded different significantly enriched taxa that

included P. aeuriginosa, P. fluorescens, Stenophomonas,
Tobamovirus, Cutibacterium acnes, and Aliivibrio fischeri
(Supplementary  Figure S3). Overall, biomarker analysis

comparing baseline samples to post-intervention samples separated
based on surface yielded additional active microbial taxa within
both the Emergency Department and Oncology ward.
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FIGURE 4
Proteobacteria from the orders Pseudomonadales and vibrionales vary over time in the emergency department (A) and oncology ward (B). Counts are
normalized to 5,000 microbial reads per sample and are colored by their most specific taxonomic classification.

Observed shifts in abundance of potential  post-intervention, particularly on Day 7 in the Emergency
opportuni stic pathogens Department and Day 14 in the Oncology ward (Figure 4), where the
median counts of Pseudomonas increased to 750 and 893

respectively. The increased abundance of Proteobacteria in Day 28
from the Oncology ward is attributed to barcode hopping from a

Coagulase-negative staphylococci (CoNS) was uncommon in the

Oncology ward, with a median normalized count under 300 at all
deeply sequenced extraction positive control containing 5.45 million

reads of A. fischeri, given that A. ficheri makes up >30% of these three
samples, but less than 0.5% of any other sample in the project, and is

timepoints (Figure 6). However, the abundance of CoNS sharply
decreased in samples from the Emergency Department and shows a
negative correlation of —0.4 across all timepoints (p=0.02).

Normalized counts of Proteobacteria increased in both departments @ free-living marine microbe (Figure 4). This pattern was contrasted

A B
Pre vs. Post Emergency Department ) Pre vs. Post Oncology
[ Post I Pre [ Post M Pre

: : I : : : | : ' !
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I 1 1 1 1 I ' 1 I
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Basidiomycota

FIGURE 5
Lefse pre/post for emergency department (A) and oncology ward (B). Taxa that were enriched in Pre/baseline are indicated with red bars, while taxa that
were enriched in the post-intervention samples are indicated with blue bars. Significant (Kruskal-Wallis, p <0.05 and log (LDA) > 1.5) features are shown.
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The normalized counts of clinically relevant taxa associated with HAls are shown before and after AIONX® intervention. A linear regression shows counts
per 5k microbial reads depend on the square root of days post-intervention for each taxon and building, with a standard error of 95% shown in gray.

by Malassezia restricta, which was consistent in the Emergency [Discussion
Department but showed a progressive decrease over time in Oncology

ward (p=0.005). Some microbes did increase in relative abundance To date there is a single study that assessed the efficacy of

over the course of the study: Cutibacterium acnes showed positive .. SURFACES® in an intensive care unit (13). The current
correlations to sampling day in both Emergency Department and study is unique in which the cleanSURFACES® intervention was
Oncology ward (p >0.05) and Stenotrophomonas showed a positive

implemented in two distinct departments (Emergency
correlation of.6 in Oncology ward (p < 0.001).

Department and Oncology ward) at the Walter Reed National
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Military Medical Center. Emergency departments are a distinct
clinical setting in which patients and healthcare workers are
potentially exposed to a large burden of communicable diseases,
since these departments serve as a primary point of access to
healthcare (7, 6, 5). On the other hand, oncology wards care for
immunocompromised patient who are largely subject to invasive
procedures throughout the duration of treatment (8). The clinical
and economic burden of HAIs have been extensively assessed
and ultimately highlight the
effective infection prevention and disinfection policies for both

importance of implementing

types of clinical settings (23, 24). Considering the inherent
vulnerabilities associated (i.e., surface recontamination) with
current infection prevention and control practices, the current
study sought to assess the efficacy of cleanSURFACES®™
technology in both the Emergency Department and Oncology
ward at the Walter Reed National Military Medical Center.

Alpha and Beta diversity findings

While observed richness decreases from baseline to early post-
intervention timepoints, this trend is not statistically significant
(Figure 1). Interestingly, a previous study by Chen See et al. (13)
observed significant differences between baseline and post-
intervention timepoints. The observed stability in microbial richness
in the current study is likely attributed to rigorous disinfection
protocols carried out at Walter Reed National Military Medical
Center, where the nursing staff are required to disinfect surfaces
throughout and between shifts, in addition to daily disinfection.

