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Abstract: Healthcare-associated infections (HAI) worldwide includes infections by ESKAPE-E
pathogens. Environmental surfaces and fomites are important components in HAI transmission
dynamics, and shoe soles are vectors of HAI Ultraviolet (UV) disinfection is an effective method to
inactivate pathogenic microorganisms. In this study, we investigated whether the SANITECH UVC
shoe sole decontaminator equipment that provides germicidal UVC radiation could effectively
reduce this risk of different pathogens. Six standard strains and four clinical MDR strains in liquid
and solid medium were exposed to a UVC System at specific concentrations at other times. Bacterial
inactivation (growth and cultivability) was investigated using colony counts and resazurin as
metabolic indicators. SEM was performed to assess the membrane damage. Statistically significant
reduction in cell viability for all ATCCs strains occurred after 10 sec of exposure to the UVC system,
except for S enterica, which only occurred at 20 sec. The cell viability of P. aeruginosa (90.9%), E.
faecalis and A. baumannii (85.3%), S. enterica (82.9%), E. coli (79.2%) and S. aureus (71.9%) was reduced
considerably at 20 sec. In colony count, after 12 sec of UVC exposure, all ATCC strains showed a
100% reduction in CFU counts, except for A. baumannii, which reduced 97.7%. A substantial
reduction of colonies above 3 logio was observed at 12 and 20 sec in all bacterial strains tested, except
for A. baumannii ATCC 19606 (12 sec). The exposure of ATCCs bacterial strains to the UVC system
for only 2 sec was able to reduce 100% in the CFU count in all ATCCs strains, S. aureus, P. aeruginosa,
E. coli, A. baumannii, E. faecalis, except the S. enterica strain which had a statistically significant
reduction of 99.7%. In ATCC strains, there was a substantial decrease in colonies after 4 sec (sec) of
exposure to the UVC system, with a reduction ranging from 3.78-4.15 logio CFU/mL. This reduction
was observed in MDR/ESKAPE-E strains within 10 sec, showing that UVC could eliminate above
3.84 logio CFU/mL. SEM showed a reduction of pili-like appendages after UVC treatment in all
strains except for E. coli (ATCC 25922). The Sanitech UVC shoe sole decontaminator equipment from
Astech Co. effectively killed in vitro a series of ATCCs and MDR/ESKAPE-E bacteria of sanitary
interest, commonly found in the hospital environment.
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1. Introduction

The leading cause of Healthcare-associated infections (HAI) worldwide includes
infections by Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter spp. and Escherichia
coli (ESKAPE-E) [1]. ESKAPE-E pathogens embody the top five bacterial families with
relevant intrinsic resistance and expansive ability to acquire multidrug resistance -
prioritized as a global health threat in urgent need of new antibiotic research and
development by the World Health Organization (WHO) [2].

Environmental surfaces and fomites are important components in HAI transmission
dynamics [3]. One such fomite is the shoes worn by healthcare professionals, patients and
visitors. Shoe soles are possible vectors of infectious diseases containing a high biological
load of microorganisms [4-6]. Agarwal et al. performed bacterial isolation and
quantification of operating room boots and found that most surgical boots were
contaminated with normal human microflora, including Staphylococcus, Streptococcus, and
Bacillus species [5]. Amirfeyz et al. analyzed bacterial contamination of operating room
shoes at the beginning and end of the workday compared to outdoor shoes. They reported
that 88% of outdoor shoes were positive for at least two pathogenic bacteria. About 48%
of operating room shoes were also positive for at least one pathogenic species, most
commonly coagulase-negative Staphylococcus [7]. A study verified contamination of
doctors' shoe soles before and after medical patient care visits using swab samples
processed by Poland's National Coordination Center, identifying methicillin-resistant
Staphylococcus aureus (MRSA) and Enterococcus faecalis on the soles of shoes on 56% of
physicians before and 65% after doctor's rounds [8]. In another study of 41 doctors and
nurses in an intensive care hospital, shoe soles were positive for at least one pathogen in
12 (29.3%) participants; MRSA was the most common.

Furthermore, 98% (49/50) of shoes worn outdoors showed positive bacterial cultures
compared to 56% (28/50) of shoes reserved for the operating room only [9]. Studies carried
out as early as the 1970s demonstrated that the redistribution of airborne bacteria from
the functional room floor accounted for up to 15% of all airborne bacteria [10]. Walking
on contaminated floors was a more effective aerial dispersal than mopping or sweeping.
When examining the effects of ventilation on airborne pathogens in the operating room,
it was found that 15% of the airborne bacteria in the operating room originated from
operating room floors [11].

Hair and shoes can act as vehicles for transmitting pathogens [12] and sharing the
SARS-CoV-2 that causes COVID-19, but recommendations for hair coverings and shoes
to prevent SARS-CoV-2 are lacking [13]. In a study that evaluated SARS-CoV-2 on hospital
floors, 70% (7/10) of intensive care unit (ICU) floor samples were positive in quantitative
polymerase chain reaction (PCR) assays. Furthermore, 100% (3/3) of swabs taken from
hospital pharmacy floors without COVID-19 patients were positive for SARS-CoV-2,
meaning that contaminated shoes likely served as vectors [14]. In a study that evaluated
SARS-CoV-2 on hospital floors, 70% (7/10) of intensive care unit (ICU) floor samples were
positive in quantitative polymerase chain reaction (PCR) assays. Furthermore, 100% (3/3)
of swabs taken from hospital pharmacy floors without COVID-19 patients were positive
for SARS-CoV-2, meaning that contaminated shoes likely served as vectors [14]. In
addition, SARS-CoV-2 nucleic acid was frequently detected on floors and high-touch
surfaces inside COVID-19 rooms and on feet and shoes outside patient rooms in COVID-
19 units [15].

Multidrug-resistant organisms (MDR), including Clostridium difficile, are on the soles
of the shoes of healthcare workers and people living in the community [4]. Studies in
healthcare settings and non-health community settings have demonstrated the presence
of MRSA, Vancomycin-Resistant Enterococci (VRE), and Gram-negative MDR bacteria on
shoe soles [8, 16]. Toxigenic strains of C. difficile have been found in some shoe samples
from non-healthcare homes in Houston, Texas, USA [6,17-19]. Buchler et al. demonstrated
contamination in 17.8% of the soles of healthcare workers' shoes with toxigenic strains of
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C. difficile linked epidemiologically and confirmed by whole genome sequencing in
infected patients [20]. A high level of shoe sole contamination with C. difficile has also been
observed in hospitals in Slovenia [21,22]. Several studies have also investigated the
dynamics of transmission between shoe soles or floor surfaces and patient colonization,
with most studies demonstrating the potential for colonization by aerosolization, direct
contact, or indirect methods [4]. Others have shown that shoe soles are a source of
contamination of floor surfaces and environmental contamination of soil in hospital and
non-hospital settings [7,23-26]. The study by Chambers et al. revealed that microbiological
pathogens on shoe soles can be transferred to a linoleum floor [27]. From the floor, it is
plausible that drafts, human movements on the floor, and other factors that aerosolize or
provide an aerial opportunity for the organism can occur, causing human infections by
inhalation, horizontal or cross-contamination of other people, clothing, or equipment
where the organism settles [27]. Furthermore, it is possible that due to the existence of
these microbiological pathogens on the soles of shoes, the rapid spread of these organisms
in the healthcare environment could be directly related to the fact that organisms on floors
are picked up and transported by the soles of shoes and retransferred to bases in other
areas by human movement [27]. Shoes become contaminated by a dirty floor, and parallel
methods to decontaminate the bottom and new measures to prevent such spread are also
needed.

High-level disinfection of shoes is difficult and, in most cases, incompatible with the
composition of the shoes [4], mainly due to the relative lack of consistent efficacy in
decontaminating shoe soles using chemical or non-chemical strategies [27]. Sticky rugs for
operating rooms have been discouraged [28], and disposable shoe protectors can lead to
even greater contamination of the environment and hands [29]. Shoe covers are removed
by healthcare workers' hands, leading to contamination of their hands that were likely
free of pathogens [29]. Certainly, an effective disinfection strategy for shoe soles is
urgently needed. Therefore, an innovative future approach could be using an ultraviolet
C (UVC) device to decrease the contamination of shoe soles [30].

Ultraviolet (UV) disinfection is recognized by the United States Environmental
Protection Agency (US EPA) as a proven technology to decrease the risks of waterborne
illness from microbial pathogens and the risk of exposure to disinfection by-products.
Furthermore, it is an effective method to inactivate pathogenic microorganisms [31,32].
The UV spectrum is traditionally divided into four bands: UVA (315-400 nm), UVB (280-
315 nm), UVC (200-280 nm), and vacuum UV (VUV, 100-200 nm) [33,34]. UVC irradiation
has been widely used as a primary disinfectant in drinking water and wastewater
treatment to achieve effective inactivation of various pathogenic microorganisms,
including bacteria, viruses, and protozoa [35]. The most effective germicidal wavelengths
depend on the species of microorganisms and range predominantly between 260 and 280
nm [36]. A significant amount of research has been carried out in this range, as protein has
a main peak at 280 nm while DNA peaks in the UV absorption curve at 260 nm [36].
However, several studies have used higher wavelengths (280 nm) where generating UV
irradiation is cheaper compared to lower UV-LED wavelengths (254-280 nm).

