PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Rose LJ, Houston H, Martinez-Smith M,
Lyons AK, Whitworth C, Reddy SC, et al. (2022)
Factors influencing environmental sampling
recovery of healthcare pathogens from non-porous
surfaces with cellulose sponges. PLoS ONE 17(1):
©0261588. https:/doi.org/10.1371/journal.
pone.0261588

Editor: Ginny Moore, Public Health England,
UNITED KINGDOM

Received: July 22, 2021
Accepted: December 4, 2021
Published: January 13, 2022

Copyright: This is an open access article, free of all
copyright, and may be freely reproduced,
distributed, transmitted, modified, built upon, or
otherwise used by anyone for any lawful purpose.
The work is made available under the Creative
Commons CCO public domain dedication.

Data Availability Statement: All relevant data are
within the manuscript and its Supporting
Information files.

Funding: the authors received no specific funding
for this work.

Competing interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

Factors influencing environmental sampling
recovery of healthcare pathogens from non-
porous surfaces with cellulose sponges

Laura J. Rose(®, Hollis Houston, Marla Martinez-Smith, Amanda K. Lyons),
Carrie Whitworth, Sujan C. Reddy, Judith Noble-Wang *

Division of Healthcare Quality Promotion, National Center for Emerging and Infectious Diseases, Centers for
Disease Control and Prevention, Atlanta, Georgia, United States of America

* cux2@cdc.gov

Abstract

Results from sampling healthcare surfaces for pathogens are difficult to interpret without
understanding the factors that influence pathogen detection. We investigated the recovery
of four healthcare-associated pathogens from three common surface materials, and how a
body fluid simulant (artificial test soil, ATS), deposition method, and contamination levels
influence the percent of organisms recovered (%R). Known quantities of carbapenemase-
producing KPC+ Kilebsiella pneumoniae (KPC), Acinetobacter baumannii, vancomycin-
resistant Enterococcus faecalis, and Clostridioides difficile spores (CD) were suspended in
Butterfield’s buffer or ATS, deposited on 323cm? steel, plastic, and laminate surfaces,
allowed to dry 1h, then sampled with a cellulose sponge wipe. Bacteria were eluted, cul-
tured, CFU counted and %R determined relative to the inoculum. The %R varied by organ-
ism, from <1% (KPC) to almost 60% (CD) and was more dependent upon the organism’s
characteristics and presence of ATS than on surface type. KPC persistence as determined
by culture also declined by >1 log4 within the 60 min drying time. For all organisms, the %R
was significantly greater if suspended in ATS than if suspended in Butterfield’s buffer
(p<0.05), and for most organisms the %R was not significantly different when sampled from
any of the three surfaces. Organisms deposited in multiple droplets were recovered at equal
or higher %R than if spread evenly on the surface. This work assists in interpreting data col-
lected while investigating a healthcare infection outbreak or while conducting infection inter-
vention studies.

Introduction

Contaminated healthcare surfaces such as bedrails, overbed tables and shared medical equip-
ment can contribute to pathogen transmission and healthcare-associated infections (HAI) [1-
4]. Many organisms associated with HAIs are known to persist for extended periods on
fomites [5-8] and organism transfer indirectly and directly from patients to surfaces has been
demonstrated [9, 10].

Although environmental contamination can lead to transmission events, studies have not
been able to show that any particular level of microbial contamination is associated with
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increased risk of acquiring a HAI [11]. For this reason, routine monitoring in healthcare facili-
ties has not been required or recommended [12-14]. While standard methods exist for sam-
pling food preparation surfaces [15, 16] and pharmaceutical manufacturing surfaces [17, 18]
no standard methods or practices exist for sampling healthcare surfaces [19]. Meanwhile, tar-
geted sampling is frequently done for epidemiological investigations [1, 20-22], disinfection
efficacy evaluations [1, 23-25], evaluation of antimicrobial surfaces [26, 27], studies evaluating
pathogen transfer to hands, gloves, and gowns [28, 29], and investigations of the role of laun-
dry practices in HAI [30, 31]. Understanding the factors that influence the collection and cul-
turing of organisms from surfaces, and the limitations of the methods is critical for correctly
interpreting the results of the sampling event. Most environmental sampling studies con-
ducted in a clinical setting use swabs (cotton, foam or flocked tipped) or contact plates on
small surface areas (most close to 100 cm?) [32-34] and report either the presence/absence of a
target organism, or the percent of surfaces positive [35, 36]. These types of studies do not artic-
ulate the limitations of the methods or the implications of these limitations on interpreting
results. When studies are conducted in a clinical setting, the original bioburden present on a
surface is not known, and therefore, regardless of whether all other factors are uniform, it is
impossible to determine the efficiency and therefore the sensitivity of the sampling method.

Previous work has demonstrated that the recovery efficiency (percent of the actual, known
quantity of bioburden or target organism detected from a surface) of a sampling method is
dependent on several factors including 1) the material the sampling tool is composed of (cot-
ton, polyester, cellulose, nylon flock, etc.), 2) the premoistening fluid used [37], 3) the surface
area sampled [38, 39], 4) the transport conditions [40], and 5) the elution method [41]. In
addition, the media selection can influence whether a target organism is detected [42, 43]. The
presence of complex matrices such as blood, saliva, mucin or stool may influence the adher-
ence of bacteria to surfaces [44]. The presence of these matrices and other microorganisms
may also influence the cell surface characteristics [45, 46], and therefore influence adherence
and/or release from healthcare surfaces and sampling materials.

Studies with standard swabs (foam or flocked polyester tipped) have shown that the effi-
ciency decreases as the sampled area increases [38, 39], but investigators understandably prefer
to sample the largest area to capture more organisms. Since contamination may not be uni-
form in the healthcare environment and may occur in isolated ‘hot spots’ (random dispersion
of pathogens), sampling larger surface areas may improve detection of the target organism or
better characterize the room contamination. Sponge wipes are able to sample larger surface
areas than standard swabs and have been shown to be efficient and sensitive in sampling B.
anthracis spores [47, 48]. These sponge wipes have also been used frequently in epidemiologi-
cal investigations [31, 49], yet to our knowledge, no work has yet been published describing
the efficiency of sponge sampling materials for healthcare pathogens (i.e. those of concern in
transmission of infections within healthcare facilities).

Many considerations come into play when choosing a sampling tool and designing a sam-
pling plan, such as the surface area to sample, premoistening liquid, transport conditions, and
elution methods [19, 50, 51]. The objective of this study was to investigate some of the factors
that influence the sampling efficiency of cellulose sponge wipes for recovery of four antimicro-
bial-resistant bacterial pathogens from environmental surfaces. Five variables were included in
these evaluations: 1) presence or absence of organic and inorganic substances; 2) deposition as
isolated drops (to simulate ‘hot spots’) as compared to evenly spread inoculum, 3) inoculum
level, 4) use of selective vs. non-selective culture media for detection of recovered organisms,
and 5) characteristics of the surface materials. To assess the microbial differences that may
impact detection of recovered organisms, the persistence of the organisms on the surfaces was
also investigated.
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Materials and methods
Bacterial growth and inoculum preparation

Carbapenemase-producing KPC+ Klebsiella pneumoniae BAA-1705 (KPC), multi-drug resis-
tant Acinetobacter baumannii MLST type 12 (AB) and vancomycin-resistant Enterococcus fae-
calis A256 (VRE) were grown on Trypticase soy agar with 5% sheep blood (TSA 11, BD,
Franklin Lakes, NJ) 18-24 h. A 0.5 McFarland standard (10® CFU/mL) was prepared in PBS
with 0.02% Tween 80 (PBST). Clostridioides difficile spores ATCC 43598 (CD) were prepared
as described previously [52], resulting in a working stock suspension of 10” CFU/mL of spores
in PBST.

The cells and spores were suspended and adjusted to 10” or 10° CFU/mL in PBS with 0.02%
Tween 80 (to disrupt cell aggregates), then diluted in series so that the final inocula suspen-
sions of 10° or 10* CFU/mL were in either Butterfield’s buffer (BB) alone, BB with 20% Artifi-
cial Test Soil (ATS, Healthmark Industries Company, Inc., Frasier MI) or 20% ATS with 10
mg/mLdust added (dust; A-3 Medium Test Dust, Powder Technologies, Inc. Burnsville, MN).
The ATS was selected as a body fluid simulant, as it contains albumin, hemoglobin, amino
acids, and vitamins. The test dust was selected to simulate soil that may be carried inside a
healthcare facility in small amounts from outside, via a window, air handling unit, or on visi-
tor’s clothes, and it contains inorganic dust, fungal spores, Bacillus spp. spores, actinomycetes
and yeast [47].

Cells were characterized for hydrophobicity using the water contact angle method
described by Busscher et al. [44]. Briefly, the cells were filtered onto a membrane to create a
lawn, dried for 60 min., then the water contact angle was measured using a confocal micro-
scope (LEXT™ OLS4000, Olympus, Miami, FL). The zeta potential of cells, a proxy for cell sur-
face charge, was measured using a ZetaSizer (Malvern Instruments, Westborough, MA). Both
tests were conducted on cells suspended in BB and in 20% ATS.

Preparation of surface materials and inoculation

Test surfaces were sections (coupons) of stainless steel (SS, T-304 alloy, 24-gauge, Steward
Stainless Supply, Inc., Suwanee, GA), textured plastic (TP, Kydex-T, 0-80 thickness, P1 Hair-
cell texture) and laminate (WL, Wood grain laminated hospital tabletop, T-molded edge, Inva-
care, Inc. UPC# 066510030777) (Figs 1 and 2). For sampling evaluations 322.6 cm? (50 in®)
coupons were used, and for persistence evaluations 4cm” coupons were used. All surfaces were
analyzed for roughness (profilometer, Ramé-Hart Instrument Co. Succasunna, NJ), contact
angle (confocal microscope) and zeta potential (ZetaSizer, Malvern Panalytical Inc., Westbor-
ough MA) measurements. All surfaces were cleaned prior to use by scrubbing twice with non-
antimicrobial soap (Versaclean, Fisher Scientific, Sewanee, GA) rinsing with reverse osmosis
water, then spraying with 70% ethanol, allowing for a 1 min contact time, and then wiping
with a lint-free towel. Steel coupons were sterilized by autoclaving, while acrylic alloy and lami-
nate coupons were sterilized by UV irradiation for 1 hr.