While alpha diversity is a useful index in describing the number
of unique taxa present in samples across a study, beta-diversity reveals
compositional comparisons within microbial communities between
samples. post-intervention samples were more compositionally
similar in microbial content as compared to baseline samples,
suggesting a marked shift in microbial community structure post-
intervention (Figure 2). In particular, elevated disconnectedness
among post-intervention samples were revealed, particularly Day 7
samples, in the

community post-intervention. Previous surface disinfection studies

suggesting  successional ~changes microbial
have also observed successional shifts in microbial community
composition (13). This is particularly attributed to the fact that
associated microbiomes of indoor built environments are not static
and are impacted by variations in building occupants over time
since humans are estimated to shed 37 million microbes per hour
(11, 12). Additionally, variations in building design/operation (i.e.,
HVAC systems) have also been shown to impact the composition
of indoor microbial communities (25). In comparison to baseline
samples, shifts to the microbial community composition of post-
intervention samples, especially during Day 7 and Day 14, were
attributed to turnover (species gained) (Figure 3). Although
microbial composition is different between baseline and post-
intervention samples (Figure 1), it should be noted that a consistent
number of unique microbial taxa before and after intervention was
observed. This finding suggests that the intervention in the current

study maintained a steady state count of unique microorganisms.
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Diversity of microbes present on post-
intervention surfaces

Proteobacteria were shown to be present during several post-
intervention timepoints (Figure 4). Day 14 and 28 timepoints
yielded an increased normalized counts of unclassified
Pseudomonas and Aliivibrio fischeri within the Oncology ward
samples respectively. In particular, annotated transcripts of
A. fischeri were present in three of the Day 28 Oncology samples.
Incidentally, this microorganism was utilized as an extraction
study. A. fischeri is a

microorganism and is

positive control in the current

bioluminescent native to marine
environments (26); to our knowledge, this microorganism has
not been isolated from indoor surfaces or clinical settings. Since
the presence of A. fischeri on clinical surfaces are unlikely based
on existing ecological studies, it is suspected that barcode
hopping occurred during the sequencing process because the
extraction positive control containing this microorganism was
deeply sequenced (5.45 million reads). Samples from the
Emergency Department were also observed to have elevated
normalized counts of unclassified Pseudomonas post-intervention
at Day 7 and 14 (Figure 4). By Day 28 in both the Emergency
Department and Oncology ward, normalized counts of
unclassified Pseudomonas returned to levels resembling baseline
samples. While the reason behind these observations remain
unclear, it could have been attributed to the degree of
disinfection intensity and type of chemical disinfectants mats
were subject to throughout the duration of the study in both
sites. In a previous study that also utilized metatranscriptomics
to characterize the efficacy of cleanSURFACES®, several mats
were reported to be non-functional by the end of the study
period due to repeated disinfection with chemical-based wipes
(13). Other studies that have utilized NGS technology to
characterize the diversity of microbial communities from various
built environment settings (i.e., offices, homes) have reported
Proteobacteria to be among the most ubiquitous Phyla present
(27, 28). Interestingly, microbial succession primarily consisting
of Proteobacteria have been reported after a series of disinfection
processes (ultraviolet, ozonation and photocatalytic ozonation)
for urban wastewater and surface water samples (29). Although
more research in this area is required, it is speculated that
selective advantages, like increased tolerance to oxidative stress
and DNA repair mechanisms, may be contributing to the
proliferation of Proteobacteria following these water disinfection
processes (29). The phylum of Proteobacteria consists of a
diverse array of microbes that range from human gut
(31).
suggest that the

commensals (30) to environmental microorganisms

Findings from the current study
cleanSURFACES® intervention in conjunction with regular
disinfection practices are not only impacting the active microbial
community composition of high touch surfaces of in the
Oncology ward but also the Emergency Department as well. In
particular, the intervention may be providing selective pressure
for an active microbial community composition that is initially
consistent  with

dominated by Proteobacteria, which is
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observations reported from other studies that used sequencing
built

technology to characterize surfaces from various

environment settings (27, 28).

In addition to Proteobacteria, additional biomarker and
correlation analyses revealed a diverse set of microbes to be
enriched throughout post-intervention timepoints in the
Oncology ward, compared to samples from the Emergency
Department (Supplementary Figures S2-S3). This ranged from
endogenous  environmental microbes, Tobamovirus  and
Stenotrophomonas (32, 33),, to more clinically relevant potential
epidermidis, C.

Pseudomonas fluoresences, and Pseudomonas aeruginosa (34-37).

opportunistic ~ pathogens like . acnes,
Although the genus, Stenotrophomonas, is generally associated
with environmental microbes, the species S. maltophila, has
recently emerged as a multi-drug resistant opportunistic pathogen
especially for immunocompromised hospital patients (38). Among
the list of potential opportunistic pathogens enriched throughout
the post-intervention timepoints, only Staphylococcus epidermidis
was enriched at Day 1 and Day 7 of the intervention
(Supplementary Figure S3). The final two post-intervention
timepoints were shown to enrich for a number of opportunistic
pathogens that are commonly found in a range of environments
including skin. P. aeruginosa and P. fluorescens were significantly
enriched by Day 14, in addition to Cutibacterium acnes at Day 28
(Supplementary Figure S3). In addition to being a commensal
gut microbe, P. fluorescens has also been isolated from
environmental soil and is not generally considered pathogenic.
However, several case studies have associated P. fluorescens with
acute HAIs related to contaminated medical products or
intravenous infusion equipment (36). While these potential
opportunistic pathogens are shown to be present in post-
intervention samples, they are also among the list of common
skin commensals that are constantly being shed by building
inhabitants like healthcare works and patients. Interestingly,
several of these microorganisms (i.e., Stenotrophomonas sp.,
P. aeruginosa and P. fluorescens) have been reported to exhibit
characteristics of copper-resistance (39-42). Copper resistance
could have also contributed to the presence of several of these
microorganisms on surfaces post-intervention. However, more
work concerning functional genes are required in the future to
confirm whether silver and copper resistance or other resistance
mechanisms could be contributing to the presence of certain
microorganisms on cleanSURFACES™ product. Overall, between
the two sites in this study, the Oncology ward was shown to have
a more diverse set of microorganisms present post-intervention
compared to the Emergency Department.