UVC devices are used in hospitals to decontaminate the hospital environment [37,38].
However, only some effective strategies are available to decontaminate shoe soles. Based
on what has been described and given the germicidal potential of this technology on
surfaces, in liquids, and in the air, and the possibility that shoe soles are vectors of HAIL
in this study, we investigated whether the SANITECH UVC shoe sole decontaminator
equipment that provides germicidal UVC radiation was able to reduce this risk effectively
in different pathogens.

2. Materials and Methods
2.1. Bacterial Strains

Bacterial Strains Standard strains (Staphylococcus aureus (ATCC 6538), Pseudomonas
aeruginosa (ATCC 15442), Salmonella enterica subsp. enterica serovar choleraesuis (ATCC
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10708), Escherichia coli (ATCC 25922), Acinetobacter baumannii (ATCC 19606), and Entero-
coccus faecalis (ATCC n® 29212) were obtained from the American Type Culture Collection
(ATCC) (Plast Labor Ind. Com. EH Lab. Ltda, Rio de Janeiro, Brazil). In addition, repre-
sentative MDR strains of the ESKAPE-E group were also used, with three clinical strains
isolated from HAIs, which were: methicillin-resistant S. aureus (MRSA), carbapenemase-
producing K. pneumoniae (KPC+), A. baumannii (PDR) carrying the blaoxa-23 gene and rep-
resenting one of the genotypes disseminated in Brazil (ST15/CC15), and an environmental
strain of P. aeruginosa (XDR) from hospital effluent. These strains were kindly provided
by Dr. Maria H. S. Villas Boas (National Institute for Quality Control in Health of the Os-
waldo Cruz Foundation— INCQS/FIOCRUZ) and Dr Catia Chaia de Miranda (Interdisci-
plinary Medical Research Laboratory, LIPMED, FIOCRUZ). These bacterial strains were
initially cultivated according to the instructions of the ATCC, aliquoted, and stored in
cryotubes containing tryptic soy broth (TSB, Difco) with 20% glycerol (v/v) and kept at
-20 °C for later use.

2.2. UVC System

For the experiment, we used UVC equipment (Sanitech UVC shoe sole decontamina-
tor, Astech Serv and Fabrication Ltd, Petrdpolis, Brazil) with external dimensions of 45 cm
x 47 cm x 13 cm containing six OSRAM UVC lamps (three on each side) (HNS 8W G5 G5
/ PURITEC HNS UV-C | UV-C lamps for purification) (Supplementary Figure 1) and
dominant wavelength of 254 nm (OFR version). In this study, the equipment was used in
an inverted position, with the upper platform facing downwards (UVC System).

2.3. Exposure to the UVC System in a Liquid Medium

The strains were removed from the freezer stock culture for bacterial reactivation,
sown in Triptona Soy Agar (TSA; DIFCO Laboratories Inc., Detroit, MI, USA), and incu-
bated at 37 °C for 24 h. After the microorganisms were suspended in sterile Phosphate
Buffered Saline (PBS), pH 7.0, the concentration of 10® colony-forming units (CFU)/mL
was determined with a densitometer (Densichek Plus, BioMérieux, Rio de Janeiro, Brazil).
Subsequently, the suspensions were diluted in PBS on a scale of 1:100 to obtain a final cell
concentration of 106 CFU/mL, respectively, for each strain. Fifty-microliter aliquots of each
ATCC bacterial suspension (S. aureus, P. aeruginosa, S. enterica, E. coli, A. baumannii, and E.
faecalis) were inoculated into the microplate (96-well) in triplicate. Each microplate was
exposed to the UVC system at times of 2, 4, 6, 8, 10, 12, and 20 sec and incubated at 37 °C
for 24 h. As a positive control of the assay, microplates containing the same bacterial sus-
pensions were used without exposure to the UVC system. Wells containing only PBS and
Luria Bertani broth (LB; DIFCO Laboratories Inc., Detroit, MI, USA) were used as negative
controls. All microplates were exposed to UVC separately, always following the same lo-
cation of exposure to the UVC system (left side, centered below the 3 lamps, numbering
turned to the left and letters down), as well as the distribution of strains on the microplate
(Supplementary Figure 2). The distance between the UVC lamps and the microplate was
3 cm. After exposure or not to the UVC system, the microplates were incubated at 37 °C
for 24 h. The assays were repeated three times.

2.3.1. Cell Viability

After exposure of microplates containing bacterial strains to the UVC system, cul-
tures were diluted in LB broth (1:10, 1:100, and 1:1000) in triplicate. Then, the microplates
were incubated at 37 °C for 24 h. As a positive control of the assay, we performed the same
procedure with the microplates that were not exposed to the UVC system. After incuba-
tion, bacterial growth was detected by adding 0.02% resazurin (7-hydroxyphenoxazin-3-
one 10-oxide; Sigma-Merck, St. Louis, MO, USA) with 30 min at 37 °C [39]. Again, we used
LB broth and PBS as a negative control, and the measurement at 590 nm was conducted
on an ELISA plate reader (Flex Station 3; Molecular Devices, San José, CA, USA).
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2.3.2. Quantification of Colonies

Five microliter aliquots of each ATCC bacterial suspension (S. aureus, P. aeruginosa,
S. enterica, E. coli, A. baumannii, and E. faecalis) were obtained in the previous test, item
2.3.1. (treated or not with UVC), at different dilutions (1:10, 1:100, and 1:1000 in CLB), were
inoculated into Petri dishes containing TSA. The plates were incubated at 37 °C for 24 h
for CFU.

2.4. Exposure to the UVC System in solid medium

The strains were removed from the freezer stock culture for bacterial reactivation,
sown in TSA, and incubated at 37 °C for 24 h. After the microorganisms were suspended
in sterile 0.85% saline, the concentration of 108 CFU/mL was determined with a densitom-
eter (Densichek Plus, BioMérieux, Rio de Janeiro, Brazil). In LB broth, successive dilutions
(10* and 10° CFU/mL ) were made. Ten microliter aliquots of each bacterial suspension (S.
aureus, P. aeruginosa, S. enterica, E. coli, A. baumannii, E. faecalis, S. aureus (MRSA), P. aeru-
ginosa (XDR), A. baumannii (PDR) and K. pneumoniae (KPC+)) were plated in triplicate on
TSA. Each petri dish was exposed to the UVC system at times of 2, 4, 6, 8, and 10 sec at a
distance of 3 cm from the UVC lamps. The plates were incubated at 37 °C for 24 h for CFU.
As a positive control of the assay, TSA plates containing the same bacterial suspensions
were used but without exposure to the UVC system. In these control plates, the inoculum
was plated by a spread plate. A plate containing only TSA was used as a negative control.
The microbiological control of CLB was also carried out.

2.5. Statistical analysis

Each experiment was repeated three times for each bacterial strain in each treatment
with the UVC system. The collected data were analyzed using the program R (version
3.6.0) (Vienna, Austria) and R Studio, where the paired t-test was applied to compare the
statistical significance between the two samples (with and without treatment with UVC
system) with <0.01. Percent reduction and Logio CFU reductions from colonies were cal-
culated as follows:

Percentage reduction = (B - A) x 100 B
Reduction Logio CFU = Log10 (B - A) CFU
Where: B = Number of viable microorganisms.

A =Number of viable microorganisms after UVC irradiation

2.6. Scanning Electron Microscopy (SEM)

Morphological changes in the bacteria species were visualized using SEM [41]. For
analysis, control cells or UVC system treatment (106 CFU/mL at 2, 6, and 12 sec of expo-
sure) were fixed for 1 h with 2.5% glutaraldehyde in 0.1 M cacodylate buffer. After fixa-
tion, the cells were washed three times in PBS for 5 min, post-fixed for 15 min in 1% os-
mium tetroxide (OsO4), and rewashed three times in PBS for 5 min. Next, the samples
were dehydrated in an ascending series of ethanol (7.5, 15, 30, 50, 70, 90, and 100% ethanol)
for 15 min each step, critical point dried with CO, sputter-coated with a 15-nm thick layer
of gold and examined in a Jeol JSM 6390 (Tokyo, Japan) scanning electron microscope.

3. Results
3.1. Exposure to the UVC System in a liquid medium
3.1.1. Cell viability
Cell viability analysis in solution for measurement selection can be calculated to re-
duce the reduction of resorufin in solution. In this assay, after UVC system treatment,

successive dilutions of cultures were made in LB broth, and after 24 h, the viability of the
different species was measured. As it was not possible to count bacterial colonies in the
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1:10 dilution and there was no significant difference between the 1:100 and 1:1000 dilu-
tions, we selected for viability analysis the final dilution of bacterial cells of 1:100, respec-
tively, for each bacterial strain (ATCCs). When taking into account the average of the read-
ings performed at each study time (2 to 20 sec), we verified that the statistically significant
reduction in cell viability for all ATCCs strains occurred after 10 sec of exposure to the
UVC system, except for S. enterica which only occurred at 20 sec (Table 1). Therefore, this
table presented only the results with statistics. At 10 sec, we observed a reduction of 60.1%
in A. baumannii, 50.2% in S. aureus, 44.9% in E. faecalis, 42.9% in P. aeruginosa, and 41.2% in
E. coli. At 12 sec, there was a greater reduction in viability compared to the last time, 50.5%
for E. coli, 83.2% for E. faecalis, and 93.4% for P aeruginosa. However, at 12 sec there was no
statistically significant reduction for S. aureus and A. baumannii (Figure 1, Table 1). Treat-
ment with 20 sec of UVC clearly significantly reduced bacterial growth in all strains stud-
ied, leading to an inhibition of about 90.9% in P. aeruginosa, followed by 85.3% in E. faecalis,
and A. baumannii, 82.9% in S. enterica, 79.2% in E. coli and 71.9% in S. aureus (Figure 3,
Table 1).