Sampling and sample processing

Sterile 322.5 cm® coupons were inoculated with 500 uL of the bacteria suspended in either BB,
ATS, or ATS plus dust (resulting in inoculum of 10* or 10° CFU/coupon), then spread uni-
formly across the separate coupons with a cell spreader. These experiments were conducted to
determine the influence of the organic matter, the inoculum level, and the effect of selective
culture media. These evaluations were conducted on at least two separate days, with 3
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Fig 1. Stainless steel and textured plastic test surface.

https://doi.org/10.1371/journal.pone.0261588.9001

replicates for each parameter being compared, and one negative control coupon each day.
Negative controls consisted of inoculating with suspending media only, no organisms.

Based on the findings of this first set of experiments (improved recovery when ATS pres-
ent), subsequent evaluations were conducted with cells suspended only in ATS. To compare
evenly spread inocula with simulated “hot spots”, cells of VRE and AB were deposited in a 4
cm? area in the center of 322.5 cm? steel and plastic coupons. These evaluations were com-
pleted with inocula of 10° and 10* CFU/coupon. After inoculation, coupons were left to dry in
a closed biosafety cabinet (air flow off) for 60-90 min (until visibly dry) before sampling
began. The sampling of the 322.5 cm” coupon was conducted in the same manner as if the
inoculum was spread evenly. Each variable was tested with a minimum of 6 coupons and one
negative control coupon for each surface type, inoculation type (hot spot and spread) and
organism (VRE and AB). Negative controls consisted of inoculating with suspending media

Fig 2. Wood grain laminated hospital tabletop test surface.

https://doi.org/10.1371/journal.pone.0261588.g002
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Fig 3. Sponge sampling of steel surface.
https://doi.org/10.1371/journal.pone.0261588.9g003

only, no organisms. Sampling of surfaces was performed using cellulose sponges pre-moist-
ened with neutralizing buffer (Sponge-Stick™, P/N SSL10NB; 3M, St. Paul, MN). All sides of
the sponges were used to sample the surface in a standardized manner, moving in multiple
directions while rotating the sponge, as previously described [47, 53] (Figs 3 and 4). Organisms
were eluted from the sponges in 90 mL of PBS.

Organisms were eluted from the sponges in 90 mL of PBS with 0.02% Tween®) 80 using a
homogenizer (Stomacher®) 400 Circulator, Seward Laboratory Systems, Inc.) set at 200 rpm (veg-
etative cells) or 260 rpm (CD spores) for 1 min. The eluent was divided into two 50 mL conical
tubes and concentrated by centrifugation at 2700 rpm for 20 min to pellet and all but ~3 mL of
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Fig 4. Sponge moved in multiple overlapping directions to cover the entire surface.

https://doi.org/10.1371/journal.pone.0261588.9004

eluent removed from each tube from the tube and discarded. The pellet was then resuspended by
vortexing for 2 minutes in 10 second bursts, the resuspended pellets combined into one tube, and
the final volume was measured and recorded. This eluent was then diluted in 10-fold series,
spread plated, incubated at optimum conditions, and colonies were counted upon incubation
(18-24 h, but checked again at 48 and 72h for slow growing colonies). When culturing eluate
from samples containing BB or ATS only, non-selective media were used to culture the eluent:
Trypticase™ Soy Agar with 5% sheep blood for AB, KPC and VRE (TSA II"™ BD BBL, Franklin
Lakes, NJ), and Brain Heart Infusion Agar with horse blood and taurocholate for CD (BHI-HT;
Anaerobe Systems, Morgan Hill, CA). When culturing eluate from ATS + dust samples, both
selective and non-selective media were used to determine whether the media influenced the quan-
titation of organisms after desiccation. Selective media included MDRA agar (cat #259 Hardy
Diagnostics, Santa Maria, CA) for AB, CHROME VRE agar (Hardy Diagnostics) for VRE, Mac-
Conkey II agar (Becton Dickson BBL ™, Franklin Lakes, NJ) for KPC, and CCFA-HT (Anaerobe
systems, Morgan Hill, CA) for CD. Cultures of AB, KPC and VRE were incubated at 35°C for 24
h, C. difficile cultures were incubated in an anaerobe chamber at 35 C for 48 h.

Persistence evaluations

In a limited evaluation, the survival of the three vegetative bacteria, KPC, AB and VRE, in both BB
and ATS, was investigated over 90 min, the maximum dry time used before sampling. Suspensions
of 10° CFU/mL of each organism were made in either BB or ATS, and 10 uL of each suspension
was placed onto 4 cm? coupons of stainless steel and textured plastic (n = 3 coupons for each
organism and combination of parameters; steel, plastic, ATS, BB). Coupons were allowed to dry at
ambient room temperature and humidity (22°C +2°C, RH range 22-54%) in a closed biosafety
cabinet with the airflow off. At 0, 30, 60, 90 min after inoculating, each coupon was placed in a
tube containing 5 mL PBST, then vortexed and sonicated in alternating 30 sec intervals, three
times each. The eluate was diluted in series and spread plated for culture and enumeration of CFU.

Statistical analysis

The percent recovery of the sampling evaluations was determined, based on total CFU recov-
ered relative to the known inoculum (CFU) placed on each coupon (total CFU recovered/CFU
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of inoculum). The log;( reduction of cultivable cells for the persistence evaluations were deter-
mined relative to the inoculum. Shapiro-Wilk test used to test for normalcy of the data sets,
Mann-Whitney test were conducted to discover differences between experimental variables.

Statistical significance was delineated if p<0.05.

Results
Sampling efficiency

No significant difference in %R was seen between organisms deposited in ATS and ATS + dust
on the non-selective media (p<0.05), therefore these two data sets were combined for compar-
ison to the %R of cells deposited in BB. The %R of all organisms sampled from all surfaces was
significantly higher when suspended in ATS than when suspended in BB (p<0.01, Table 1).
All negative controls were negative for the target organism being tested. The %R was lowest
for KPC and highest for CD spores, regardless of surface type or suspending fluid. The mean
%R for VRE and AB if suspended in ATS and recovered from all surface types were similar,
with no significant difference seen (16.7% and 15.6%, respectively, p = 0.17, Table 1). When
suspended in ATS, the mean %R of VRE and AB from plastic was lower than steel and lami-
nate (though never more than a mean difference of 6%), and no significant difference in %R
was seen between steel and laminate (p>0.1, Tables 1 and S3). CD spores were detected at a
significantly higher %R from plastic than steel or laminate (p = 0.02, but within 6%, Table 1
ATS, S3 Table), and KPC was recovered at a higher %R from steel and plastic than laminate
(but within 4%, Table 1 ATS; steel and plastic, p = 0.03, S3 Table).

Table 1. Percent recovery (SD) of healthcare-associated pathogens from three surface materials, as suspended in
Butterfield’s Buffer (BB) and Artificial Test Soil (ATS), inocula 10* CFU/50in? coupon. All p values < 0.001 when

comparing BB and ATS for each given organism and surface type.

Organism Surface type

K. pneumoniae (KPC) Steel
Plastic
Laminate
All Surfaces®
E. faecalis (VRE) Steel
Plastic
Laminate
All Surfaces*
A. baumannii (AB) Steel
Plastic
Laminate
All Surfaces
C. difficile spores (CD) Steel
Plastic
Laminate
All Surfaces

'BB: Cells or spores suspended in Butterfields’ buffer prior to depositing on each surface, n> 10.

2ATS: Cells or spores suspended in Artificial Test Soil (Healthmark Industries Inc.) prior to depositing on each

surface, n> 10.

3 All Surfaces = mean of %R across Steel, Plastic and Laminate, for the given organism.

https://doi.org/10.1371/journal.pone.0261588.t001

BB!
%R (SD)
0.7 (0.4)
0.3 (0.3)
0.6 (0.5)

0.5 (0.5)
4.1(1.8)
3.2(0.8)
12.8 (2.8)
6.7 (4.7)
11.7 (2.9)
6.9 (2.2)
8.7 (2.7)
9.1(3.3)
25.1(9.9)
32.1(11.1)
36.5 (4.7)
31.2 (10.0)

ATS?
%R (SD)
8.9 (3.9)
7.7 (5.1)
4.3 (2.0)
6.9 (4.3)
17.2(7.3)
13.2 (5.8)

19.7 (11.8)
16.7 (9.1)
16.9 (5.9)
13.7 (5.0)
16.1 (5.4)
15.6 (5.6)
53.0 (10.3)
58.9 (12.7)
52.3(8.2)
54.7 (10.9)
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Table 2. Log;, change in cultivability (CFU) relative to the inoculum, upon drying 60 or 90 min. Data for steel and plastic pooled. Inocula ranged from 3.9-4.5 log,.

Organism Dry time, min Log;o change in CFU (SD) Log;o change in CFU (SD) p’ n
BB' ATS?

K. pneumoniae (KPC) 60 -0.52 (0.68) -1.08 (0.55) 0.13 >9
90 -2.08 (1.23) -1.42 (0.31) 0.11 >9

A. baumannii (AB) 60 -0.33 (0.06) -0.13 (0.05) 0.02 6
90 -0.29 (0.08) -0.21 (0.05) 0.17 6

E. faecalis (VRE) 4 60 -1.50 (0.36) +0.03 (0.70) 0.2 3
90 -0.92 (0.40) +0.08 (0.03) 0.1 3

Note: Inoculum CFU and recovered CFU at each time point were log;o normalized, log;o reduction determined relative to T0, data from steel and plastic were pooled
(for KPC and AB), mean and standard deviations of the log;o reductions were determined. Mean log;, Inocula: KPC 3.9, AB 4.1, VRE 4.5 log;,.

'BB: Cells or spores suspended in Butterfields’ buffer prior to depositing on each surface.

2ATS: Cells or spores suspended in Artificial Test Soil (Healthmark Industries Inc.) prior to depositing on each surface.

* p = Mann-Whitney comparison of log;, reduction in CFU over time, as suspended in Buffer as compared to suspended in ATS.