In addition to variation in building occupancy and metal
resistance mechanisms, the presence of several types of skin
commensal microorganisms in the Oncology ward could be
associated with the average length of stay for patients and
associated disinfection protocols. Humans are estimated to shed
up to 37 million microbes/hour (11, 12). Since average hospital
stays in oncology wards are generally longer (several days) than
emergency departments (several hours) (43-45), the degree of
accumulated microbes shed from patients throughout their
length of a stay on surfaces can potentially serve as reservoirs for
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transmitting commensal skin microbes throughout the Oncology
ward in the current study. The transmission of microorganisms
can occur directly and indirectly through the hands of healthcare
workers, high-touch surfaces, and medical devices (46-48). While
this study did not assess hospital room surfaces and
cleanSURFACES® were not installed in those areas, these
surfaces remain a constituent of the whole Oncology ward
surface network that healthcare workers and patients both
interact with. This trend in presence of skin commensal microbes
may have not been observed in the Emergency Department
because that type of clinical setting generally experiences high
patient turnover, and subsequently more thorough disinfection is
able to occur in hospital rooms between patient visits.

Reduced abundance of HAI-associated taxa
post-intervention

In addition to Proteobacteria and other skin commensals, the
abundance of several HAI-associated taxa also shifted throughout
the duration of the current study. Counts of coagulase-negative
Staphylococci (CoNS) from surfaces in the Emergency Department
were significantly reduced from baseline to post-intervention
samples (Figure 6). Similarly, biomarker analysis revealed several
CoNS to be significantly enriched in baseline samples when
compared to post-intervention timepoints (Supplementary
Figure S2). While CoNS have traditionally been considered
nonpathogenic commensal skin microorganisms, CoNS have
recently emerged as common opportunistic pathogens causing
HAIs and have been isolated from common medical equipment
like stethoscopes in Emergency Departments (49-51). In addition
to being among one of the most frequently recovered bacteria in
routine clinical care settings (52), CoNS are also reported to be a
common blood culture-assay contaminant (53). The clinical
significance of CoNS is extensive and range from vulnerable groups
to HAIs
associated with invasive medical devices (ie., cardiac valves, joint

like neonates and immunocompromised patients,
replacements), and bloodstream infections (54). Current literature
concerning the surveillance of CoNS-associated infections highlight
the importance in the ability to identify infections where CoNS are
truly the causative agent of an HAI rather than a remnant of
contamination (55). While most cases of blood culture assay
contamination are associated with the method of specimen
collection, environmental sources of contamination have also been
studied (56). Results from the current study suggest that the
cleanSURFACES"
reduction of active transcripts associated with CoNS on high-touch

intervention may be contributing to the

surfaces in the Emergency Department. However, more clinically
focused research is required to assess the clinical impact of
cleanSURFACES® on the prevalence of CoNS-associated HAIS.
Like the observed decrease in abundance of CoNS in the
Emergency Department, M. restricta was also reduced from
baseline to post-intervention in the Oncology ward (Figure 6).
Additional biomarker analysis revealed Basidiomycota and M.
restricta and to be significantly enriched in baseline samples
compared to Day

14 and 28 post-intervention samples

frontiersin.org


https://doi.org/10.3389/fmedt.2023.1015507
https://www.frontiersin.org/journals/medical-technology
https://www.frontiersin.org/

Wright et al.

(Supplementary Figure S3). In support of these findings, a
that

in an

previous  study assess the
cleanSURFACES®

Basidiomycota and M. restricta to be largely present in baseline

sought to efficacy of

intensive care unit found both
samples. As one of the most ubiquitous Malassezia species, M.
restricta, is a fungal opportunistic pathogen that has been isolated
from immunocompromised oncology patients (57). The phylum,
Basidiomycota, contains a diverse array of ubiquitous outdoor
fungal species. However, in recent years, several filamentous
basidiomycetes have emerged as important clinical pathogens (58).
These findings suggest that the cleanSURFACES® intervention
could
ubiquitous fungal opportunistic pathogens. However, additional

also contribute to the reduction to various kinds of

research is required to determine whether cleanSURFACES®™ impact
the prevalence of HAIs associated with fungal opportunistic
pathogens, especially in clinical settings like oncology ward that
provide care for immunocompromised patients.