Table 1. Analysis of cell viability by the addition of resazurin after treatment with UVC system (10,
12, and 20 sec) and control group (no treatment) in different bacterial strains ATCCs (dilution 1:100)
S. aureus (ATCC 6538), P. aeruginosa (ATCC 15442), S. enterica (ATCC 10708), E. coli (ATCC 25922),
A. baumannii (ATCC 19606) and E. faecalis (ATCC 29212).

Bacterial Strains TIMES OF EXPOSURE TO UVC*
UVC (10”) C(10”) UVC (127) C@127) UVC (20”) C (20”)
Fluor / % Average Fluor/ % Average Fluor/ % Average
reduction reduction reduction
S. aureus (ATCC 6538) 730,6/50.2* 1465,8 1852,5/8.8 2030,6 334,1/71.9* 1190,4
P. aeruginosa (ATCC 647,1/42.9% 1132,8 104,8/93.4* 1584,3 96,5 /90.9* 1059,7
15442)
S. enterica (ATCC 10708) 482,3/11.6 545,3 630,1/3.3 651,3 93,2 /82.9 547,2
E. coli (ATCC 25922) 654,8/41.2* 1112,7 379,2/50.5* 766,2 94,5 /79.2* 453,2
A. baumannii (ATCC 595,1/60.1* 1489,7 1273,2/18.7 1565,6 132,1 /85.3* 900,52
19606
E. faecalis (ATCC 29212) 867,3/44.9* 1573,6 175,3/83.2* 1040,9 94,9 / 85.3% 646,7

*Statistically significant; “,seconds; UVC, ultraviolet C; C, control; Fluor, fluorescence.
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Figure 1. Analysis of cell viability by the addition of resazurin after treatment with UVC system and
control group (no treatment) in different bacterial strains ATCCs (S. aureus (ATCC 6538), P. aeru-
ginosa (ATCC 15442), S. enterica ( ATCC 10708), E. coli (ATCC 25922), A. baumannii (ATCC 19606)
and E. faecalis (ATCC 29212)). The measured fluorescence intensity (Relative Fluorescence Units,
RFU) after the conversion of resazurin to resofurin by viable bacteria was performed either in the
control group (no treatment) as in the bacterial suspensions (1:100 dilution) after exposure to the
UVC (2,4, 6, 8, 10, 12 and 20 sec). Results represent values from 3 experiments in triplicate. [times
(sec) of UVC exposure].

3.1.2. Quantification of Colonies

The culture exposure (diluted 1:100) at different times (2 to 20 sec) to the UVC system
was able to inhibit the in vitro growth of all bacterial strains tested (Figure 3) with a sta-
tistically significant reduction in colony count compared to the control group (not treated
with UVC system) (Table 2). Among the ATCCs strains, P. aeruginosa and S. enterica have
already significantly reduced CFU counts with just 2 sec of UVC exposure, with a reduc-
tion of 67.1% and 63.6%, respectively. The others did not suffer a significant decrease in
the CFU count, with the smallest decline for E. coli (26.5%), followed by A. baumannii
(27.3%), S. aureus (30.3%) and E. faecalis (39.7%). After 4 sec of exposure to UVC, there was
already a reduction of at least 50% in the CFU count of all ATCCs strains compared to the
control group (not treated with UVC system), A. baumannii, 52.7 %; E. faecalis, 69.9%; S.
aureus, 73.4%; S. enterica, 74.7%,; E. coli, 85% and P. aeruginosa, 91.8%. In the UVC exposure
time of 6 sec, the greatest reductions were observed for S. aureus (91.9%) and P. aeruginosa
(98.4%). The other cuts ranged from 71.9% for A. baumannii, 86% and 86.1% for E. faecalis
and S. enterica, and 87.1% for E. coli. At 8 sec of UVC exposure, the greatest reduction in
CFU counts was observed only for S. enterica, 90.6%, and S. aureus, 96.3%. However, the
others showed lower reduction values than in the more down exposure time (6 sec), being
A. baumannii, 69.1%; E. faecalis, 69.7%; E. coli, 79.2% and P. aeruginosa, 96.6%. At 10 sec of
UVC exposure, all ATCC strains, except E. faecalis (76.9%), showed a significant reduction
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in the number of CFU counts, being A. baumannii, 89.6%; E. coli, 92.6%; S. enterica, 97.6%.
S. aureus, 97.7% and P. aeruginosa, 99.4. After 12 sec of UVC exposure, all ATCC strains
showed a 100% reduction in CFU counts, except for A. baumannii, which reduced 97.7%.
At 20 sec, there was no further colony growth (Figure 2, Table 2). The total reduction in
logio CFU/mL is illustrated in Figure 3. With 2 to 10 sec of exposure, there was a reduction
of 0.14 - 2.23 logio CFU/mL. A substantial decrease in colonies above 3 logio was observed
at 12 and 20 sec in all bacterial strains tested, except for A. baumannii ATCC n® 19606 (12
sec) (Figure 3).

Table 2. Reduction in CFU counts after exposure to the UVC system in ATCCs bacterial strains (S.
aureus (ATCC 6538), P. aeruginosa (ATCC 15442), S. enterica (ATCC 10708), E. coli (ATCC 25922), A.
baumannii (ATCC 19606) and E. faecalis (ATCC 29212)). The number of CFU was quantified in bac-
terial suspensions of ATCCs strains (1:100 dilution) after exposure to the UVC system for 2, 4, 6, 8,
10, 12, and 20 sec and in the control group (no treatment).

UVC SYSTEM EXPOSURE TIMES
2" C 4” C 6" C 8" C 10”7 C 127 C 20” C

](3;;;12:1)1 CFU count/% CFU count/% CFU count/% CFU count/% CFU count/% CFU count/% CFU count/%
reduction/CFU reduction/CFU reduction/CFU reduction/CFU reduction/CFU reduction/CFU reduction/CFU
count count count count count count count
S.aureus  2.710/30 1.044/73

(ATCC 6538) 3 3.888 4 3.932 332/9.9 4.088 154/96,3 4.176 110/97.7 4.844 0/100 3.954 0/100 4.022

P. aeruginosa 1.044/67
(ATCC15442) 1
S. enterica  1.400/63 1.244/74
.844 4910 4 .1 3.510 2 .6 3. 7. . 1 222 1 71
(ATCC10708) P 3.8 e 910 488/86.1 3.510 288/90.6 3.066 88/97.6 3.688 0/100 3 0/100  3.710
E. coli 1.666/26

(ATCC25922) .5

3.176 310/91.8 3.776 44/98.4 2.688 88/96.6 2600 22/99.4 3.732 0/100 2.000 0/100 2.710

2266 732/85 4.888 332/87.1 2.576 666/79.2 3.200 288/92.6 3.910 0/100 3.400 0/100 3.532

A. baumannii  2.422/27 1.376/52 1132/69.

(ATCC19606) 3 3.332 7 2910 774/719 2.754 1 3.666 466/89.6 4.488 88/97.7 3.866 0/100 3.800
E. faecalis  1.622/39 1132/69.

(ATCC29212) 7 2.688 776/69.9 2.576 400/86.0 2.866 ” 3.732 754/76.9 3.266 0/100 4.354 0/100 3.900

CFU count (colony forming units count); C (control).
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Figure 2. Counting the number of colonies forming units (CFU) of the assay from the liquid medium
in different ATCCs bacterial strains (S. aureus (ATCC 6538), P. aeruginosa (ATCC 15442), S. enterica
(ATCC 10708), E. coli (ATCC 25922), A. baumannii (ATCC 19606) and E. faecalis (ATCC 29212)). The
number of CFU was quantified in the control group (no treatment) and in the bacterial suspensions
(1:100 dilution) after exposure to the UVC system for 2, 4, 6, 8, 10, 12, and 20 seconds.
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Figure 3. Efficacy of the UVC system in reducing the number of colony-forming units of the ATTCs
strains used and expressed in logio reduction of CFU/mL.

CFU, colony forming units
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3.2. Exposure to the UVC System in solid medium

The culture exposure at different times (2 to 20 sec) to the UVC system was able to
inhibit the in vitro growth of all bacterial strains tested, ATCCs, and MDR/ESKAPE-E
group (10 CFU/mL) (Figure 4) with a statistically significant reduction in colony count
compared to the control group (not treated with UVC system) (Tabela 3). The exposure
of ATCCs bacterial strains to the UVC system for only 2 sec was able to reduce 100% in
the CFU count in all ATCCs strains (10* CFU/mL), namely, S. aureus, P. aeruginosa, E. coli,
A. baumannii, E. faecalis, except the S. enterica strain which had a statistically significant
reduction of 99.7%. At the exposure time of 4 sec, this strain had its CFU count reduced to
100%. At UVC exposure times of 6, 8, and 10 sec, the total reduction (100%) result re-
mained constant (Figure 4, Table 3).