* VRE persistence determined for steel only.

https://doi.org/10.1371/journal.pone.0261588.t002

Persistence evaluations

When conducting the sampling evaluations, inocula were dried 60-90 min before sampling.
Since ambient conditions in the laboratory varied slightly day to day, the inocula occasionally
required more than 60 min to dry before sampling. In the short-term persistence evaluations,
we found that KPC and AB declined in cultivability over this time and under these ambient
environmental conditions (Table 2). KPC in ATS was found to decline by a mean of 1.08 (SD
0.55) log;o CFU in 60 min, while AB declined by only a mean of 0.13 (SD 0.05) log;, CFU dur-
ing the same time period (Table 2). The VRE mean CFU increased slightly after 60 min, a phe-
nomenon known as reductive division, commonly seen in organisms under stress [54, 55].

Inoculum distribution evaluations

Because of the significant decline in cultivable KPC cells, only VRE and AB were evaluated to
determine whether the pattern of distribution over the sampling area influenced the %R. We
found that sampling of dried droplets or “hot spots” resulted in a greater or equal %R as com-
pared to an evenly distributed dried inoculum (Table 3). A greater %R was seen when inocula
were deposited as “hot spots” for AB and VRE on steel, and for VRE on plastic than if evenly
distributed. No significant difference was seen between the two methods of inoculation for AB
on plastic.

Table 3. Percent recovery (SD), Hot Spot vs Even distribution of inoculum (10* CFU/coupon, n = 6 for each variable).

Organism Surface Inoculum % Recovery (SD) p'
E. faecalis (VRE) Steel Hot Spot 54.1(9.3) <0.001
Even Distribution 21.8 (4.6)
Plastic Hot Spot 34.7 (4.0) <0.001
Even Distribution 19.4 (3.3)
A. baumannii (AB) Steel Hot Spot 13.7 (5.2) <0.001
Even Distribution 8.2(2.3)
Plastic Hot Spot 20.2 (9.7) 0.501
Even Distribution 21.5(9.9)

! p = Mann-Whitney comparison of %R of hot spot deposition and even distribution of inoculum prior to drying and sampling. Cells suspended in ATS.

https://doi.org/10.1371/journal.pone.0261588.t003
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Table 4. Percent recovery (SD), Inoculum (10* vs 10° CFU/coupon) (n = 6).

Organism Surface
E. faecalis (VRE) Steel
Plastic
A. baumannii (AB) Steel
Plastic

% Recovery (SD)

Inoculum 10* 10° p'
Hot Spot 62.8 (9.7) 59.7 (6.2) 0.15
Even Distribution 25.6 (3.7) 20.7 (3.2) <0.001
Hot Spot 40.3 (13.6) 43.2 (7.0) 0.61
Even Distribution 14.2 (3.2) 15.4 (4.4) 0.72
Hot Spot 13.5(3.8) 13.0 (5.8) 0.46
Even Distribution 11.8 (5.4) 9.1 (3.7) 0.13
Hot Spot 17.2 (3.9) 19.4 (3.7) 0.14
Even Distribution 16.6 (6.6) 16.2 (2.7 0.94

' p = Mann-Whitney comparison of %R of cells deposited at 10* and 10° CFU/coupon.

https://doi.org/10.1371/journal.pone.0261588.t1004

Inoculum level evaluations

When VRE and AB were placed on the plastic surfaces at two inoculum levels (10* or 10° CFU
per 50 in®) and spread evenly, no significant difference in % R was seen between the two inocu-
lum levels, with the exception of VRE on steel (Table 4). If spread evenly on steel, the mean %
R of VRE was higher at 10*/coupon than 10°/coupon (25.6% and 20.7%, respectively,
p<0.001). If the organisms were placed as a hot spot in the center of the coupon before drying
and sampling, no significant difference in %R was seen between the two inoculum levels on
either surface type for either organism (Table 4).

Selective media evaluations

Differences in %R when using selective or non-selective media were seen when sampling vari-
ous surface types. In three out of the twelve parameters (considering the four organisms and
three surface types), the mean for the selective media was significantly lower than the non-
selective media (Table 5), and in once instance the selective media provided significantly
greater %R than non-selective media (CD from plastic; 59.8 and 51.2 respectively, p = 0.001).
When data from all surfaces were pooled for each organism, a significant difference was seen
in %R using the two media types for KPC and VRE, but not for AB or CD (Table 5). Though
some significant differences in %R were observed between selective media and non-selective
media, none were greater than 5.6% (AB from steel; Table 5).

Surface roughness, contact angle and zeta potential

The healthcare surfaces used were found to vary in roughness, contact angle and zeta potential
(S1 Table). Steel was found to be the smoothest, demonstrate the greatest contact angle (most
hydrophobic), and lowest negative charge (-22mV). The laminate was the roughest and had
the lowest contact angle (the least hydrophobic) of the three materials tested, and the more
negatively charged (-28.4 mV).

Cell hydrophobicity and zeta potential

The zeta potential measurements of the organisms show CD spores to be the least charged
(-4.6 mV in BB, -12.8 mV in ATS) and VRE to be the most charged cells, regardless of sus-
pending fluid (-25.9 mV in BB, -19.6mv in ATS, S2 Table). When cells were suspended in BB
and placed on a filter for contact angle measurements, VRE cells were found to be the most
hydrophilic (lowest contact angle, 43.5°) of the four organisms tested, and CD spores are the
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Table 5. Percent recovery (SD) of four organisms from three surfaces using both selective (indicated by asterisk) and non-selective culture media’.

Organism Surface Culture medium? %R (SD) p?
K. pneumoniae (KPC) Steel TSA w/5% SB 9.9 (4.1) 0.86
MacConkey* 9.5(2.7)
Plastic TSA w/5% SB 9.9 (5.0) 0.02
MacConkey* 7.4 (3.8)
Laminate TSA w/5% SB 4.9 (2.0) <0.001
MacConkey* 2.6 (1.6)
All surfaces pooled TSA w/5% SB 8.2 (4.5) =0.001
MacConkey* 5.9 (4.1)
E. faecalis (VRE) Steel TSA w/5% SB 17.3(7.8) 0.40
Chrome VRE* 15.2 (6.0)
Plastic TSA w/5% SB 12.2 (6.7) 0.29
Chrome VRE* 10.4 (4.6)
Laminate TSA w/5% SB 17.1 (3.8) <0.001
Chrome VRE* 10.3 (2.9)
All surfaces pooled TSA w/5% SB 15.5(6.7) <0.001
Chrome VRE* 12.0 (5.2)
A. baumannii (AB) Steel TSA w/5% SB 14.5 (5.5) <0.001
MDRA* 8.9 (2.4)
Plastic TSA w/5% SB 14.5 (5.6) 0.34
MDRA* 13.6 (4.0)
Laminate TSA w/5% SB 17.9 (4.9) 0.94
MDRA* 18.0 (4.5)
All surfaces pooled TSA w/5% SB 15.6 (5.5) 0.003
MDRA* 135 (5.3)
C. difficile spores (CD) Steel BHI-HT 53.0 (9.1) 0.07
CCFA-HT* 49.2 (7.0)
Plastic BHI-HT 51.2 (11.2) 0.001
CCFA-HT* 59.8 (8.1)
Laminate TSA w/5% SB 50.4 (6.9) 0.19
CCFA-HT* 48.7 (8.8)
All surfaces pooled BHI-HT 51.9 (8.0) 0.98
CCFA-HT* 52.5(9.5)

! Organisms suspended in ATS+dust, then deposited on each surface and the suspensions dried prior to sampling.

2 TSA w/5% SB = Trypticase Soy Agar with 5% sheep blood, MacConkey II from Beckton Dickson BBL™, Chrome VRE from Hardy Diagnostics, MDRA = Multidrug
resistant Acinetobacter medium from Hardy Diagnostics, BHI-HT = Brain heart infusion with Horse Blood and Taurocholate from Anaerobe Systems Inc.,

CCFA-HT = Cycloserine Cefoxitin Fructose Agar with Horse Blood and Taurocholate from Anaerobe Systems Inc.

*p = Mann-Whitney comparison of %R of cells or spores cultured on selective or non-selective media.

https://doi.org/10.1371/journal.pone.0261588.1005

most hydrophobic (highest contact angle, 79.6 °) when tested as suspended in BB (S2 Table).
When cells were suspended in ATS and placed on a filter for contact angle measurements,
VRE was still the most hydrophilic (51.3 °) but interestingly, KPC was the most hydrophobic
(85.1 °) of the four organisms tested. When suspended in ATS, the contact angle increased for
all vegetative cells as compared to when suspended in BB, while the contact angle for CD
spores declined slightly. In contrast, when in ATS, the zeta potential decreased for the vegeta-
tive cells and increased for the CD spores.
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Discussion

Surfaces in healthcare settings play an important role in transmission of pathogens [1-4, 56],
particularly if cleaning and disinfection is not done properly. The U.S. Centers for Disease
Control and Prevention has provided guidance on how to reduce the risk of transmission of
HAISs from surfaces, highlighting core components of an environmental disinfection program
to ensure appropriate environmental cleaning and disinfection of healthcare surfaces [57].
Effective and efficient surface sampling is a key component to evaluating transmission inter-
vention strategies. Questions often arise as to how to interpret the results of a sampling event.
One common question is whether the target organism is truly absent when it is not detected or
whether the sampling device is not picking it up. The controlled laboratory studies presented
here demonstrate that sampling efficiency varies from one target organism to another, and the
presence or absence of an organic matrix surrounding the cells was found to influence the
recovery. The % R was always significantly greater when cells were suspended in ATS than
when cells were suspended in BB before depositing on surfaces. This improved %R may be
attributed to; 1) the organic matrix providing protection from desiccation as seen in the
improved persistence as determined by culture for some organisms and time points evaluated,
and/or 2) the organic matrix altering the surface properties of the cells or fomite material prop-
erties so that cell adherence is reduced as shown by the altered zeta potentials and/or contact
angle measurements of the cells and fomite material. The work informs other researchers look-
ing to evaluate sampling tools and processing methods that including an organic body fluid
simulant relevant to their study (i.e. blood, saliva, stool) is essential for an accurate assessment
of the recovery efficiency.