Limitations & challenges

Several limitations exist in relation to the study design of the
experiment. Matched controls were not included throughout
sampling timepoints and ultimately limited our ability to
determine whether results were primarily attributed to the
cleanSURFACES" intervention or other unaccounted factors. To
our knowledge, metatranscriptomic references for indoor hospital
environments that could have served as a control for the current
study don’t exist. Matched controls for the intervention were
ultimately not included in the study because the presence of
functional cleanSURFACES™ would introduce bias into the
network of surface microbial communities in each department.
healthcare
workers in both departments were instructed to not alter

However, as described in the methods section,
disinfection practices and how they would interact with surfaces
throughout the study. Additionally, cleanSURFACES® technology
was not installed on surfaces in patient rooms due to HIPAA
compliance. Results reported in the current study could have
been impacted by surfaces that were not accounted for since
healthcare workers interact with a variety of surfaces in patient
rooms that are not exclusively the surfaces that were sampled
Statistical

comparisons that split samples by several metadata categories

(central nursing workstations and keyboards).
(i.e., surface type, department, and timepoint) was also a point of
limitation since groups contained a minimum count of 3
samples. Lastly, networks generated in the current study are
dependent on an arbitrary threshold used to define connectivity
between each pair of samples. While there is a range of pairwise
binary Jaccard distances, only a single threshold can be used to
define connectivity in the context of a single network.

Conclusions

The current study confirms the impact of cleanSURFACES® on

microbial biodiversity using a novel metatranscriptomics

Frontiers in Medical Technology

10.3389/fmedt.2023.1015507

sequencing workflow (CSI-Dx™) when tested in a hospital
setting. Similar to our previous observations in an intensive care
unit, the data presented confirms targeting high touch areas by
new technological adaptations will be valuable in different
clinical environments: implementing cleanSURFACES® in two
diverse clinical environments demonstrated impacts on trends of
microbial activity on high-touch surfaces within the duration of
the study. Factors that influenced the extent of cleanSURFACES®
technology included, hospital site location, variations in
disinfection protocols, and occupants in those areas. Future work
involving cleanSURFACES®™ should be more clinically oriented
and assess whether this technology impacts the prevalence of
HAIs. Additionally, functional genes (i.e., antibiotic resistance

genes) should also be considered in future studies.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: https://www.ncbinlm.nih.gov/,
PRJNA803198.

Ethics Statement

Ethical review and approval was not required for this study in
accordance with the local legislation and institutional requirements.

Author contributions

RL, AW, AJS, KBC, and JRW conceived and designed the
experiments. JB and KBC participated in sample collection. TTL,
CYW, SLCA, JP, and LP processed the samples for sequencing.
RL, JRCS, CJB, TTL, and JRW analyzed the data. All authors
contributed to writing and revising the manuscript. All authors
contributed to the article and approved the submitted version.

Funding

This material is based on research sponsored by Air Force
Research Laboratory under Agreement Number FA8650-20-2-
5506 in support of Air Force Research Laboratory.

Conflict of interest

RL and JRW are owners of Contamination Source
Identification, LLC. TTL, CJB, JRCS, SLCA, JP, LP, CYW, and
AJS were employed by Contamination Source Identification, LLC.
AJS serves as a consultant for AIONX®™. JB was employed by
AIONX®, ACW was employed by Nextflex.

frontiersin.org


https://www.ncbi.nlm.nih.gov/
https://doi.org/10.3389/fmedt.2023.1015507
https://www.frontiersin.org/journals/medical-technology
https://www.frontiersin.org/

Wright et al.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

References

1. Kramer A, Schwebke I, Kampf G. How long do nosocomial pathogens persist on
inanimate surfaces? A systematic review. BMC Infect Dis. (2006) 6:130. doi: 10.1186/
1471-2334-6-130

2. Firesbhat A, Tigabu A, Tegene B, Gelaw B. Bacterial profile of high-touch
surfaces, leftover drugs and antiseptics together with their antimicrobial
susceptibility patterns at university of gondar comprehensive specialized hospital,
northwest Ethiopia. BMC Microbiol. (2021) 21:309. doi: 10.1186/s12866-021-02378-w

3. Weber DJ, Rutala WA, Miller MB, Huslage K, Sickbert-Bennett E. Role of hospital
surfaces in the transmission of emerging health care-associated pathogens: norovirus,
Clostridium difficile, and Acinetobacter species. Am ] Infect Control. (2010) 38:
§25-33. doi: 10.1016/j.ajic.2010.04.196

4. Olmsted RN. Prevention by design: construction and renovation of health care
facilities for patient safety and infection prevention. Infect Dis Clin North Am.
(2016) 30:713-28. doi: 10.1016/.idc.2016.04.005

5. Cairns C. Emergency Department Visit Rates by Selected Characteristics: United
States, 2018. Centers for Disease Control and Prevention (2021) doi: 10.15620/cdc:102278

6. Hasegawa K, Tsugawa Y, Cohen A, Camargo CA. Infectious disease-related
emergency department visits among children in the United States. Pediatr Infect Dis
J. (2015) 34:681-5. doi: 10.1097/INF.0000000000000704