A different behavior was observed in the MDR strains representative of the ESKAPE-
E group (10* CFU/mL). The S. aureus (MRSA) and K. pneumoniae (KPC+) strains, when
exposed to UVC for 2 and 4 sec, suffered a 100% reduction in the number of CFUs. How-
ever, at 6 sec, they reduced by 99.8% and 99.5%, respectively. In times of 8 and 10 sec, the
result remained constant with a reduction of 100%. The same occurred with the strain P.
aeruginosa (XDR), which significantly reduced from 2 sec of exposure to UVC, being 99.1%,
followed by 99.3% (4 sec), 99.1% (6 sec), 99, 5% (8 sec) and 100% (10 sec). The A. baumannii
(PDR) strain initially showed a 100% reduction in UVC exposure time of 2 sec, but in the
following times of 4 and 6 sec, it reduced the CFU count by 99.1% and 99.7%, respectively.
At 10 sec, we observed a 100% reduction in CFU (Figure 4, Table 3). The total reduction
in logio CFU/mL is illustrated in Figure 5. In ATCC strains, there was a substantial de-
crease in colonies after 4 sec of exposure to the UVC system, with a reduction ranging
from 3.78 - 4.15 logio CFU/mL. This reduction was observed in MDR/ESKAPE-E strains
within 10 sec, showing that UVC could eliminate above 3.84 logio CFU/mL (Figure 6).
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Figure 4. Quantifying the number of CFU in the solid medium of the different bacterial strains
ATCCs (S. aureus (ATCC 6538), P. aeruginosa (ATCC 15442), S. enterica (ATCC 10708), E. coli (ATCC
25922), A baumannii (ATCC 19606), and E. faecalis (ATCC 29212) and MDR strains representative of
the ESKAPE-E group S. aureus (MRSA), P. aeruginosa (XDR), A. baumannii (PDR) and K. pneumoniae
(KPC+)). In addition, the number of CFU was quantified in the bacterial suspensions (10* CFU/mL)
after exposure to the UVC system for 2, 4, 6, 8, and 10 sec and in the control group (no treatment).
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Table 3. Reduction in CFU counts in solid media after exposure to the UVC system in ATCCs and
MDR/ESKAPE-E bacterial strains. The quantification of the number of CFUs was performed in bac-
terial suspensions of ATCCs strains (10* CFU/mL) and MDR strains representative of the ESKAPE-
E group (10* CFU/mL) after exposure to the UVC for 2, 4, 6, 8 and 10 sec and control group (no

treatment).
UVC SYSTEM EXPOSURE TIMES
2" C 47 C 6" C 8" C 10” C
. . CFU count/% CFU count/% CFU count/% CFU count/% CFU count/%
Bacterial Strains i } } } )
reduction/ reduction/ reduction/ reduction/ reduction/
CFU count CFU count CFU count CFU count CFU count
S. aureus (ATCC 6538) 0/100  14.200  0/100  14.200 0/100 14200 0/100  14.200 NP NP
P. aeruginosa (ATCC 15442) 0/100 9.033 0/100 9.033 0/100 9.033 0/100 9.033 NP NP
S. enterica (ATCC 10708) 33/99.7  9.567 0/100 9.567 0/100 9.567 0/100 9.567 NP NP
E. coli (ATCC 25922) 0/100 7600 0/100 7.600 0/100 7.600 0/100 7.600 NP NP
A. baumannii (ATCC 19606) 0/100 6.833 0/100 6.833 0/100 6.833 0/100 6.833 NP NP
E. faecalis (ATCC 29212) 0/100 5967 0/100 5.967 0/100 5.967 0/100 5.967 NP NP
S. aureus (MRSA) 0/100 5.711 0/100 5.711 11/99.8 5.711 0/100 8.183  0/100 8.183
P. geruginosa (XDR) 44/99.1 4911 33/99.3 4911  44/99.1 4911 33/995 6.983  0/100 6.983
A. baumannii (PDR) 0/100 3556  33/99.1 3.556  11/99.7  3.556 0/100 9.817  0/100 9.817
K. pneumoniae KPC+ 0/100 4.356 0/100 4356 22/99.5 4.356 0/100 8.917  0/100 8.917

Caption: Cont. CFU: Count of colony forming units; C: Control; NP: Not performed.
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Figure 5. Efficacy of the UVC system in reducing several bacterial strains expressed in logio reduc-
tion of CFU/mL.

CFU, colony forming units; A. baumannii, Acinetobacter baumanni; Ab PDR, Acinetobacter baumannii
Pandrug-resistant; E. coli, Escherichia coli; E. faecalis, Enterococcus faecalis; Kp KPC+, Klebsiella
pneumoniae produtora de carbapenemase (KPC+); MRSA, Staphylococcus aureus resistente a
meticilina; P. aeruginosa, Pseudomonas aeruginosa; P. aeruginosa XDR, Pseudomonas aeruginosa,

Extensively drug-resistant; S. aureus, Staphylococcus aureus; S. enterica, Salmonella enterica.

3.3. Scanning Electron Microscopy (SEM)
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SEM was performed to confirm membrane damage to bacterial species. The strains
of S. aureus (ATCC 6538), P. aeruginosa (ATCC 15442), A baumannii (ATCC 19606), E. fae-
calis (ATCC 29212), S. aureus (MRSA), and P. aeruginosa (XDR, after treatment with UVC
for 2 sec, showed no pellet, being observed only in controls (untreated) and therefore
could not be analyzed by SEM. The same occurred with all strains treated with 6 and 12
sec of UVC that did not produce pellets and, therefore, could not be analyzed under the
microscope. These exposure times probably eliminated all strains, which agrees with the
results found in the counts. Morphological analysis showed that S. enterica (ATCC 10708),
E. coli (ATCC 25922), A. baumannii (PDR), and K. pneumoniae (KPC+) controls showed some
pili-like appendages that vary in size and unevenly distributed. After UVC treatment (2
sec), all the strains presented membrane alterations with a reduction of the pili-like ap-
pendages, except for E. coli (ATCC 25922), which did not have its morphology altered
(Figure 6, Figure 7).

Figure 6. Morphological analysis of UVC treatment (2 sec) by electron microscopy. S. enterica (ATCC
10708) (a-d) and E. coli (ATCC 25922) (e-h) are seen without (a,b,e,f) and under UVC treatment
(c,d,g/h). Untreated S. enterica (ATCC 10708) (a-b) presents elongated morphology with many pili-
like appendages. Note that the cells form large aggregates, where more wall projections are seen (a).
After treatment with UVC, the S. enterica (ATCC 10708) (c-d) still has an elongated morphology, but
there is a decrease in pili-like appendages and the formation of large cell aggregates (c-d). Cells of
the untreated E. coli (ATCC 25922) (e-f) have an elongated cell body with less pili-like appendages.
After treatment with UVC, the E. coli (ATCC 25922) (g-h) did not have its morphology altered.
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Figure 7. Morphological analysis of UVC treatment (2 sec) by electron microscopy. A. baumannii
(PDR) (a-d) and K. pneumoniae (KPC+) (e-h) are seen without (a,b,e,f) and under UVC treatment
(c,d,gh). A. baumannii (PDR) untreated (a-b) presents a heterogeneous morphology, where cells
with different sizes are observed (a), it is also possible to observe some pili-like appendages towards
other bacteria (b). In A. baumannii (PDR) strains treated (c-d), there is a decrease in the size of the
bacteria (c) and the absence of pili-like appendages (d). K. pneumoniae (KPC+) not treated (e-f) pre-
sents cells with several pili-like appendages (e-f) which are found mainly towards the substrate (f).
In the treated cells (g-h) a change in the appearance of the cell surface is seen, which is more wrin-
kled and a decrease in pili-like appendages (g-h).

4. Discussion

In the face of HAIs, ultraviolet (UV) light has been widely explored as a practical
innovation for disinfecting bacteria [42-44]. Several UVC devices have been tested to de-
contaminate the hospital environment, including UVC devices with UV-reflecting ink [45]
or vector-specific UVC such as stethoscopes [46,47]. Studies have shown that shoe soles
can transmit pathogens to patients through direct or indirect transmission routes. How-
ever, only some effective strategies are available to decontaminate shoe soles. In the pre-
sent study, the Sanitech UVC shoe sole decontaminator was tested for its ability to disin-
fect different pathogens, demonstrating that it was effective in killing ATCCs bacterial
strains (S. aureus ATCC 6538, P. aeruginosa ATCC 15442, S. enterica ATCC 10708, E. coli
ATCC 25922, A. baumannii ATCC 19606, E. faecalis ATCC 29212) and IRAS-associated
ESKAPE-E multidrug (S. aureus (MRSA), P. aeruginosa (XDR), A. baumannii (PDR) ), K.
pneumoniae (KPC+). A similar study that used a UVC device specifically designed to de-
contaminate shoe soles was tested for its ability to decrease the number of CFUs in stand-
ardized rubber-soled shoe soles and subsequent transmission to floors or a simulated hos-
pital room [30]. n this study, relevant pathogens, standardized procedures for inoculation
of shoe soles, a variety of types of floors, and a standardized script to mimic hospital con-
ditions were used. The results showed that experiments performed with shoes exposed to
the UVC device had CFU significantly lower in the soles of shoes, floors, and patient care
areas [30]. These results demonstrated that a UVC device aimed at the soles of shoes can
decrease subsequent environmental bioburden and patient colonization.