All the organisms tested here have been previously reported to persist on healthcare sur-
faces for extended periods of time [5, 8, 56, 58-61]. While this KPC strain was seen to decline
by 2 log;, in 2 days at 18°C and 20% RH, and 4 log;, in 2 days at 26°C and 57% RH, the same
AB strain demonstrated <0.5 log;o decline in 2 days under the same two controlled conditions
[62]. No data for shorter time points under controlled conditions is available. The current
work found that culturable cells of the KPC strain declined rapidly by a mean of >1 log;, CFU
within 60 min (Table 2). Though the current work was conducted at ambient temperature and
humidity that varied slightly from day to day, the levels were consistent with those within a
healthcare setting with central heating and air conditioning. The variable temperature and RH
can influence the cultivability and therefore the %R determination. With KPC in particular,
the sponge may be collecting similar numbers of KPC cells as AB or VRE cells, but the KPC
cells are not viable or viable but non-culturable (VBNC). If the %R of KPC were to be deter-
mined relative to the cultivable cells estimated to be present after drying for 1 h, the overall
mean recovery for KPC would be significantly greater than reported as calculated relative to
the inoculum cultivable in suspension (lower denominator would result in higher %R). In pre-
vious work, the three vegetative organisms evaluated were demonstrated to be metabolically
active as measured by esterase activity and a solid phase cytometer (ScanRDI, Biomerieux inc),
beyond the times they were detectable by culture [61, 62], indicating they may enter a VBNC
state [63-65] when dried on surfaces. Though the potential for VBNC organisms to be present
exists, little data is available to estimate the risk of disease transmission from these target path-
ogens in a VBNC state [66, 67]. In addition to entering the VBNC state, KPC cells may also be
more adherent to the surfaces than the other organisms tested here, as the KPC cells were seen
to be more hydrophilic, as discussed below.

In addition to protecting the cell and enhancing survival, the presence of organic material
can influence the properties of the cell and therefore adherence to surfaces. Many researchers
have investigated the cell properties that influence attachment to surfaces, as they relate to
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biofilm formation [44, 68-70]. The cell properties that can influence adherence include cell
surface hydrophobicity and cell surface charge [44, 71] presence of flagella and fimbrae [72]
and the production of extracellular polysaccharides (EPS) [73]. This work explored cell hydro-
phobicity and charge as potential contributors to cell adherence to the steel, plastic, and
laminate.

Bacteria in aqueous suspensions are typically negatively charged, and the charge varies
between species and strains. The charge can be influenced by the growth medium, pH and
ionic strength of the suspending buffer, bacterial growth stage, and bacterial surface structure
[74, 75]. The zeta potential is widely used as a proxy for bacterial cell surface charge. The zeta
potential is the net electrical charge contained within the region bounded by the slipping
plane, a notional boundary between the outer regions of the cell envelope and the ions that
interface with the suspending fluid. We measured the zeta potential of the cells as suspended
in BB and as suspended in ATS. Cells with a more negative surface charge have been shown to
be more likely to adhere to a surfaces [71]. Our zeta potential measurements show that for
KPC, VRE and AB, the presence of ATS caused the zeta potential of the cells to become less
negative, and therefore less likely to adhere to a surface. These findings are similar to those of
Van Merode et al. [76] for E. faecalis. Interestingly, the zeta potential of CD spores was more
negatively charged when ATS was present, indicating a more complex interaction dynamic
with these spores.

Water contact angle is an indicator of the hydrophobicity of a cell or a material, and gener-
ally the more hydrophobic a cell, the less adherent it will be [77-80]. Though we did not see a
direct correlation between cell contact angle and %R across organisms, the contact angle of all
vegetative cells increased significantly when ATS was present (though a slight decline for CD
spores), indicating increased cell hydrophobicity and reduced adherence. In surface sampling,
these cell-surface interactions (charge and hydrophobicity) may play an initial role in cells
adhering to surfaces when the inoculum is deposited on a surface, but changes to the cell and
the cell-surface dynamic may occur during the 1 h of desiccation prior to sampling. The force
applied during sampling and the presence of surfactants and neutralizers in the premoistening
fluid of the sponge may also alter cell properties.

Other researchers have shown that cells tend to adhere more to materials that are more
hydrophobic [77], and materials that are less negatively charged [81]. The presence of proteins
influencing hydrophobicity, charge, and adherence was demonstrated by Barnes et al [82].
Husmark et al. [83] also showed that the pH and polarity of the suspension can influence
adherence by altering both the Bacillus cereus spore surface and the substrate surface charac-
teristics. The presence of the ATS may have altered the surface charges and/or hydrophobicity
of the steel, plastic and laminate [79] by adsorbing onto the fomite surfaces, making them less
favorable for attachment through steric effects, or by hydration of the surface to convert it to a
more hydrophilic surface [84]. This illustrates that when investigating sampling tools and
methods, simulating cell in body fluids on healthcare surfaces by including organic matter
such as ATS is important to obtain relevant recovery efficiency data.

The roughness of our three surfaces varied from a mean roughness average (Sa, average of
peak and valley of topography) of 0.53 to 7.99 pum (steel, laminate respectively), but the %R for
each organism was not influenced by the type of substrate, with the differences in mean %R
never exceeding 6.6% for a given organism (if we consider the cells suspended in ATS). Indeed,
for VRE, AB, and CD, there was no significant difference between %R from the smoothest
(steel) and the roughest (laminate We therefore suggest that the characteristics of the laminate,
steel and plastic played a minor part in the sampling efficiencies for these healthcare associated
organisms. Instead, we propose that the organism characteristics play the dominant role in %
R. Barnes [82] and Hilbert [85] demonstrated that surface roughness had little effect on
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adherence of bacteria (not identified, rinsed from poultry, counted under SEM), though
Arnold et al. [86] reported that surface roughness did influence adherence, indicating that the
effect may be organism dependent. Krauter et al. [48] found differences in recovery and false
negative rates (FNR) when using the same sponge sampling tool and processing method as
used in this study to recover B. anthracis spores from various surfaces, though the steel and
plastic materials were not the same as in the currently reported study; 48.1%R and 9.8%R for
roughness averages of 0.13 (steel) and 5.88 pum (plastic panel), respectively. Neither contact
angle or zeta potential was reported in the Krauter et al study.

We found that within the range of contamination tested on the surfaces (10* and 10° CFU/
50 in?), inoculum level did not influence the efficiency of the sampling tool. The “hot spot”
inoculation method most likely is a better simulation of how healthcare surfaces are contami-
nated, and our findings show that recovery in this type of simulation is equal or better than if
evenly spread. The improved recovery may be due to improved survival in a denser population
of cells and organic matter, or because a smaller proportion of the cells are in direct contact
with the fomite surface, and therefore not affected by the forces that influence adherence.

The inoculum level of 10* CFU/50 in® was chosen as one relevant to healthcare surfaces and
one that would enable for comparison of the variables. One study [87] reported that the C. dif-
ficile level in the stool of infected patients ranges from 10 to 10® CFU/g stool. Another study
found patient colonization of VRE in stool as high as 7.8 (SD 1.5) log;, /g and when levels
were >4 log;o/g, environmental samples were positive [88]. Among 402 MRSA colonized
patients, O’Hara et al. [89] found the median level of colonization found with nares swabs was
445 CFU/mL of swab eluate. Shams et al. [90] found the burden of some pathogens to be as
high as 13,000 CFU/100 cm? (MRSA) and 1680 CFU/100 cm? (VRE) on some hospital surfaces
sampled. We have shown that the %R is similar at two inocula levels; 10* to 10° log;, CFU/50
in®. More extensive work was conducted, using this same sampling tool and processing
method at much lower inoculum levels of B. anthracis spores, and the % R was found to be lin-
ear relative to inoculum levels [48].

We cultured our eluate on selective and non-selective media to determine if organisms
stressed by desiccation would be further stressed by the selective media that might be used
when sampling in a healthcare environment where background organisms would need to be
suppressed. Though some significant differences in %R were observed between the selective
media and non-selective media, when recoveries from all surface types were pooled for each
organism, the means were within 3% of each other (Table 4).

We are aware that this laboratory simulation of sampling investigated only one isolate of
each organism, and that variations may be seen between isolates. The ATS was chosen as a sus-
pension matrix because of its formulation to simulate a general body fluid (hemoglobin, albu-
min, amino acids and vitamins) but suspension in other matrices such as whole blood, urine,
mucin and stool also warrant investigation as to their influence on recovery results. If the cell
suspensions were dried longer than 60-90 min, or if cells were deposited as a simulated skin
shedding, the %R may be different than reported here. Additionally, the cellulose sponge mate-
rial may differ in its ability to recover and release these organisms into the elution liquid when
compared to another sampling material [91], and differences in media selection and/or formu-
lations may influence %R.

Conclusion

When sampling for healthcare pathogens on surfaces, whether one needs to know the quantity
of pathogens present or only if present at all, understanding the efficiency of the sampling
method is essential for confidence in the findings. We confirm that the organic matrix
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contributes to cell survival as determined by culture and influences the adherence of the cell to
the surface. Additionally, even though the roughness, contact angle and zeta potential of the
three surface types evaluated were different, no significant differences in %R were seen when
sampling a given organism from each of the surfaces when the organic matrix was present,
indicating that the organism characteristics play a larger role in the sampling efficiency deter-
mined here.

When detection is via culture alone, quantitative recovery of the organisms may be under-
estimated. For example, if the efficiency of a sampling tool is 13% (as for AB from plastic) then
we should interpret those results with the understanding that the actual quantity of the bacteria
on the surface may be almost one log;, higher than what is recovered. Whether the cells are
transmissible by touch-transfer from surface to healthcare worker and/or patient remains to
be investigated. Additionally, more work is needed to investigate whether these healthcare
pathogens enter a VBNC state and if revived, whether they are virulent and a threat to
patients.