7. Langlo NMF, Orvik AB, Dale ], Uleberg O, Bjornsen LP. The acute sick and
injured patients: an overview of the emergency department patient population at a
Norwegian university hospital emergency department. Eur J Emerg Med. (2014)
21:175-80. doi: 10.1097/ME].0b013e3283629c18

8. Cornejo-Juarez P, Vilar-Compte D, Garcia-Horton A, Lopez-Veldzquez M,
Namendys-Silva S, Volkow-Fernandez P. Hospital-acquired infections at an
oncological intensive care cancer unit: differences between solid and hematological
cancer patients. BMC Infect Dis. (2016) 16:274. doi: 10.1186/s12879-016-1592-1

9. Kwan SE, Shaughnessy R], Hegarty B, Haverinen-Shaughnessy U, Peccia J. The
reestablishment of microbial communities after surface cleaning in schools. J Appl
Microbiol. (2018) 125:897-906. doi: 10.1111/jam.13898

10. Edwards NWM, Best EL, Goswami P, Wilcox MH, Russell SJ. Recontamination
of healthcare surfaces by repeated wiping with biocide-loaded wipes: “one wipe, one
surface, one direction, dispose” as best practice in the clinical environment. Int
J Mol Sci. (2020) 21:9659. doi: 10.3390/ijms21249659

11. Hospodsky D, Qian ], Nazaroff WW, Yamamoto N, Bibby K, Rismani-Yazdi H,
et al. Human occupancy as a source of indoor airborne Bacteria. PLOS ONE. (2012) 7:
€34867. doi: 10.1371/journal.pone.0034867

12. Qian J, Hospodsky D, Yamamoto N, Nazaroff WW, Peccia J. Size-resolved
emission rates of airborne bacteria and fungi in an occupied classroom. Indoor Air.
(2012) 22:339-51. doi: 10.1111/j.1600-0668.2012.00769.x

13. Chen See ], Ly T, Shope A, Bess J, Wall A, Komanduri S, et al. A
metatranscriptomics survey of microbial diversity on surfaces post-intervention of
cleanSURFACES® technology in an intensive care unit. Front Cell Infect Microbiol.
(2021) 20:705593. doi: 10.3389/fcimb.2021.705593

14. Eckstein BC, Adams DA, Eckstein EC, Rao A, Sethi AK, Yadavalli GK, et al.
Reduction of Clostridium Difficile and vancomycin-resistant Enterococcus
contamination of environmental surfaces after an intervention to improve cleaning
methods. BMC Infect Dis. (2007) 7:61. doi: 10.1186/1471-2334-7-61

Frontiers in Medical Technology

1

10.3389/fmedt.2023.1015507

Author disclaimer

The of
instrumentation is considered an integral part of the scientific

identification specific products or scientific

endeavor and does not constitute endorsement or implied
endorsement on the part of the authors, DoD, or any component
agency. The views expressed in this article are those of the
authors and do not necessarily reflect the official policy of the
Department of Defense or the United States Government.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmedt.2023.
1015507/full#supplementary-material.

15. Tuladhar E, Hazeleger WC, Koopmans M, Zwietering MH, Beumer RR, Duizer
E. Residual viral and bacterial contamination of surfaces after cleaning and
disinfection. Appl Environ Microbiol. (2012) 78:7769-75. doi: 10.1128/AEM.02144-12

16. Boyce JM, Havill NL. Evaluation of a new hydrogen peroxide wipe disinfectant.
Inf Control & Hosp Epidemiol. (2013) 34:521-3. doi: 10.1086/670212

17. Schirmer M, Franzosa EA, Lloyd-Price J, McIver L], Schwager R, Poon TW, et al.
Dynamics of metatranscription in the inflammatory bowel disease gut microbiome.
Nature Microbiology. (2018) 3:337-46. doi: 10.1038/s41564-017-0089-z

18. Goswami K, Shope AJ, Tokarev V, Wright JR, Unverdorben LV, Ly T, et al.
Comparative meta-omics for identifying pathogens associated with prosthetic joint
infection. Sci Rep. (2021) 11:23749. doi: 10.1038/s41598-021-02505-7

19. Landers TF, Hoet A, Wittum TE. Swab type, moistening, and preenrichment for
Staphylococcus aureus on environmental surfaces. J Clin Microbiol. (2010) 48:2235-6.
doi: 10.1128/JCM.01958-09

20. Wright JR, Ly TT, Brislawn CJ, Chen See JR, Anderson SLC, Pellegrino JT, et al.
cleanSURFACES® intervention reduces microbial activity on surfaces in a senior care
facility. Front Cell Infect Microbiol. (2022) 12:1040047. doi: 10.3389/fcimb.2022.1040047

21. CDC. Disinfection & Sterilization Guidelines. (2019) Available at: https://www.cdc.
gov/infectioncontrol/guidelines/disinfection/index.html [Accessed January 20, 2022].