Several studies have demonstrated the inactivation of different microorganisms us-
ing UV-LEDs. The effect of UV stress on bacteria can be easily evaluated with UV-LED
systems and a microplate that allows the simultaneous irradiation of multiple replicas at
different UV doses (demonstrated in E. coli and MS2) [48], even though most studies use
a default setup that allows only one sample to be irradiated at a time (i.e., plate or beaker),
resulting in limited statistical power [49,50]. Therefore, for the analysis of cell viability, we
used microplates (96 wells) where different bacterial strains could be exposed to the same
conditions. Cell viability assay or cytotoxicity assay is a test that analyzes metabolically
active cells in cell culture to assess their metabolic activity qualitatively and quantitatively.
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In our study, the method used to evaluate cell viability was the Resazurin or Alamar
Blue™ assay, one of the most frequently used tests for this type of assessment. Resazurin
(7-Hydroxy-3H-phenoxazin-3-one 10-oxide) is a redox dye indicator of metabolic activity
in cell cultures. It has numerous applications, such as studies of proliferation, cell viability,
and cytotoxicity in various biological and environmental systems, and has been applied
to monitor antimicrobial susceptibility and viability of microbial biofilms [51-54]. This dye
is cell permeable and can monitor the number of viable cells with protocols similar to
tetrazolium compounds. Resazurin is a non-fluorescent blue reagent that, by the action of
the dehydrogenase enzyme found in metabolically active cells, is reduced to resorufin,
which is highly fluorescent and has a pink color. This conversion occurs only in viable
cells; as such, the amount of resorufin produced is proportional to the number of viable
cells in the sample [51]. Resazurin is not toxic to cells, and cell death is not necessary to
obtain measurements, being a simple and fast test that can be measured both by colorim-
etry and fluorimetry [55,56]

According to our results, when we investigated the metabolic capacity of bacterial
strains through resazurin, we observed that exposure to UVC for 10 sec was able to inter-
fere with the cell viability of all ATCCs songs with a statistically significant reduction of
metabolically active cells in cultures, except for S. enterica (ATCC 10708) (20 sec). The ex-
posure time of 20 sec was the one that had the greatest interference in the cell viability of
all ATCCs strains, with reduction rates ranging from 71.9% to 90.9%. Environmental stress
is an external factor that hurts the physiological well-being of bacterial cells, leading to
reduced growth rate or, in more extreme circumstances, inhibition and/or cell death at
individual or population levels [57]. The exposure of bacterial cells to bactericidal UV ra-
diation can be considered environmental stress, as this property has been used as a phys-
ical disinfection technique to eliminate entire bacterial populations, mainly from the clin-
ical environment. Furthermore, various ecological stresses induce the "mar" (multiple an-
tibiotic resistance) operons [58], which regulates the expression of several genes, including
those that encode an efflux pump of broad specificity [59]. Therefore, bacterial cells have
several mechanisms to select mutants within sublethally stressed bacterial populations,
as well as to minimize stress and maximize continued cell viability to ensure survival after
the stress conditions are removed [60]. This fact may explain what happened with the
strains of S. aureus (ATCC 6538) and A. baumannii (ATCC 19606), which, despite showing
a statistically significant reduction at 10 and 20 sec, did not present at 12 sec. Exposure of
pathogenic bacteria to non-lethal stressful conditions can also increase resistance to the
applied stress conditions [61,62].

Previous experimental studies showed that the duration of exposure to irradiation
was a crucial determinant in the performance of UVC equipment [63-66]. Furthermore,
they also revealed that the shorter the distance from the agar plate to the UVC equipment,
the greater the bacterial killing efficiency the equipment could achieve [63,64]. In our
study, the CFU count was derived from bacterial strains irradiated simultaneously on the
microplate at different times (2, 4, 6, 8, 10, 12, and 20 sec) but always at the same distance
of 3 cm from the lamps. It is interesting to note that despite the low interference in the cell
viability of bacterial strains in times of exposure to UVC below 20 sec, a short time of
exposure to UVC was able to interfere with the bacterial growth of cells, showing that in
just 2 sec UVC already inhibited colony growth by 67.1% for P. aeruginosa (ATCC 15442),
63.6% for S. enterica (ATCC 10708). The other strains showed lower inhibition rates, as
observed for E. faecalis (ATCC 29212) (39.7%), S. aureus (ATCC 6538) (30.3%), A. baumannii
(ATCC 19606) (27.3%) and E. coli (ATCC 25922) (26.5%), however, at 4 sec of UVC expo-
sure, their bacterial growth inhibition rates increased to 69.9%, 73.4%, 52.7 %, and 85%,
respectively. S. aureus (ATCC 6538) had its bacterial growth inhibition rate raised to 73.4%
and P. aeruginosa (ATCC 15442) to 91.8%. The highest reduction rates presented after 6 sec
of exposure were 98.4% for P. aeruginosa (ATCC 15442) and 91.9% for S. aureus (ATCC
6538). The other strains had an increasing reduction in CFU, ranging from 71.9% (A. bau-
mannii (ATCC 19606) to 87.1% (E. coli ATCC 25922). After 8 sec of exposure to UVC, S.
aureus (ATCC 6538) and strains of S. enterica (ATCC 10708) showed a greater reduction in


https://doi.org/10.20944/preprints202211.0114.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 November 2022 d0i:10.20944/preprints202211.0114.v1

CFU (96.3% and 90.6%) when compared to the last time (6 sec). However, for the other
strains of P. aeruginosa (ATCC 15442), E. coli (ATCC 25922), A. baumannii (ATCC 19606),
and E. faecalis (ATCC 29212), the opposite occurred since they showed slightly lower rates
of reduction. Within 10 seconds of exposure, there was a progressive increase in the rate
of reduction of S. enterica ATCC 10708 (90.6% to 97.6%), followed by S. aureus (ATCC 6538)
(96.3% to 97.7%) and P. aeruginosa (ATCC 15442) (96.6% to 99.4%). The reduction rates of
E. coli (ATCC 25922) and A. baumannii (ATCC 19606) returned to increase above the per-
centage obtained at 6 sec, except for E. faecalis (ATCC 29212). With 12 sec of UVC exposure,
a 100% reduction was observed for all ATCCs strains tested (3 logio CFU/mL), except A.
baumannii ATCC 19606, which reduced 97.7% (1.65 logio CFU/mL). In the longest exposure
time used in this study (20 sec), all ATCCs strains showed a 100% reduction in CFU. The
results found in the CFU counting methodology showed different bacterial inactivation
profiles to those observed with the cell viability method using resazurin for all ATCCs
strains. Our results differ from those found by Toté et al [53]. They developed a microplate
resazurin method for evaluating the antimicrobial activity of antiseptics and disinfectants
with different bacteria and reported that this method was as accurate as the plate counting
method, presenting similar detection limits [53]. However, it is worth mentioning that the
two tests are related to different measurement modes. While the CFU counting method
considers bacterial growth, resazurin measures the number of cells through reactions as-
sociated with the oxidation of this compound in the intracellular medium. This funda-
mental difference between the measurement methods may cause not show the corre-
spondence of the results.

In the CFU count of the solid medium assay, only 2 sec of exposure to ATCCs bacte-
rial strains were sufficient to eliminate all colonies of S. aureus (ATCC 6538) (4.15 logo
CFU/mL), P. aeruginosa (ATCC 15442 ) (3.96 logio CFU/mL), E. coli (ATCC 25922) (3.88 logto
CFU/mL), A. baumannii (ATCC 19606) (3.83 logio CFU/mL) and E. faecalis (ATCC 29212)
(3.78 logio CFU/mL), except for S. enterica (ATCC 10708) which suffered a reduction of
99.7% (2.46 logio CFU/mL), being 100% (3.98 logio CFU/mL) reduction achieved in 4 sec.
As in our study and despite the different conditions used, the study by Rashid et al. found
that the soles of shoes exposed to a UVC decontamination device showed a reduction in
CFU counts of relevant pathogenic organisms, with a greater logi reduction for E. coli
(2.81+0.80), followed by S. aureus (2.67+0.81), E. faecalis (2.10£0.62) and C. difficile
(0.42+0.68) [30]. We noticed that irradiation was much more effective in the solid medium,
eliminating most of the CFU in ATCC bacterial strains in 2 and 4 sec, while in the liquid
medium, it took 12 and 20 sec. The MDR strains representing the ESKAPE-E group
showed different behavior, with a 100% reduction in CFU occurring after 8 sec of exposure
to UVC for S. aureus (MRSA) (3.91 logio CFU/mL), A. baumannii (PDR ) (3.99 logio CFU/mL)
and K. pneumoniae (KPC+) (3.95 logio CFU/mL) and 99.5% (2.32 logio CFU/mL) for P. aeru-
ginosa (XDR), which was completely reduced (3.84 logio CFU/mL) in the following 10 sec
exposure time. UVC causes DNA strand breakage in bacteria, fungi, and human cells,
which results in the inhibition of DNA replication. The most important factors related to
UVC lethality include the equipment and treatment parameters, the physicochemical
characteristics of the medium, and the type of microorganism [67]. The biocidal effect dif-
fers between microorganisms because, due to their factors, some are more resistant than
others. Sensitivity to UVC radiation varies according to the cell wall structure, composi-
tion, thickness, presence of proteins that absorb UVC radiation in the nucleic acid struc-
ture, and DNA repair capacity of microorganisms [68]. In this sense, ATCC strains showed
less resistance to UVC treatment than MDR strains from the ESKAPE-E group. These mul-
tidrug-resistant pathogens are very difficult to eliminate from the hospital environment
with traditional disinfectants [69] and required a longer exposure time to the UVC system
to be completely eliminated. When we compared the CFU count in the assay from a liquid
medium (microplate) and solid medium (petri dish), we found that bacterial strains were
more affected by UVC in a tangible medium. UVC radiation is not transmitted in a me-
dium with a constant intensity equivalent to that generated at the source. From the origi-
nal, an attenuation effect occurs, due to the absorption of the radiation originally emitted
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in the medium itself. In a liquid medium, this difference is greater and occurs due to the
UVC absorption of the bacterial suspension since the irradiance decreases as the photons
pass through the break, based on the Lambert-Beer law [70].