The data presented here supports the concept that when testing the efficiency of sampling
tools to use in field investigations, researchers should simulate the conditions of deposition
and include an organic matrix simulating what may be seen on healthcare surfaces. While
choice of sampling tool may depend on many factors [50], this work confirms the utility of the
cellulose sponge as a sampling tool and contributes to the improvement of environmental
sampling strategies for investigation of sources of healthcare contamination. These concepts
may help assist with better study design when conducting and interpreting transmission inter-
vention studies.

Supporting information

S1 Table. Surface material roughness, hydrophobicity and zeta potential.
(DOCX)

S2 Table. Percent recovery (SD) all materials pooled, contact angle and zeta potential of
test organisms.
(DOCX)

$3 Table. Mann-Whitney comparison of percent recovery, as cultured on non-selective
media, between surface types for each organism suspended in Artificial Test Soil (ATS)
and spread evenly on surfaces.

(DOCX)

Acknowledgments

Disclaimer: The findings and conclusions in this report are those of the authors and do not
necessarily represent the views of the Centers for Disease Control and Prevention/The Agency
for Toxic Substances and Disease Registry. Use of trade names is for identification only and
does not imply endorsement by the U.S. Centers for Disease Control and Prevention, the
Agency for Toxic Substances and Disease Registry, the Public Health Service, or the U.S.
Department of Health and Human Services.

Author Contributions
Conceptualization: Laura J. Rose, Judith Noble-Wang.

Data curation: Laura J. Rose.

PLOS ONE | https://doi.org/10.1371/journal.pone.0261588 January 13, 2022 14/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261588.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261588.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261588.s003
https://doi.org/10.1371/journal.pone.0261588

PLOS ONE

Sampling pathogens from environmental surfaces

Formal analysis: Laura J. Rose, Hollis Houston.

Investigation: Hollis Houston, Marla Martinez-Smith, Amanda K. Lyons, Carrie Whitworth.

Methodology: Laura J. Rose, Hollis Houston, Marla Martinez-Smith, Amanda K. Lyons, Car-

rie Whitworth.

Project administration: Laura J. Rose.

Supervision: Laura J. Rose, Judith Noble-Wang.

Validation: Sujan C. Reddy, Judith Noble-Wang.

Writing - original draft: Laura J. Rose, Sujan C. Reddy, Judith Noble-Wang.

Writing - review & editing: Laura J. Rose, Sujan C. Reddy, Judith Noble-Wang.

References

1.

10.

11.

12

13.

14.

15.

Denton M, Wilcox M, Parnell P, Green D, Keer V, Hawkey P, et al. Role of environmental cleaning in
controlling an outbreak of Acinetobacter baumannii on a neurosurgical intensive care unit. Journal of
Hospital Infection. 2004; 56(2):106—10. https://doi.org/10.1016/}.jhin.2003.10.017 PMID: 15019221

Boyce JM, Potter-Bynoe G, Chenevert C, King T. Environmental contamination due to methicillin-resis-
tant Staphylococcus aureus possible infection control implications. Infection Control & Hospital Epide-
miology. 1997; 18(09):622—7. PMID: 9309433

Otter JA, Yezli S, French GL. The role played by contaminated surfaces in the transmission of nosoco-
mial pathogens. Infection Control & Hospital Epidemiology. 2011; 32(07):687—-99. https://doi.org/10.
1086/660363 PMID: 21666400

Weber DJ, Rutala WA, Miller MB, Huslage K, Sickbert-Bennett E. Role of hospital surfaces in the trans-
mission of emerging health care-associated pathogens: norovirus, Clostridium difficile, and Acinetobac-
ter species. American journal of infection control. 2010; 38(5):S25—-S33. https://doi.org/10.1016/j.ajic.
2010.04.196 PMID: 20569853

Havill NL, Boyce JM, Otter JA. Extended survival of carbapenem-resistant Enterobacteriaceae on dry
surfaces. Infection control and hospital epidemiology. 2014; 35(4):445-7. https://doi.org/10.1086/
675606 PMID: 24602956

Wendt C, Dietze B, Dietz E, Riiden H. Survival of Acinetobacter baumannii on dry surfaces. Journal of
clinical microbiology. 1997; 35(6):1394—7. https://doi.org/10.1128/jcm.35.6.1394-1397.1997 PMID:
9163451

Wendt C, Wiesenthal B, Dietz E, Riiden H. Survival of vancomycin-resistant and vancomycin-suscepti-
ble enterococci on dry surfaces. Journal of clinical microbiology. 1998; 36(12):3734—6. https://doi.org/
10.1128/JCM.36.12.3734-3736.1998 PMID: 9817912

Kramer A, Schwebke |, Kampf G. How long do nosocomial pathogens persist on inanimate surfaces? A
systematic review. BMC infectious diseases. 2006; 6(1):130.

Blanco N, Pineles L, Lydecker AD, Johnson JK, Sorkin JD, Morgan DJ, et al. Transmission of resistant
Gram-negative bacteria to Healthcare Worker Gowns and Gloves during Care of Nursing Home Resi-
dents in VA Community Living Centers. Antimicrobial Agents and Chemotherapy. 2017. https://doi.org/
10.1128/aac.00790-17 PMID: 28717036

Chowdhary D, Tahir S, Legge M, Hu H, Prvan T, Johani K, et al. Transfer of dry surface biofilm in health-
care environment: the role of healthcare worker’s hands as vehicles. Journal of Hospital Infection. 2018.

Sehulster L, Chinn RY, Arduino MJ, Carpenter J, Donlan R, Ashford D, et al. Guidelines for environmen-
tal infection control in health-care facilities. Morbidity and mortality weekly report recommendations and
reports RR. 2003; 52(10). PMID: 12836624

Eickhoff TC. Microbiologic sampling of the hospital environment. Health Lab Sci. 1974; 11(2):73-5.
Epub 1974/04/01. PMID: 4594405.

Bond WW, LM S. Microbiological assay of environmental and medical device surfaces. In: HD E JM M,
M B, editors. Clincal Microbiological Procedures Handbook. Washington, D.C.: American Society for
Microbiology Press; 2004. p. 13.0.01-13.0.2.

Gilchrist M. Microbiological culturing of environmental and medical-device surfaces. Clinical microbiol-
ogy procedures handbook Washington: American Society for Microbiology. 1992:11.0.

Evancho G, Sveum W, Moberg L, Frank J. Microbiological monitoring of the food processing environ-
ment. Compendium of methods for the microbiological examination of foods, 4th ed American Public

PLOS ONE | https://doi.org/10.1371/journal.pone.0261588 January 13, 2022 15/19


https://doi.org/10.1016/j.jhin.2003.10.017
http://www.ncbi.nlm.nih.gov/pubmed/15019221
http://www.ncbi.nlm.nih.gov/pubmed/9309433
https://doi.org/10.1086/660363
https://doi.org/10.1086/660363
http://www.ncbi.nlm.nih.gov/pubmed/21666400
https://doi.org/10.1016/j.ajic.2010.04.196
https://doi.org/10.1016/j.ajic.2010.04.196
http://www.ncbi.nlm.nih.gov/pubmed/20569853
https://doi.org/10.1086/675606
https://doi.org/10.1086/675606
http://www.ncbi.nlm.nih.gov/pubmed/24602956
https://doi.org/10.1128/jcm.35.6.1394-1397.1997
http://www.ncbi.nlm.nih.gov/pubmed/9163451
https://doi.org/10.1128/JCM.36.12.3734-3736.1998
https://doi.org/10.1128/JCM.36.12.3734-3736.1998
http://www.ncbi.nlm.nih.gov/pubmed/9817912
https://doi.org/10.1128/aac.00790-17
https://doi.org/10.1128/aac.00790-17
http://www.ncbi.nlm.nih.gov/pubmed/28717036
http://www.ncbi.nlm.nih.gov/pubmed/12836624
http://www.ncbi.nlm.nih.gov/pubmed/4594405
https://doi.org/10.1371/journal.pone.0261588

PLOS ONE

Sampling pathogens from environmental surfaces

16.

17.

18.
19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Health Association, Washington, DC. 2001:25-35. https://doi.org/10.1115/1.1389461 PMID:
11601732

Holah J. Effective microbiological sampling of food processing environments: Campden & Chorley-
wood Food Research Association; 1999.

USP. USP<1116> Microbiological Control and Monitoring of Aseptic Environments. USP35 United
States Phamacopeial Convention; 2012. p. 697-707.

USP. USP<797 Pharmaceutical Compounding-Sterile Preparations: US Pharmacopeia 2015.

Rawlinson S, Ciric L, Cloutman-Green E. How to carry out microbiological sampling of healthcare envi-
ronment surfaces? A review of current evidence. J Hosp Infect. 2019; 103(4):363-74. https://doi.org/10.
1016/.jhin.2019.07.015 PMID: 31369807

Wilson AP, Livermore DM, Otter JA, Warren RE, Jenks P, Enoch DA, et al. Prevention and control of
multi-drug-resistant Gram-negative bacteria: recommendations from a Joint Working Party. J Hosp
Infect. 2016; 92 Suppl 1:S1-44. https://doi.org/10.1016/j.jhin.2015.08.007 PMID: 26598314.

Dobbs TE, Guh AY, Oakes P, Vince MJ, Forbi JC, Jensen B, et al. Outbreak of Pseudomonas aerugi-
nosa and Klebsiella pneumoniae bloodstream infections at an outpatient chemotherapy center. Ameri-
can journal of infection control. 2014; 42(7):731—4. https://doi.org/10.1016/j.ajic.2014.03.007 PMID:
24969124

Mcdonald LC, Walker M, Carson L, Arduino M, Aguero SM, Gomez P, et al. Outbreak of Acinetobacter
spp. bloodstream infections in a nursery associated with contaminated aerosols and air conditioners.
The Pediatric infectious disease journal. 1998; 17(8):716—22. https://doi.org/10.1097/00006454-
199808000-00011 PMID: 9726347

Griffith CJ, Obee P, Cooper RA, Burton NF, Lewis M. The effectiveness of existing and modified clean-
ing regimens in a Welsh hospital. J Hosp Infect. 2007; 66(4):352—9. Epub 2007/07/28. https://doi.org/
10.1016/}.jhin.2007.05.016 PMID: 17655976.