22. Pedersen TL. tidygraph: A Tidy API for Graph Manipulation. (2022) Available
at: https://CRAN.R-project.org/package=tidygraph [Accessed April 5, 2022].

23. Stone PW. Economic burden of healthcare-associated infections: an American
perspective. Expert Rev Pharmacoecon Outcomes Res. (2009) 9:417-22. doi: 10.1586/
erp.09.53

24. Lamarsalle L, Hunt B, Schauf M, Szwarcensztein K, Valentine WJ. Evaluating the
clinical and economic burden of healthcare-associated infections during
hospitalization for surgery in France. Epidemiol Infect. (2013) 141:2473-82. doi: 10.
1017/S0950268813000253

25. Sibanda T, Selvarajan R, Ogola HJ, Obieze CC, Tekere M. Distribution and
comparison of bacterial communities in HVAC systems of two university buildings:
implications for indoor air quality and public health. Environ Monit Assess. (2021)
193:47. doi: 10.1007/s10661-020-08823-z

26. Soto W, Gutierrez J, Remmenga MD, Nishiguchi MK. Salinity and temperature
effects on physiological responses of Vibrio fischeri from diverse ecological niches.
Microb Ecol. (2009) 57:140-50. doi: 10.1007/s00248-008-9412-9

27. Flores GE, Bates ST, Knights D, Lauber CL, Stombaugh ], Knight R, et al.
Microbial biogeography of public restroom surfaces. PLOS ONE. (2011) 6:e28132.
doi: 10.1371/journal.pone.0028132

28. Rampelotto PH, Sereia AF R, de Oliveira LFV, Margi R. Exploring the hospital
microbiome by high-resolution 16S rRNA profiling. Int ] Mol Sci. (2019) 20(12):3099.
doi: 10.3390/ijms20123099

29. Becerra-Castro C, Macedo G, Silva AMT, Manaia CM, Nunes OC.
Proteobacteria become predominant during regrowth after water disinfection. Sci
Total Environ. (2016) 573:313-23. doi: 10.1016/j.scitotenv.2016.08.054

30. Shin N-R, Whon TW, Bae J-W. Proteobacteria: microbial signature of dysbiosis
in gut microbiota. Trends Biotechnol. (2015) 33:496-503. doi: 10.1016/j.tibtech.2015.
06.011

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmedt.2023.1015507/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmedt.2023.1015507/full#supplementary-material
https://doi.org/10.1186/1471-2334-6-130
https://doi.org/10.1186/1471-2334-6-130
https://doi.org/10.1186/s12866-021-02378-w
https://doi.org/10.1016/j.ajic.2010.04.196
https://doi.org/10.1016/j.idc.2016.04.005
https://doi.org/10.15620/cdc:102278
https://doi.org/10.1097/INF.0000000000000704
https://doi.org/10.1097/MEJ.0b013e3283629c18
https://doi.org/10.1186/s12879-016-1592-1
https://doi.org/10.1111/jam.13898
https://doi.org/10.3390/ijms21249659
https://doi.org/10.1371/journal.pone.0034867
https://doi.org/10.1111/j.1600-0668.2012.00769.x
https://doi.org/10.3389/fcimb.2021.705593
https://doi.org/10.1186/1471-2334-7-61
https://doi.org/10.1128/AEM.02144-12
https://doi.org/10.1086/670212
https://doi.org/10.1038/s41564-017-0089-z
https://doi.org/10.1038/s41598-021-02505-7
https://doi.org/10.1128/JCM.01958-09
https://doi.org/10.3389/fcimb.2022.1040047
https://www.cdc.gov/infectioncontrol/guidelines/disinfection/index.html
https://www.cdc.gov/infectioncontrol/guidelines/disinfection/index.html
https://CRAN.R-project.org/package=tidygraph
https://doi.org/10.1586/erp.09.53
https://doi.org/10.1586/erp.09.53
https://doi.org/10.1017/S0950268813000253
https://doi.org/10.1017/S0950268813000253
https://doi.org/10.1007/s10661-020-08823-z
https://doi.org/10.1007/s00248-008-9412-9
https://doi.org/10.1371/journal.pone.0028132
https://doi.org/10.3390/ijms20123099
https://doi.org/10.1016/j.scitotenv.2016.08.054
https://doi.org/10.1016/j.tibtech.2015.06.011
https://doi.org/10.1016/j.tibtech.2015.06.011
https://doi.org/10.3389/fmedt.2023.1015507
https://www.frontiersin.org/journals/medical-technology
https://www.frontiersin.org/

Wright et al.