Unlike chemical disinfection methods, UVC quickly and effectively inactivates mi-
croorganisms through a process based on physical amounts of irradiance or dose fre-
quency, expressed in W.m-2, which quantifies the power of the radiation flux received per
unit area. And energy exposure or UV dose, as said in ].m-2, is the main scaling parameter
during UV irradiation. This parameter is the product of the intensity emitted by one or
more UV sources according to the duration of exposure: Dose (J.m-2) = Intensity (W.m-2)
x sec [69]. Generally, the effectiveness of disinfection largely depends on the radiation
dose, because the amount of cellular damage caused by irradiation is proportional to the
amount of energy absorbed. However, other factors come into play, such as the distance
that separates the UVC source from the contaminated surface, the nature and concentra-
tion of microorganisms, and especially the temperature and humidity of the environment.
The particularity of the UVC band is that it has a powerful germicidal effect. The latter is
linked to the fact that radiation is absorbed by DNA and RNA, molecules that support
replicative and metabolic functions. In addition, UVC rays induce different types of dam-
age, acting directly on nucleic acids and proteins [71]. However, not all microorganisms
have the same sensitivity to irradiation [72]. Our results clearly demonstrated the effi-
ciency of the UVC equipment used through the logarithmic reductions observed in
ATCCs and MDR strains, depending on the binomial time and distance used.

Many bacterial species possess long filamentous structures known as pili or fimbriae
extending from their surfaces. Pili play an important role in adhesion to biotic or abiotic
surfaces and biofilm because they facilitate contact between surfaces and cells [73,74]. Im-
ages obtained using SEM showed the presence of multiple cellular surface pili-like ap-
pendages of variable length that were reduced after UVC exposure. This result supports
the hypothesis that UVC exposure, by reducing the number of pili present in the strain, is
able to interfere with the formation of cell aggregates and cell adhesion to the substrate
that favors the decontamination of the evaluated surface. As shoe soles are likely to have
a much higher microbial load than most other locations, implementing UVC equipment
that effectively decontaminates shoe soles in hospital settings is expected to represent an
important addition to different disinfection strategies already in place.

5. Conclusions

Sanitech UVC shoe sole decontaminator equipment from Astech Company effec-
tively killed in vitro a series of ATCCs and MDR/ESKAPE-E bacteria of sanitary interest,
commonly found in the hospital environment. These findings provided important evi-
dence for the effectiveness of UVC disinfection; therefore, further studies should be en-
couraged to confirm its efficacy as an adjunct to standard cleaning in reducing HAI-re-
lated hospital pathogens.
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in the microplate for exposure to the UVC system and control group (no treatment). Abbreviations:
Sa: S. aureus (ATCC 6538); Pa: P. aeruginosa (ATCC 15442); Se: S. enterica (ATCC 10708); Ec: E. coli
(ATCC 25922); Ab: A. baumannii (ATCC 19606); Ef: E. faecalis (ATCC 29212); PBS: sterile phosphate
buffered saline; LB: Luria Bertani broth.

Author Contributions: Conceptualization, K.R.; methodology, K.R., F.O.C,, G.C.L., V.M.; valida-
tion, K.R; data curation, K.R. and M.H.S.V-B.; writing—original draft preparation, K.R..; writing—
review and editing, K.R. and S.G.D-S.; visualization, M.H.S.V-B.; project administration, K.R.; fund-
ing acquisition, 5.G.D-S. All authors have read and agreed to the published version of the manu-
script.


https://doi.org/10.20944/preprints202211.0114.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 November 2022 d0i:10.20944/preprints202211.0114.v1

Funding: This research was funded by the Carlos Chagas Filho Foundation for Research Support of
the State of Rio de Janeiro (FAPER]—no E-26 110.198-13; E26 202.841-2018) and the Brazilian Council
for Scientific Research (CNPq—no 3075732011; 3013322015-0)

Acknowledgments: We thank the Rudolf Barth Electron Microscopy Platform of the Oswaldo Cruz
Institute/FIOCRUZ for the use of electron microscopy analysis facilities. K.R. and G.C.L. are post-
doc fellows from CAPES/CDTS-FIOCRUZ.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tabah, A.; Koulenti, D.; Laupland, K.; Misset, B.; Valles, J.; Carvalho, F.B.; Paiva, J.A.; Cakar, N.; Ma, X.; Eggimann, P. et al.
Characteristics and determinants of outcome of hospital-acquired bloodstream infections in intensive care units, the
EUROBACT International cohort study. Intensive Care Med 2012, 38,1930-1945. doi: 10.1007/s00134-012-2695-9.

2. Tacconelli, E.; Carrara, E.; Savoldi, A.; Harbarth, S.; Mendelson, M.; Monnet, D.L.; Pulcini, C.; Kahlmeter, G.; JKluytmans, J.;
Carmeli, Y. et al. Discovery, research, and development of new antibiotics, the WHO priority list of antibiotic-resistant bacteria
and tuberculosis. Lancet Infect Dis 2018, 18, 318-327. doi: 10.1016/51473-3099(17)30753-3.

3.Li, S,; Eisenberg, ].N.; Spicknall, .H.; Koopman, J.S. Dynamics and control of infections transmitted from person to person through
the environment. Am ] Epidemiol 2009, 170, 257-265. doi: 10.1093/aje/kwp116.

4. Rashid, T.; VonVille, H.M.; Hasan, I.; Garey, K.W. Shoe soles as a potential vector for pathogen transmission, a systematic review.
J Appl Microbiol 2016, 121,1223e31. doi: 10.1111/jam.13250.

5. Agarwal, M.; Hamilton-Stewart, P.; Dixon, R.A. Contaminated operating room boots, the potential for infection. Am | Infect Cont
2002, 30, 179-183. doi: 10.1067/mic.2002.119513.

6. Alam, M.J; Anu, A.; Walk, S.T.; Garey, K.W. Investigation of potentially pathogenic Clostridium difficile contamination in household
environs. Anaerobe 2014, 27, 31-33. doi: 10.1016/j.anaerobe.2014.03.002.

7. Amirfeyz, R,; Tasker, A.; Ali, S.; Bowker, K.; Blom, A. Theatre shoes - a link in the common pathway of postoperative wound
infection? Ann R Coll Surg Engl 2007, 89, 605-608. doi: 10.1308/003588407X205440.

8. Paduszynska, K.; Rucinska, L.G; Pomorski, L. Physician as an infective vector at a department of surgery. Pol Przegl Chir 2014, 86,
511e7. doi: 10.2478/pjs-2014-0091.

9. Kanwar, A.; Thakur, M.; Wazzan, M.; Satyavada, S.; Cadnum, J.L.; Jencson, A.L.; Donskey, C.J. Clothing, and shoes of personnel
as potential vectors for transfer of healthcare-associated pathogens to the community. Am | Infect Control 2019, 47,577-579. doi:
10.1016/j.ajic.2019.01.028.

10. Hambraeus, A.; Bengtsson, S.; Laurell, G. Bacterial contamination in a modern operating suite. 3.Importance of floor
contamination as a source of airborne bacteria. | Hyg (Lond) 1978, 80,169-174. doi: 10.1017/s0022172400053511.

11. Alexander, ].W.; Van Sweringen, H.; Vanoss, K.; Hooker, E.A.; Edwards, M.]. Surveillance of bacterial colonization in operating
rooms. Surg Infect (Larchmt). 2013, 14,345-351. doi: 10.1089/sur.2012.134

12. Feldman, O.; Meir, M.; Shavit, D.; Idelman, R.; Shavit, I. Exposure to a surrogate measure of contamination from simulated
patients by emergency department personnel wearing personal protective equipment. JAMA. 2020, 323, 2091-2093. doi: 10.10
01/ jama.2020.6633.

13. Conway, J.; Lipner, S.R. Head to toe: Recommendations for physician's head and shoe coverings to limit COVID-19 transmission.
Cutis. 2021, 107, E27-E29. oi: 10.12788/cutis.0238.

14. Guo, Z.D.; Wang, Z.Y.; Zhang, SF; Li, X,; Li,L.; Li, C; Cui, Y.; Fu, RB.; Dong, Y.Z.; Chi, X.Y.; et al. Aerosol and surface
distribution of severe acute respiratory syndrome coronavirus 2 in hospital wards; Wuhan; China; 2020. Emerg Infect Dis 2020,
26, 1583-1591. doi: 10.3201/eid2607.200885.