Rutala WA, Weber DJ. Monitoring and improving the effectiveness of surface cleaning and disinfection.
Am J Infect Control. 2016; 44(5 Suppl):e69-76. Epub 2016/05/01. https://doi.org/10.1016/j.ajic.2015.
10.039 PMID: 27131138.

Donskey CJ. Does improving surface cleaning and disinfection reduce health care-associated infec-
tions? Am J Infect Control. 2013; 41(5 Suppl):S12-9. Epub 2013/03/08. https://doi.org/10.1016/j.ajic.
2012.12.010 PMID: 23465608.

Boyce JM, Havill NL, Guercia KA, Schweon SJ, Moore BA. Evaluation of two organosilane products for
sustained antimicrobial activity on high-touch surfaces in patient rooms. American journal of infection
control. 2014; 42(3):326-8. https://doi.org/10.1016/j.ajic.2013.09.009 PMID: 24406256

Casey A, Adams D, Karpanen T, Lambert P, Cookson B, Nightingale P, et al. Role of copper in reducing
hospital environment contamination. Journal of Hospital Infection. 2010; 74(1):72—7. https://doi.org/10.
1016/}.jhin.2009.08.018 PMID: 19931938

Morgan DJ, Rogawski E, Thom KA, Johnson JK, Perencevich EN, Shardell M, et al. Transfer of multi-
drug-resistant bacteria to healthcare workers’ gloves and gowns after patient contact increases with
environmental contamination. Critical care medicine. 2012; 40(4):1045-51. https://doi.org/10.1097/
CCM.0b013e31823bc7c8 PMC3534819. PMID: 22202707

Greene C, Vadlamudi G, Eisenberg M, Foxman B, Koopman J, Xi C. Fomite-fingerpad transfer effi-
ciency (pick-up and deposit) of Acinetobacter baumannii—with and without a latex glove. American
Journal of Infection Control. 2015; 43(9):928-34. https://doi.org/10.1016/j.ajic.2015.05.008 PMID:
26141689

Fijan S, Sostar-Turk S, Cencig A. Implementing hygiene monitoring systems in hospital laundries in
order to reduce microbial contamination of hospital textiles. Journal of Hospital Infection. 2005; 61
(1):30-8. https://doi.org/10.1016/}.jhin.2005.02.005 PMID: 15975691

Michael K, No D, Dankoff J, Lee K, Lara-Crawford E, Roberts MC. Clostridium difficile environmental
contamination within a clinical laundry facility in the USA. FEMS Microbiology Letters. 2016; 363(21):
fnw236. https://doi.org/10.1093/femsle/fnw236 PMID: 27744367

Dolan A, Bartlett M, McEntee B, Creamer E, Humphreys H. Evaluation of different methods to recover
meticillin-resistant Staphylococcus aureus from hospital environmental surfaces. J Hosp Infect. 2011;
79(3):227-30. Epub 2011/07/12. https://doi.org/10.1016/.jhin.2011.05.011 PMID: 21742414.

Buggy BP, Wilson KH, Fekety R. Comparison of methods for recovery of Clostridium difficile from an
environmental surface. J Clin Microbiol. 1983; 18(2):348-52. Epub 1983/08/01. https://doi.org/10.1128/
jcm.18.2.348-352.1983 PMID: 6619285; PubMed Central PMCID: PMC270803.

Hacek DM, Trick WE, Collins SM, Noskin GA, Peterson LR. Comparison of the Rodac imprint method
to selective enrichment broth for recovery of vancomycin-resistant enterococci and drug-resistant

PLOS ONE | https://doi.org/10.1371/journal.pone.0261588 January 13, 2022 16/19


https://doi.org/10.1115/1.1389461
http://www.ncbi.nlm.nih.gov/pubmed/11601732
https://doi.org/10.1016/j.jhin.2019.07.015
https://doi.org/10.1016/j.jhin.2019.07.015
http://www.ncbi.nlm.nih.gov/pubmed/31369807
https://doi.org/10.1016/j.jhin.2015.08.007
http://www.ncbi.nlm.nih.gov/pubmed/26598314
https://doi.org/10.1016/j.ajic.2014.03.007
http://www.ncbi.nlm.nih.gov/pubmed/24969124
https://doi.org/10.1097/00006454-199808000-00011
https://doi.org/10.1097/00006454-199808000-00011
http://www.ncbi.nlm.nih.gov/pubmed/9726347
https://doi.org/10.1016/j.jhin.2007.05.016
https://doi.org/10.1016/j.jhin.2007.05.016
http://www.ncbi.nlm.nih.gov/pubmed/17655976
https://doi.org/10.1016/j.ajic.2015.10.039
https://doi.org/10.1016/j.ajic.2015.10.039
http://www.ncbi.nlm.nih.gov/pubmed/27131138
https://doi.org/10.1016/j.ajic.2012.12.010
https://doi.org/10.1016/j.ajic.2012.12.010
http://www.ncbi.nlm.nih.gov/pubmed/23465603
https://doi.org/10.1016/j.ajic.2013.09.009
http://www.ncbi.nlm.nih.gov/pubmed/24406256
https://doi.org/10.1016/j.jhin.2009.08.018
https://doi.org/10.1016/j.jhin.2009.08.018
http://www.ncbi.nlm.nih.gov/pubmed/19931938
https://doi.org/10.1097/CCM.0b013e31823bc7c8
https://doi.org/10.1097/CCM.0b013e31823bc7c8
http://www.ncbi.nlm.nih.gov/pubmed/22202707
https://doi.org/10.1016/j.ajic.2015.05.008
http://www.ncbi.nlm.nih.gov/pubmed/26141689
https://doi.org/10.1016/j.jhin.2005.02.005
http://www.ncbi.nlm.nih.gov/pubmed/15975691
https://doi.org/10.1093/femsle/fnw236
http://www.ncbi.nlm.nih.gov/pubmed/27744367
https://doi.org/10.1016/j.jhin.2011.05.011
http://www.ncbi.nlm.nih.gov/pubmed/21742414
https://doi.org/10.1128/jcm.18.2.348-352.1983
https://doi.org/10.1128/jcm.18.2.348-352.1983
http://www.ncbi.nlm.nih.gov/pubmed/6619285
https://doi.org/10.1371/journal.pone.0261588

PLOS ONE

Sampling pathogens from environmental surfaces

35.

36.

37.

38.

39.

40.

4.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Enterobacteriaceae from environmental surfaces. Journal of clinical microbiology. 2000; 38(12):4646—
8. https://doi.org/10.1128/JCM.38.12.4646-4648.2000 PMID: 11101613

Hogan PG, Burnham C-AD, Singh LN, Patrick CE, Lukas JC, Wang JW, et al. Evaluation of environ-
mental sampling methods for detection of Staphylococcus aureus on fomites. Annals of public health
and research. 2015; 2(1). PMID: 25893222

Lemmen SW, Hafner H, Zolldann D, Amedick G, Lutticken R. Comparison of two sampling methods for
the detection of gram-positive and gram-negative bacteria in the environment: moistened swabs versus
Rodac plates. Int J Hyg Environ Health. 2001; 203(3):245-8. Epub 2001/03/31. https://doi.org/10.1078/
S$1438-4639(04)70035-8 PMID: 11279821.

Rose L, Jensen B, Peterson A, Banerjee SN, Arduino MJ. Swab materials and Bacillus anthracis spore
recovery from nonporous surfaces. Emerging infectious diseases. 2004; 10(6):1023. https://doi.org/10.
3201/eid1006.030716 PMID: 15207053

Park GW, Lee D, Treffiletti A, Hrsak M, Shugart J, Vinje J. Evaluation of a New Environmental Sampling
Protocol for Detection of Human Norovirus on Inanimate Surfaces. Appl Environ Microbiol. 2015; 81
(17):5987-92. Epub 2015/06/28. https://doi.org/10.1128/AEM.01657-15 PMID: 26116675; PubMed
Central PMCID: PMC4551268.

Shams AM, Rose L.J. An Evaluation of Swabs for Environmental Surface Sampling of Healthcare Path-
ogens. ASM Microbe; June 3,; New Orleans, LA 2017.

Perry KA, O'Connell HA, Rose LJ, Noble-Wang JA, Arduino MJ. Storage effects on sample integrity of
environmental surface sampling specimens with Bacillus anthracis spores. Biosafety. 2013; 2013
(Suppl 1). https://doi.org/10.4172/2167-0331.51-002 PMID: 27213119

Da Silva SM, Filliben JJ, Morrow JB. Parameters affecting spore recovery from wipes used in biological
surface sampling. Applied and environmental microbiology. 2011; 77(7):2374-80. https://doi.org/10.
1128/AEM.01932-10 PMID: 21296945

Head CB, Whitty DA, Ratnam SJJoCM. Comparative study of selective media for recovery of Yersinia
enterocolitica. 1982; 16(4):615-21. https://doi.org/10.1128/jcm.16.4.615-621.1982 PMID: 7153309

Chai C, Lee K-S, Lee D, Lee S, Oh S-WJJomm. Non-selective and selective enrichment media for the
recovery of Clostridium difficile from chopped beef. 2015; 109:20—4. https://doi.org/10.1016/j.mimet.
2014.12.001 PMID: 25499549

Busscher HJ, Weerkamp AH, van der Mei HC, Van Pelt A, de Jong HP, Arends J. Measurement of the
surface free energy of bacterial cell surfaces and its relevance for adhesion. Applied and Environmental
Microbiology. 1984; 48(5):980-3. https://doi.org/10.1128/aem.48.5.980-983.1984 PMID: 6508312

Van Loosdrecht MC, Norde W, Zehnder A. Physical chemical description of bacterial adhesion. Journal
of biomaterials applications. 1990; 5(2):91-106. https://doi.org/10.1177/088532829000500202 PMID:
2266489

van Loosdrecht MC, Lyklema J, Norde W, Zehnder A. Influence of interfaces on microbial activity.
Microbiological reviews. 1990; 54(1):75-87. https://doi.org/10.1128/mr.54.1.75-87.1990 PMID:
2181260

Rose LJ, Hodges L, O’Connell H, Noble-Wang J. National validation study of a cellulose sponge wipe-
processing method for use after sampling Bacillus anthracis spores from surfaces. Appl Environ Micro-
biol. 2011; 77(23):8355-9. https://doi.org/10.1128/AEM.05377-11 PMID: 21965403; PubMed Central
PMCID: PMC3233038.