31. Spain AM, Krumholz LR, Elshahed MS. Abundance, composition, diversity and
novelty of soil Proteobacteria. ISME J. (2009) 3:992-1000. doi: 10.1038/isme;j.2009.43

32. Pares RD, Gunn LV, Keskula EN. The role of infective plant debris, and its
concentration in soil, in the ecology of tomato mosaic tobamovirus—a non-
vectored plant virus. J Phytopathol. (1996) 144:147-50. doi: 10.1111/j.1439-0434.
1996.tb01505.x

33. Denton M, Kerr KG. Microbiological and clinical aspects of infection associated
with Stenotrophomonas maltophilia. Clin Microbiol Rev. (1998) 11:57-80. doi: 10.
1128/CMR.11.1.57

34. Otto M. Staphylococcus epidermidis - the “accidental” pathogen. Nat Rev
Microbiol. (2009) 7:555-67. doi: 10.1038/nrmicro2182

35. de Bentzmann S, Plésiat P. The Pseudomonas aeruginosa opportunistic
pathogen and human infections. Environ Microbiol. (2011) 13:1655-65. doi: 10.
1111/§.1462-2920.2011.02469.x

36. Scales BS, Dickson RP, LiPuma JJ, Huffnagle GB. Microbiology, genomics, and
clinical significance of the Pseudomonas fluorescens Species Complex, an
unappreciated colonizer of humans. Clin Microbiol Rev. (2014) 27:927-48. doi: 10.
1128/CMR.00044-14

37. Mayslich C, Grange PA, Dupin N. Cutibacterium acnes as an opportunistic
pathogen: an update of its virulence-associated factors. Microorganisms. (2021)
9(2):303. doi: 10.3390/microorganisms9020303

38. Insuwanno W, Kiratisin P, Jitmuang A. Stenotrophomonas maltophilia
infections: clinical characteristics and factors associated with mortality of
hospitalized patients. Infect Drug Resist. (2020) 13:1559-66. doi: 10.2147/IDR.S253949

39. Zhang X-X, Rainey PB. Regulation of copper homeostasis in Pseudomonas
fluorescens SBW25. Environ Microbiol. (2008) 10:3284-94. doi: 10.1111/j.1462-2920.
2008.01720.x

40. Elguindi J, Wagner J, Rensing C. Genes involved in copper resistance influence
survival of Pseudomonas aeruginosa on copper surfaces. ] Appl Microbiol. (2009)
106:1448-55. doi: 10.1111/j.1365-2672.2009.04148 x

41. Ghosh A, Saha PD. Optimization of copper bioremediation by
Stenotrophomonas maltophilia PD2. J Environmen Chem Eng. (2013) 1:159-63.
doi: 10.1016/j.jece.2013.04.012

42. Virieux-Petit M, Hammer-Dedet F, Aujoulat F, Jumas-Bilak E, Romano-
Bertrand S. From copper tolerance to resistance in Pseudomonas aeruginosa
towards patho-adaptation and hospital success. Genes (Basel). (2022) 13:301.
doi: 10.3390/genes13020301

43. Suda K, Motl S, Kuth J. Inpatient oncology length of stay and hospital costs:
implications for rising inpatient expenditures. /] App Res. (2006) 6:126-32.

44. Mentzoni I, Bogstrand ST, Faiz KW. Emergency department crowding and
length of stay before and after an increased catchment area. BMC Health Serv Res.
(2019) 19:506. doi: 10.1186/s12913-019-4342-4

45. Feliciana Silva F, Macedo da Silver Bonfante G, Reis IA, André da Rocha H,
Pereira Lana A. Leal cherchiglia M. Hospitalizations and length of stay of cancer

Frontiers in Medical Technology

12

10.3389/fmedt.2023.1015507

patients: a cohort study in the Brazilian public health system. PLOS ONE. (2020)
15:¢0233293. doi: 10.1371/journal.pone.0233293

46. Morgan DJ, Rogawski E, Thom KA, Johnson JK, Perencevich EN, Shardell M,
et al. Transfer of multidrug-resistant bacteria to healthcare workers’ gloves and
gowns after patient contact increases with environmental contamination. Crit Care
Med. (2012) 40:1045-51. doi: 10.1097/CCM.0b013e31823bc7c8

47. Tajeddin E, Rashidan M, Razaghi M, Javadi SSS, Sherafat S], Alebouyeh M, et al.
The role of the intensive care unit environment and health-care workers in the
transmission of bacteria associated with hospital acquired infections. J Infect Public
Health. (2016) 9:13-23. doi: 10.1016/j.jiph.2015.05.010

48. Jinadatha C, Villamaria FC, Coppin JD, Dale CR, Williams MD, Whitworth R,
et al. Interaction of healthcare worker hands and portable medical equipment: a
sequence analysis to show potential transmission opportunities. BMC Infect Dis.
(2017) 17:800. doi: 10.1186/s12879-017-2895-6

49. Nufiez S, Moreno A, Green K, Villar J. The stethoscope in the emergency
department: a vector of infection? Epidemiol & Inf. (2000) 124:233-7. doi: 10.1017/
$0950268800003563

50. Becker K, Heilmann C, Peters G. Coagulase-Negative staphylococci. Clin
Microbiol Rev. (2014) 27:870-926. doi: 10.1128/CMR.00109-13