15. Redmond, S.N.; Dousa, K.M,; Jones, L.D;, Li, D.F.; Cadnum, J.L.; Navas, M.E.; Kachaluba, N.M.; Silva, S.Y.; Zabarsky, T.F.;
Eckstein, E.C.; et al. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) nucleic acid contamination of surfaces on
a coronavirus disease 2019 (COVID-19) ward and intensive care unit. Infect Control Hosp Epidemiol 2021, 42,215-217. doi:
10.1017/ice.2020.416.

16. Laube, H.; Friese, A.; Von Salviati, C.; Guerra, B.; Rosler, U. Transmission of ESBL/AmpC-producing Escherichia coli from broiler
chicken farms to surrounding areas. Vet Microbiol 2014, 172, 519e27. doi: 10.1016/j.vetmic.2014.06.008.

17. Andersson, A.E.; Bergh, I.; Karlsson, J.; Eriksson, B.I.; Nilsson, K. Traffic flow in the operating room, an explorative and descriptive
study on air quality during orthopedic trauma implant surgery. Am ] Infect Control 2012, 40, 750e5. doi: 10.1016/j.ajic.2011. 09.015.

18. Limmathurotsakul, D.; Kanoksil, M.; Wuthiekanun, V; Kitphati, R.; Stavola, B.; Day, N.P.J.; Peacock, S.J. Activities of daily living
associated with acquisition of melioidosis in northeast Thailand, a matched case-control study. PLoS Negl Trop Dis. 2013, 7,
€2072. doi: 10.1371/journal.pntd.0002072.

19. Gwaltney Jr, ].M.; Hendley, ].O. Transmission of experimental rhinovirus infection by contaminated surfaces. Am | Epidemiol 1982,
116, 828e33. doi: 10.1093/oxfordjournals.aje.a113473.

20. Biichler, A.C.; Wicki, M.; Frei, R,; Hinic, V.; Seth-Smith, . H.M.B.; Egli, A.; Widmer, A.F. Matching Clostridioides difficile strains
obtained from shoe soles of healthcare workers epidemiologically linked to patients and confirmed by whole-genome
sequencing. | Hosp Inf 2022, 126,10-15. doi: 10.1016/j.jhin.2022.04.016


https://doi.org/10.20944/preprints202211.0114.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 November 2022 d0i:10.20944/preprints202211.0114.v1

21. Janezic, S.; Mlakar, S.; Rupnik, M. Dissemination of Clostridium difficile spores between environment and households, dog paws
and shoes. Zoonoses Public Health 2018, 65, 669-674. doi: 10.1111/zph.12475.

22. Janezic, S.; Blazevic, I; Eyre, D.W.; Kotnik Kevorkijan, B.; Remec, T.; Rupnik, M. Possible contribution of shoes to Clostridioides
difficile transmission within hospitals. Clin Microbiol Infect 2020, S1198-743X(20)30691-1. doi: 10.1016/j.cmi.2020.11.001.

23. Amass, S.F.; Arighi, M.; Kinyon, ].M.; Hoffman, L.J.; Schneider, J.L.; Draper, D.K. Effectiveness of using a mat filled with a
peroxygen disinfectant to minimize shoe sole contamination in a veterinary hospital. ] Am Vet Med Assoc 2006, 228, 1391-1396.
doi: 10.2460/javma.228.9.1391.

24. Ayliffe, G.A.; Collins, B.J.; Lowbury, E.J. Cleaning and disinfection of hospital floors. Brit Med ] 1966, 2, 442-445. doi: 10.1136/b
mj.2.5511.442.

25. Curry, C.H.; McCarthy, J.S.; Darragh, H.M.; Wake, R.A.; Todhunter, R.; Terris, J. Could tourist boots act as vectors for disease
transmission in Antarctica? | Trav Med 2002, 9, 190-193. doi: 10.2310/7060.2002.24058.

26. Eisenberg, T.; Wolter, W.; Lenz, M.; Schlez, K.; Zschéck, M. Boot swabs to collect environmental samples from common locations
in dairy herds for Mycobacterium avium ssp. Paratuberculosis (MAP) detection. | Dairy Res 2013, 80, 485-489. doi: 10.1017/5002202
991300040X.

27. Chambers, M.K,; Ford, M.R.; White, D.M.; Barnes, .L.; Schiewer, S. Transport of fecal bacteria by boots and vehicle tires in a
rural Alaskan community. | Environ Manage 2009, 90, 961-966. doi: 10.1016/j.jenvman.2008.03.008.

28. Mangram, A.].; Horan, T.C.; Pearson, M.L.; Silver, L.C.; Jarvis, W.R. Guideline for prevention of surgical site infection; 1999.
Centers for Disease Control and Prevention (CDC) Hospital infection control practices advisory committee. Infect Control Hosp
Epidemiol 1999, 27, 97-132.

29. Galvin, J.; Almatroudi, A.; Vickery, K.; Deva, A ; Lopes, L.K.O.; Costa, D.M.; Hu, H. Patient shoe covers, transferring bacteria
from the floor onto surgical bedsheets. Am | Infect Control 2016, 44,1417€9. doi: 10.1016/j.ajic.2016.03.020.

30. Rashid, T.; Poblete, K.; Amadio, J.; Hasan, I.; Begum, K.; Alam, M.].; Garey, K.W. Evaluation of a shoe sole UVC device to reduce
pathogen colonization on floors; surfaces and patients. ] Hosp Infect 2018, 98, 96e101. doi: 10.1016/j.jhin.2017.10.011.

31. Hijnen, W.A.M.; Beerendonk, E.F.; Medema, G.J. Inactivation credit of UV radiation for viruses; bacteria and protozoan (oo)cysts
in water, a review. Water Res 2006, 40,3e22. doi: 10.1016/j.watres.2005.10.030.

32. Song, K.; Mohseni, M.; Taghipour, F. Application of ultraviolet light-emitting diodes (UV-LEDs) for water disinfection, a review.
Water Res 2016, 94,341e349. doi: 10.1016/j.watres.2016.03.003.

33. Oppenlander, T. Photochemical purification of water and air. Wiley-VCH Verlag GmbH & Co. KGaA. 2007, 368 pp.

34. Phillips, R. Sources and applications of ultraviolet radiation. Academic Press Inc.; New York. 1983.

35. Morita, S.; Namikoshi, A.; Hirata, T.; Oguma, K.; Katayama, H.; Ohgaki, S.; Motoyama, N.; Fujiwara, M. Efficacy of UV irradiation
in inactivating Cryptosporidium parvum oocysts. Appl Environ Microbiol 2002, 68, 5387-5393. doi: 10.1128/AEM.68.11.5387-5393.
2002.

36. Kalisvaart, B.F. Re-use of wastewater, preventing the recovery of pathogens by using medium-pressure UV lamp technology.
Water Sci Technol 2004, 50, 337-344. doi 10.2166/wst.2004.0393.

37. Smolle, C.; Huss, F.; Lindblad, M.; , Reischies, F.; Tano,E. Effectiveness of automated ultraviolet-C light for decontamination of
textiles inoculated with Enterococcus faecium. | Hosp Infect 2017, 98,102-104. doi: 10.1016/j.jhin.2017.07.034.

38. Havill, N.L.; Moore. B.A.; Boyce, ].M. Comparison of the microbiological efficacy of hydrogen peroxide vapor and ultraviolet
light processes for room decontamination. Infect Control Hosp Epidemiol 2012, 33, 507e12. doi: 10.1086/665326.

39. Lall, N.; Henley-Smith, C.J.; Canha, M.N.; Oosthuizen, C.B.; Berrington, D. Viability reagent presto blue in comparison with other
available reagents utilized in cytotoxicity and antimicrobial assays. Int ] Microbiol 2013, 2013, 420601. doi: 10.1155/2013/420 601.

40. Goldstein, S.; Rabani, J. Mechanism of nitrite formation by nitrate photolysis in Aq Solns: role of peroxynitrite, nitrogen dioxide
NO, hydroxyl radical. ] Am Chem Soc 2007, 129,10597-10601. doi: 10.1021/ja073609+.

41. Rangel, K.; Cabral, F.O.; Lechuga, G.C.; Carvalho, J.P.R.S.; Villas-Boas, M.H.S.; Midlej, V.; De-Simone, S.G. Potent activity of a
high concentration of chemical ozone against antibiotic-resistant bacteria. Molecules 2022, 27, 3998. doi: 10.3390/molecules271339
98.

42. Otter, J.; Yezli, S.; Salkeld, J.; French, G.L. Evidence that contaminated surfaces contribute to the transmission of hospital
pathogens and an overview of strategies to address contaminated surfaces in hospital settings. Am | Infect Control 2013, 41, S6-
S11. doi: 10.1016/j.ajic.2012.12.004.

43. Nyangaresi, P.O.; Qin, Y.; Chen, G.; Zhang, B.; Lu, Y.; Shen, L. Effects of single and combined UV-LEDs on inactivation and
subsequent reactivation of E. coli in water disinfection. Water Res 2018, 147, 331-341. doi: 10.1016/j.watres.2018.10.014.