Krauter PA, Piepel GF, Boucher R, Tezak M, Amidan BG, Einfeld W. False-negative rate and recovery
efficiency performance of a validated sponge wipe sampling method. Appl Environ Microbiol. 2012; 78
(3):846-54. https://doi.org/10.1128/AEM.07403-11 PMID: 22138998; PubMed Central PMCID:
PMC3264127.

Peterson AE, Chitnis AS, Xiang N, Scaletta JM, Geist R, Schwartz J, et al. Clonally related Burkholderia
contaminans among ventilated patients without cystic fibrosis. American journal of infection control.
2013; 41(12):1298-300. https://doi.org/10.1016/j.ajic.2013.05.015 PMID: 23973426

Seahulster LM RL, Noble-Wang J. Microbiologic sampling of the environment in healthcare facilities. In:
Mayall C, editor. Hospital Epidemiology and Infection Control. 4th ed. Philadelphia, PA.: Lippincott Wil-
liams and Wilkins 2012. p. 1059-76.

Rose LJ N-WJ, Arduino MJ. Surface Sampling. In: Yates MV, editor. ASM Manual of Microbiology. 4th
Washington D.C.: ASM Press; 2014.

Hasan JA, Japal KM, Christensen ER, Samalot-Freire LC. In vitro production of Clostridium difficile
spores for use in the efficacy evaluation of disinfectants: a precollaborative investigation. Journal of
AOAC International. 2011; 94(1):259-72. PMID: 21391503

PLOS ONE | https://doi.org/10.1371/journal.pone.0261588 January 13, 2022 17/19


https://doi.org/10.1128/JCM.38.12.4646-4648.2000
http://www.ncbi.nlm.nih.gov/pubmed/11101613
http://www.ncbi.nlm.nih.gov/pubmed/25893222
https://doi.org/10.1078/S1438-4639%2804%2970035-8
https://doi.org/10.1078/S1438-4639%2804%2970035-8
http://www.ncbi.nlm.nih.gov/pubmed/11279821
https://doi.org/10.3201/eid1006.030716
https://doi.org/10.3201/eid1006.030716
http://www.ncbi.nlm.nih.gov/pubmed/15207053
https://doi.org/10.1128/AEM.01657-15
http://www.ncbi.nlm.nih.gov/pubmed/26116675
https://doi.org/10.4172/2167-0331.S1-002
http://www.ncbi.nlm.nih.gov/pubmed/27213119
https://doi.org/10.1128/AEM.01932-10
https://doi.org/10.1128/AEM.01932-10
http://www.ncbi.nlm.nih.gov/pubmed/21296945
https://doi.org/10.1128/jcm.16.4.615-621.1982
http://www.ncbi.nlm.nih.gov/pubmed/7153309
https://doi.org/10.1016/j.mimet.2014.12.001
https://doi.org/10.1016/j.mimet.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/25499549
https://doi.org/10.1128/aem.48.5.980-983.1984
http://www.ncbi.nlm.nih.gov/pubmed/6508312
https://doi.org/10.1177/088532829000500202
http://www.ncbi.nlm.nih.gov/pubmed/2266489
https://doi.org/10.1128/mr.54.1.75-87.1990
http://www.ncbi.nlm.nih.gov/pubmed/2181260
https://doi.org/10.1128/AEM.05377-11
http://www.ncbi.nlm.nih.gov/pubmed/21965403
https://doi.org/10.1128/AEM.07403-11
http://www.ncbi.nlm.nih.gov/pubmed/22138998
https://doi.org/10.1016/j.ajic.2013.05.015
http://www.ncbi.nlm.nih.gov/pubmed/23973426
http://www.ncbi.nlm.nih.gov/pubmed/21391503
https://doi.org/10.1371/journal.pone.0261588

PLOS ONE

Sampling pathogens from environmental surfaces

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Centers for Disease Control and Prevention. Surface Sampling procedures for Bacillus anthracis spores
from smooth, non-porous surfaces https://www.cdc.gov/niosh/topics/emres/surface-sampling-bacillus-
anthracis.html2012 [cited 2020].

Watson SP, Clements MO, Foster SJ. Characterization of the starvation-survival response of Staphylo-
coccus aureus. Journal of bacteriology. 1998; 180(7):1750-8. https://doi.org/10.1128/JB.180.7.1750-
1758.1998 PMID: 9537371

Kolter R, Siegele DA, Tormo A. The stationary phase of the bacterial life cycle. Annual review of microbi-
ology. 1993; 47:855-75. https://doi.org/10.1146/annurev.mi.47.100193.004231 PMID: 8257118

Suleyman G, Alangaden G, Bardossy AC. The Role of Environmental Contamination in the Transmis-
sion of Nosocomial Pathogens and Healthcare-Associated Infections. Current Infectious Disease
Reports. 2018; 20(6):12. https://doi.org/10.1007/s11908-018-0620-2 PMID: 29704133

Prevention CfDCa. Reduce Risk from Surfaces https://www.cdc.gov/hai/prevent/environment/surfaces.
html: Centers. for. Disease. Control. and. Prevention.; 2020 [updated 10-13-2020; cited 2021 4-21-
2021]. Available from: https://www.cdc.gov/hai/prevent/environment/surfaces.html.

Jawad A, Heritage J, Snelling A, Gascoyne-Binzi D, Hawkey P. Influence of relative humidity and sus-
pending menstrua on survival of Acinetobacter spp. on dry surfaces. Journal of clinical microbiology.
1996; 34(12):2881—7. https://doi.org/10.1128/jcm.34.12.2881-2887.1996 PMID: 8940416

Neely AN, Maley MPJJocm. Survival of enterococci and staphylococci on hospital fabrics and plastic.
2000; 38(2):724—6. https://doi.org/10.1128/JCM.38.2.724-726.2000 PMID: 10655374

Huang SS, Datta R, Platt R. Risk of acquiring antibiotic-resistant bacteria from prior room occupants.
Archives of Internal Medicine. 2006; 166(18):1945-51. https://doi.org/10.1001/archinte.166.18.1945
PMID: 17030826

Lyons A, Rose L J, Noble-Wang J A. Survival of Healthcare Pathogens on Hospital Surfaces. SHEA
St. Louis, MO2017.

Lyons A RL, Noble-Wang J. Persistence of Antimicrobial Resistant Bacteria on Hospital Surfaces:
Effect of Relative Humidity and Temperature. ASM Microbe Atlanta GA2018.

McFeters GA, Feipeng PY, Pyle BH, Stewart PS. Physiological assessment of bacteria using fluoro-
chromes. Journal of Microbiological Methods. 1995; 21(1):1-13. https://doi.org/10.1016/0167-7012(94)
00027-5 PMID: 11538412

Rollins D, Colwell R. Viable but nonculturable stage of Campylobacter jejuni and its role in survival in
the natural aquatic environment. Applied and Environmental Microbiology. 1986; 52(3):531-8. https://
doi.org/10.1128/aem.52.3.531-538.1986 PMID: 3767358

Roszak D, Colwell R. Metabolic activity of bacterial cells enumerated by direct viable count. Applied and
environmental microbiology. 1987; 53(12):2889-93. https://doi.org/10.1128/aem.53.12.2889-2893.
1987 PMID: 3324968

Ramamurthy T, Ghosh A, Pazhani GP, Shinoda SJFiph. Current perspectives on viable but non-cultur-
able (VBNC) pathogenic bacteria. 2014; 2:103. https://doi.org/10.3389/fpubh.2014.00103 PMID:
25133139

Li L, Mendis N, Trigui H, Oliver JD, Faucher SPJFim. The importance of the viable but non-culturable
state in human bacterial pathogens. 2014; 5:258.

Petrova OE, Sauer K. Sticky situations: key components that control bacterial surface attachment. Jour-
nal of bacteriology. 2012; 194(10):2413-25. https://doi.org/10.1128/JB.00003-12 PMID: 22389478

Donlan RM. Biofilms: microbial life on surfaces. Emerging infectious diseases. 2002; 8(9):881. https://
doi.org/10.3201/eid0809.020063 PMID: 12194761

Eijkelkamp BA, Stroeher UH, Hassan KA, Papadimitrious MS, Paulsen IT, Brown MH, et al. Adherence
and motility characteristics of clinical Acinetobacter baumannii isolates. FEMS Microbiology Letters.
2011; 323(1):44-51. https://doi.org/10.1111/j.1574-6968.2011.02362.x PMID: 22092679

Bendinger B, Rijnaarts HH, Altendorf K, Zehnder AJ. Physicochemical cell surface and adhesive prop-
erties of coryneform bacteria related to the presence and chain length of mycolic acids. Applied and
Environmental Microbiology. 1993; 59(11):3973-7. hitps://doi.org/10.1128/aem.59.11.3973-3977.1993
PMID: 16349100

Di Martino P, Cafferini N, Joly B, Darfeuille-Michaud A. Klebsiella pneumoniae type 3 pili facilitate
adherence and biofilm formation on abiotic surfaces. Research in Microbiology. 2003; 154(1):9-16.
https://doi.org/10.1016/s0923-2508(02)00004-9 PMID: 12576153

Flemming H-C, Wingender J. The biofilm matrix. Nature reviews microbiology. 2010; 8(9):623-33.
https://doi.org/10.1038/nrmicro2415 PMID: 20676145

Pembrey RS, Marshall KC, Schneider RP. Cell surface analysis techniques: What do cell preparation
protocols do to cell surface properties? Appl Environ Microbiol. 1999; 65(7):2877-94. Epub 1999/07/02.