51. Bansal A, Sarath RS, Bhan BD, Gupta K, Purwar S. To assess the stethoscope
cleaning practices, microbial load and efficacy of cleaning stethoscopes with
alcohol-based disinfectant in a tertiary care hospital. J Infect Prev. (2019) 20:46-50.
doi: 10.1177/1757177418802353

52. von Eiff C, Proctor RA, Peters G. Coagulase-negative staphylococci. Postgrad
Med. (2001) 11:63-76. doi: 10.3810/pgm.2001.10.1046

53. Yamamoto K, Mezaki K, Ohmagari N. Simple indictor of increased blood
culture contamination rate by detection of coagulase-negative staphylococci. Sci Rep.
(2021) 11:17538. doi: 10.1038/s41598-021-96997-y

54. Kloos WE, Bannerman TL. Update on clinical significance of coagulase-negative
staphylococci. Clin Microbiol Rev. (1994) 7:117-40. doi: 10.1128/CMR.7.1.117

55. Elzi L, Babouee B, Vogeli N, Laffer R, Dangel M, Frei R, et al. How to
discriminate contamination from bloodstream infection due to coagulase-negative
staphylococci: a prospective study with 654 patients. Clin Microbiol Infect. (2012)
18:E355-361. doi: 10.1111/j.1469-0691.2012.03964.x

56. Dargere S, Cormier H, Verdon R. Contaminants in blood cultures: importance,
implications, interpretation and prevention. Clin Microbiol Infect. (2018) 24:964-9.
doi: 10.1016/j.cmi.2018.03.030

57. de St Maurice A, Frangoul H, Coogan A, Williams JV. Prolonged fever and
splenic lesions caused by malassezia restricta in an immunocompromised patient.
Pediatr Transplant. (2014) 18:E283-286. doi: 10.1111/petr.12351

58. Chowdhary A, Agarwal K, Kathuria S, Singh PK, Roy P, Gaur SN, et al. Clinical
significance of filamentous basidiomycetes illustrated by isolates of the novel
opportunist ceriporia lacerata from the human respiratory tract. J Clin Microbiol.
(2013) 51:585-90. doi: 10.1128/JCM.02943-12

frontiersin.org


https://doi.org/10.1038/ismej.2009.43
https://doi.org/10.1111/j.1439-0434.1996.tb01505.x
https://doi.org/10.1111/j.1439-0434.1996.tb01505.x
https://doi.org/10.1128/CMR.11.1.57
https://doi.org/10.1128/CMR.11.1.57
https://doi.org/10.1038/nrmicro2182
https://doi.org/10.1111/j.1462-2920.2011.02469.x
https://doi.org/10.1111/j.1462-2920.2011.02469.x
https://doi.org/10.1128/CMR.00044-14
https://doi.org/10.1128/CMR.00044-14
https://doi.org/10.3390/microorganisms9020303
https://doi.org/10.2147/IDR.S253949
https://doi.org/10.1111/j.1462-2920.2008.01720.x
https://doi.org/10.1111/j.1462-2920.2008.01720.x
https://doi.org/10.1111/j.1365-2672.2009.04148.x
https://doi.org/10.1016/j.jece.2013.04.012
https://doi.org/10.3390/genes13020301
https://doi.org/10.1186/s12913-019-4342-4
https://doi.org/10.1371/journal.pone.0233293
https://doi.org/10.1097/CCM.0b013e31823bc7c8
https://doi.org/10.1016/j.jiph.2015.05.010
https://doi.org/10.1186/s12879-017-2895-6
https://doi.org/10.1017/S0950268800003563
https://doi.org/10.1017/S0950268800003563
https://doi.org/10.1128/CMR.00109-13
https://doi.org/10.1177/1757177418802353
https://doi.org/10.3810/pgm.2001.10.1046
https://doi.org/10.1038/s41598-021-96997-y
https://doi.org/10.1128/CMR.7.1.117
https://doi.org/10.1111/j.1469-0691.2012.03964.x
https://doi.org/10.1016/j.cmi.2018.03.030
https://doi.org/10.1111/petr.12351
https://doi.org/10.1128/JCM.02943-12
https://doi.org/10.3389/fmedt.2023.1015507
https://www.frontiersin.org/journals/medical-technology
https://www.frontiersin.org/

	Assessment of a novel continuous cleaning device using metatranscriptomics in diverse hospital environments
	Introduction
	Methods
	Site information, study design, and sampling methodology
	RNA extraction, concentration, quantification, library preparation, and sequencing
	Bioinformatics methods and analysis

	Results
	Alpha diversity
	Beta diversity network
	Nestedness and turnover
	Lefse biomarker analysis
	Observed shifts in abundance of potential opportunistic pathogens

	Discussion
	Alpha and Beta diversity findings
	Diversity of microbes present on post-intervention surfaces
	Reduced abundance of HAI-associated taxa post-intervention
	Limitations  challenges

	Conclusions
	Data availability statement
	Ethics Statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Author disclaimer
	Supplementary material
	References