44. Song, K.; Taghipour, F.; Mohseni, M. Microorganisms inactivation by wavelength combinations of ultraviolet light-emitting
diodes (UV-LEDs). Sci Total Environ 2019, 665,1103-1110. doi: 10.1016/j.scitotenv.2019.02.041.

45. Jelden, K.C.; Gibbs, S.G.; Smith, P.W.; Hewlett, A.L.; Iwen, P.C.; Schmid, K.K.; Lowe, J.J. Ultraviolet (UV)-reflective paint with
ultraviolet germicidal irradiation (UVGI) improves decontamination of nosocomial bacteria on hospital room surfaces. ] Occup
Environ Hyg 2017, 14, 456e60. doi: 10.1080/15459624.2017.1296231.

46. Messina, G.; Fattorini, M.; Nante, N.; Rosadini, D.; Serafini, A.; Tani, M.; Cevenini, G. Time effectiveness of ultraviolet C light
(UVC) emitted by light emitting diodes (LEDs) in reducing stethoscope contamination. Int | Environ Res Public Health. 2016, 13.
940. doi: 10.3390/ijerph13100940.

47. Messina, G.; Rosadini, D.; Burgassi, S.; Messina, D.; Nante, N.; Tani, M.; Cevenini, G. Tanning the bugs e a pilot study of an
innovative approach to stethoscope disinfection. | Hosp Infect 2017, 95,228e30. doi: 10.1016/j.jhin.2016.12.005.


https://doi.org/10.20944/preprints202211.0114.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 November 2022 d0i:10.20944/preprints202211.0114.v1

48. Betzalela, Y.; Gerchmanb, Y.; Cohen-Yaniv, V.; Mamane, H. Multiwell plates for obtaining a rapid microbial dose-response curve
in UV-LED systems. ] Photochem Photobiol B 2020, 207, 111865. doi: 10.1016/j.jphotobiol.2020.111865.

49. Bowker, C.; Sain, A.; Shatalov, M.; Ducoste, J. Microbial UV fluence-response assessment using a novel UV-LED collimated beam
system. Water Res 2011, 45, 2011-2019. doi: 10.1016/j.watres.2010.12.005.

50. Jahanzeb, S.; Tan, T.S.; Syafiqah, S.; Yahya, A.B.; Malik, S.A_; Yin, J.S.S.; Thye, M.T.F. Bacterial disinfection and cell assessment
post-ultraviolet-C LED exposure for wound treatment. Med Biol Eng Comp 2021, 59, 1055-1063. doi: 10.1007/s11517-021-02360-8.

51. Prébst, K.; Engelhardt, H.; Ringgeler, S.; Hiibner, H. Basic colorimetric proliferation assays, MTT WST and resazurin. Methods Mol
Biol 2017, 1601,1-17. doi: 10.1007/978-1-4939-6960-9_1.

52. Rampersad, S.N. Multiple applications of alamar blue as an indicator of metabolic function and cellular health in cell viability
bioassays. Sensors (Basel) 2012, 12,12347-12360. doi: 10.3390/s120912347.

53. Toté, K.; Vanden Berghe, D.; Levecque, S.; Bénéré, E.; Maes, L.; Cos, P. Evaluation of hydrogen peroxide-based disinfectants in a
new resazurin microplate method for rapid efficacy testing of biocides. J. Appl. Microbiol. 2009, 107,606-615. doi: 10.1111/j.1365-
2672.2009.04228.x

54. DeForge, L.E.; Billeci, K.L.; Kramer, S.M. Effect of IFN-gamma on the killing of S. aureus in human whole blood. Assessment of
bacterial viability by CFU determination and by a new method using alamarBlue. | Immunol Methods 2000, 245,79-89. doi: 10.10
16/s0022-1759(00)00279-9.

55. Prabst, K.; Engelhardt, H.; Ringgeler, S.; Hiibner, H. Basic colorimetric proliferation assays: MTT, WST, and Resazurin. Methods
Mol Biol 2017, 1601, 1-17. doi: 10.1007/978-1-4939-6960-9_1.

56. Pereira, M.I.A.; Monteiro, C.A.P.; de Oliveira, W.F.; Santos, B.S.; Fontes, A.; Cabral Filho, P.E. Resazurin-based assay to evaluate
cell viability after quantum dot interaction. Methods Mol Biol 2020, 2135, 213-221. doi: 10.1007/978-1-0716-0463-2_12.

57. McMahon, M.A.; Xu, J.; Moore, J.E.; Blair, L.S.; McDowell, D.A. Environmental stress and antibiotic resistance in food-related
pathogens. Appl Environ Microbiol 2007, 73, 211-7. doi: 10.1128/AEM.00578-06

58. Alekshun, M.N; Levy, S.B. Alteration of the repressor activity of MarR, the negative regulator of the Escherichia coli marRAB locus;
by multiple chemicals in vitro. | Bacteriol 1999, 181, 4669-72. doi: 10.1128/]B.181.15.4669-4672.1999.

59. Rickard, A.H.; Lindsay, S.; Lockwood, G.B.; Gilbert, P. Induction of the mar operon by miscellaneous groceries. ] Appl Microbiol
2004, 97, 1063-1068. doi: 10.1111/j.1365-2672.2004.02401 ..

60. Marles-Wright, J.; Grant, T.; Delumeau, O.; Duinen, G.V.; Firbank, S.J.; Lewis, P.J.; Murray, ].W.; ] Newman, J.A.; Quin, M.B,;
Race, P.R. Molecular architecture of the "stress some;" a signal integration and transduction hub. Science 2008, 322, 92-96. doi:
10.1126/science.1159572.

61. Sirsat, S.A.; Dowd, S.E.; Bhunia, A.K; Ricke, S.C. Effect of sublethal heat stress on Salmonella typhimurium virulence. | Appl
Microbiol 2011, 110,813-822. doi: 10.1111/j.1365-2672.2011.04941 x.

62. Yadav, A.S.; Saxena, V.K.; Kataria, ]. M. Study on heat stress response in Salmonella Typhimurium and Salmonella Enteritidis and its
impact on their attachment to dressed broiler skin surface. Asian | Anim Vet Adv 2016, 11,114-121. doi: 10.3923/ajava.2016.114.121.

63. Nerandzic, M.M.; Cadnum, J.L.; Pultz, M.].; Donskey, C.]J. Evaluation of an automated ultraviolet radiation device for
decontamination of Clostridium difficile and other healthcare-associated pathogens in hospital rooms. BMC Infect Dis 2010, 10,197.
doi: 10.1186/1471-2334-10-197.

64. Nerandzic MM; Fisher CW; Donskey CJ. Sorting through the wealth of options, comparative evaluation of two ultraviolet
disinfection systems. PLoS One 2014, 9,e107444. doi: 10.1371/journal.pone.0107444.

65. Rutala, W.A.; Gergen, M.F.; Weber, D.]. Room decontamination with UV radiation. Infect Control Hosp Epidemiol 2010, 31,1025€9.
doi: 10.1086/656244.

66. Mahida, N.; Vaughan, N.; Boswell, T. First UK evaluation of an automated ultraviolet-C room decontamination device (TruDTM).
J Hosp Infect. 2013, 84, 332e5. doi: 10.1016/j.jhin.2013.05.005.

67. Gayan, E.; Monfort, S.; Alvarez, 1; Condén, S. UV-C inactivation of Escherichia coli at different temperatures. Innov Food Sci Emerg
Technol 2011, 12, 531-541. doi: 10.1016/j.ifset.2011.07.008

68. Giese, N.; Darby, J. Sensitivity of microorganisms to different wavelengths of UV light, implications on modeling medium pres-
sure UV systems. Water Res 2000, 34, 4007-4013. doi: 10.1016/50043-1354(00)00172-X

69. Phillips, M.S.; Von Reyn, C.F. Nosocomial infections due to nontuberculous mycobacteria. Clin Infect Dis 2001, 33,1363e74. doi:
10.1086/323126.

70. Kheyrandish, A.; Mohseni, M.; Taghipour, F. Protocol for determining ultraviolet light emitting diode (UV-led) fluence for
microbial inactivation studies. Environ Sci Technol 2018, 52, 7390-7398. doi: 10.1021/acs.est.7b05797.

71. Gharbi, I; Guettari, M.; Chroudi, A.; Touati, H.; Hamza, S. Disinfection technology in hospitals, harmful effects of UVC. Tunis
Med 2020, 98, 434-441.

72. Setlow, J.K.; Duggan, D.E. The resistance of Micrococcus radiodurans to ultraviolet radiation, I. Ultraviolet-induced lesions in the
cell’s DNA. Biochim Biophys Acta 1964, 87,664-668. doi: 10.1016/0926-6550(64)90284-1.

73. Proft, T.; Baker, E.N. Pili in Gram-negative and Gram-positive bacteria - structure, assembly and their role in disease. Cell Mol Life
Sci 2009, 66, 613-35. doi: 10.1007/s00018-008-8477-4.

74. Cennamo, P.; Ebbreo, M.; Quarta, G.; Trojsi, G.; De Rosa, A.; Carfagna, S.; Caputo, P.; Martelli Castaldi, M. UV-C Irradiation as a
tool to reduce biofilm growth on pompeii wall paintings. Int ] Environ Res Public Health 2020,17, 8392. doi: 10.3390/ijerph172283
92.


https://doi.org/10.20944/preprints202211.0114.v1