PLOS ONE | https://doi.org/10.1371/journal.pone.0261588 January 13, 2022 18/19


https://www.cdc.gov/niosh/topics/emres/surface-sampling-bacillus-anthracis.html2012
https://www.cdc.gov/niosh/topics/emres/surface-sampling-bacillus-anthracis.html2012
https://doi.org/10.1128/JB.180.7.1750-1758.1998
https://doi.org/10.1128/JB.180.7.1750-1758.1998
http://www.ncbi.nlm.nih.gov/pubmed/9537371
https://doi.org/10.1146/annurev.mi.47.100193.004231
http://www.ncbi.nlm.nih.gov/pubmed/8257118
https://doi.org/10.1007/s11908-018-0620-2
http://www.ncbi.nlm.nih.gov/pubmed/29704133
https://www.cdc.gov/hai/prevent/environment/surfaces.html:
https://www.cdc.gov/hai/prevent/environment/surfaces.html:
https://www.cdc.gov/hai/prevent/environment/surfaces.html
https://doi.org/10.1128/jcm.34.12.2881-2887.1996
http://www.ncbi.nlm.nih.gov/pubmed/8940416
https://doi.org/10.1128/JCM.38.2.724-726.2000
http://www.ncbi.nlm.nih.gov/pubmed/10655374
https://doi.org/10.1001/archinte.166.18.1945
http://www.ncbi.nlm.nih.gov/pubmed/17030826
https://doi.org/10.1016/0167-7012%2894%2900027-5
https://doi.org/10.1016/0167-7012%2894%2900027-5
http://www.ncbi.nlm.nih.gov/pubmed/11538412
https://doi.org/10.1128/aem.52.3.531-538.1986
https://doi.org/10.1128/aem.52.3.531-538.1986
http://www.ncbi.nlm.nih.gov/pubmed/3767358
https://doi.org/10.1128/aem.53.12.2889-2893.1987
https://doi.org/10.1128/aem.53.12.2889-2893.1987
http://www.ncbi.nlm.nih.gov/pubmed/3324968
https://doi.org/10.3389/fpubh.2014.00103
http://www.ncbi.nlm.nih.gov/pubmed/25133139
https://doi.org/10.1128/JB.00003-12
http://www.ncbi.nlm.nih.gov/pubmed/22389478
https://doi.org/10.3201/eid0809.020063
https://doi.org/10.3201/eid0809.020063
http://www.ncbi.nlm.nih.gov/pubmed/12194761
https://doi.org/10.1111/j.1574-6968.2011.02362.x
http://www.ncbi.nlm.nih.gov/pubmed/22092679
https://doi.org/10.1128/aem.59.11.3973-3977.1993
http://www.ncbi.nlm.nih.gov/pubmed/16349100
https://doi.org/10.1016/s0923-2508%2802%2900004-9
http://www.ncbi.nlm.nih.gov/pubmed/12576153
https://doi.org/10.1038/nrmicro2415
http://www.ncbi.nlm.nih.gov/pubmed/20676145
https://doi.org/10.1371/journal.pone.0261588

PLOS ONE

Sampling pathogens from environmental surfaces

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

https://doi.org/10.1128/AEM.65.7.2877-2894.1999 PMID: 10388679; PubMed Central PMCID:
PMC91432.

Katsikogianni M, Missirlis Y. Concise review of mechanisms of bacterial adhesion to biomaterials and of
techniques used in estimating bacteria-material interactions. Eur Cell Mater. 2004;8(3). https://doi.org/
10.22203/ecm.v008a05 PMID: 15593018

van Merode AE, van der Mei HC, Busscher HJ, Krom BP. Influence of culture heterogeneity in cell sur-
face charge on adhesion and biofilm formation by Enterococcus faecalis. Journal of bacteriology. 2006;
188(7):2421—6. https://doi.org/10.1128/JB.188.7.2421-2426.2006 PMID: 16547028

Vogler EA. Structure and reactivity of water at biomaterial surfaces. Advances in colloid and interface
science. 1998; 74(1):69—-117.

Absolom DR, Lamberti FV, Policova Z, Zingg W, van Oss CJ, Neumann AW. Surface thermodynamics
of bacterial adhesion. Applied and environmental microbiology. 1983; 46(1):90-7. https://doi.org/10.
1128/aem.46.1.90-97.1983 PMID: 6412629

Fletcher M. Adherence of marine micro-organisms to smooth surfaces. Bacterial adherence: Springer;
1980. p. 345-74.

Fletcher M. Bacterial adhesion: Molecular and Ecological Diversity. Volume Bacterial Attachment in
Aquatic Environments: A Diversity of Surfaces and Ahesion Strategies. Wiley; 1996.

Larsson K, Glantz PO. Microbial adhesion to surfaces with different surface charges. Acta odontologica
Scandinavica. 1981; 39(2):79-82. Epub 1981/01/01. https://doi.org/10.3109/00016358109162263
PMID: 6948486.

Barnes L-M, Lo M, Adams M, Chamberlain A. Effect of milk proteins on adhesion of bacteria to stainless
steel surfaces. Applied and environmental microbiology. 1999; 65(10):4543-8. https://doi.org/10.1128/
AEM.65.10.4543-4548.1999 PMID: 10508087

Husmark U, Rénner U. Forces involved in adhesion of Bacillus cereus spores to solid surfaces under
different environmental conditions. Journal of Applied Microbiology. 1990; 69(4):557—62. https://doi.org/
10.1111/1.1365-2672.1990.tb01548.x PMID: 2127266

Fletcher M, Loeb G. Influence of substratum characteristics on the attachment of a marine pseudomo-
nad to solid surfaces. Applied and Environmental Microbiology. 1979; 37(1):67-72. https://doi.org/10.
1128/aem.37.1.67-72.1979 PMID: 16345338

Hilbert LR, Bagge-Ravn D, Kold J, Gram L. Influence of surface roughness of stainless steel on micro-
bial adhesion and corrosion resistance. International Biodeterioration & Biodegradation. 2003; 52
(3):175-85. https://doi.org/10.1016/S0964-8305(03)00104-5.

Arnold JW, Bailey GW. Surface finishes on stainless steel reduce bacterial attachment and early biofilm
formation: scanning electron and atomic force microscopy study. Poultry Science. 2000; 79(12):1839—
45. https://doi.org/10.1093/ps/79.12.1839 PMID: 11194050

Al-Nassir WN, Sethi AK, Nerandzic MM, Bobulsky GS, Jump RL, Donskey CJJCid. Comparison of clini-
cal and microbiological response to treatment of Clostridium difficile—associated disease with metroni-
dazole and vancomycin. 2008; 47(1):56—62. https://doi.org/10.1086/588293 PMID: 18491964

Donskey CJ, Hanrahan JA, Hutton RA, Rice LB. Effect of parenteral antibiotic administration on the
establishment of colonization with vancomycin-resistant Enterococcus faecium in the mouse gastroin-
testinal tract. J Infect Dis. 2000; 181(5):1830-3. Epub 2000/05/24. https://doi.org/10.1086/315428
PMID: 10823795.

O’Hara LM, Calfee DP, Miller LG, Pineles L, Magder LS, Johnson JK, et al. Optimizing contact precau-
tions to curb the spread of antibiotic-resistant bacteria in hospitals: a multicenter cohort study to identify
patient characteristics and healthcare personnel interactions associated with transmission of methicil-
lin-resistant Staphylococcus aureus. 2019; 69(Supplement_3):S171-S7. https://doi.org/10.1093/cid/
ciz621 PMID: 31517979

Shams AM, Rose LJ, Edwards JR, Cali S, Harris AD, Jacob JT, et al. Assessment of the Overall and
Multidrug-Resistant Organism Bioburden on Environmental Surfaces in Healthcare Facilities. Infect
Control Hosp Epidemiol. 2016; 37(12):1426—-32. Epub 2016/09/14. https://doi.org/10.1017/ice.2016.
198 PMID: 27619507; PubMed Central PMCID: PMC6399740.

West-Deadwyler RM, Moulton-Meissner HA, Rose LJ, Noble-Wang JA. Elution efficiency of healthcare
pathogens from environmental sampling tools. Infection Control & Hospital Epidemiology. 2020; 41
(2):226-8. https://doi.org/10.1017/ice.2019.264 PMID: 31813410

PLOS ONE | https://doi.org/10.1371/journal.pone.0261588 January 13, 2022 19/19


https://doi.org/10.1128/AEM.65.7.2877-2894.1999
http://www.ncbi.nlm.nih.gov/pubmed/10388679
https://doi.org/10.22203/ecm.v008a05
https://doi.org/10.22203/ecm.v008a05
http://www.ncbi.nlm.nih.gov/pubmed/15593018
https://doi.org/10.1128/JB.188.7.2421-2426.2006
http://www.ncbi.nlm.nih.gov/pubmed/16547028
https://doi.org/10.1128/aem.46.1.90-97.1983
https://doi.org/10.1128/aem.46.1.90-97.1983
http://www.ncbi.nlm.nih.gov/pubmed/6412629
https://doi.org/10.3109/00016358109162263
http://www.ncbi.nlm.nih.gov/pubmed/6948486
https://doi.org/10.1128/AEM.65.10.4543-4548.1999
https://doi.org/10.1128/AEM.65.10.4543-4548.1999
http://www.ncbi.nlm.nih.gov/pubmed/10508087
https://doi.org/10.1111/j.1365-2672.1990.tb01548.x
https://doi.org/10.1111/j.1365-2672.1990.tb01548.x
http://www.ncbi.nlm.nih.gov/pubmed/2127266
https://doi.org/10.1128/aem.37.1.67-72.1979
https://doi.org/10.1128/aem.37.1.67-72.1979
http://www.ncbi.nlm.nih.gov/pubmed/16345338
https://doi.org/10.1016/S0964-8305(03)00104-5
https://doi.org/10.1093/ps/79.12.1839
http://www.ncbi.nlm.nih.gov/pubmed/11194050
https://doi.org/10.1086/588293
http://www.ncbi.nlm.nih.gov/pubmed/18491964
https://doi.org/10.1086/315428
http://www.ncbi.nlm.nih.gov/pubmed/10823795
https://doi.org/10.1093/cid/ciz621
https://doi.org/10.1093/cid/ciz621
http://www.ncbi.nlm.nih.gov/pubmed/31517979
https://doi.org/10.1017/ice.2016.198
https://doi.org/10.1017/ice.2016.198
http://www.ncbi.nlm.nih.gov/pubmed/27619507
https://doi.org/10.1017/ice.2019.264
http://www.ncbi.nlm.nih.gov/pubmed/31813410
https://doi.org/10.1371/journal.pone.0261588

