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Investigation on Potential ESKAPE
Surrogates for 222 and 254 nm
Irradiation Experiments

Anna-Maria Gierke* and Martin Hessling

Institute of Medlical Engineering and Mechatronics, Ulm University of Applied Sciences, Ulm, Germany

Background: Due to the increase in multidrug-resistant pathogens, it is important to
investigate further antimicrobial options. In order not to have to work directly with
pathogens, the investigation of possible surrogates is an important aspect. It is examined
how suitable possible surrogate candidates for ESKAPE pathogens are for UVC
applications. In addition, the inactivation sensitivities to 222 and 254 nm radiation are
compared in relation.

Methods: Non-pathogenic members (Enterococcus mundtii, Staphylococcus carnosus,
Acinetobacter kookii, Pseudomonas fluorescens and Escherichia coli) of genera of ESKAPE
strains were photoinactivated in PBS with irradiation wavelengths of 222 and 254 nm (no
non-pathogenic Klebsiella was available). Log reduction doses were determined and
compared to published photoinactivation results on ESKAPE pathogens. It was assumed
that non-pathogenic bacteria could be designated as surrogates for one wavelength and
one ESKAPE strain, if the doses were between the 25 and 75% quantiles of published
log reduction dose of the corresponding pathogen.

Results: For all non-pathogen relatives (except A. kookii), higher average log reduction
doses were required for irradiation at 222 nm than at 254 nm. Comparison by boxplot
revealed that five of eight determined log reduction doses of the possible surrogates were
within the 25 and 75% quantiles of the data for ESKAPE pathogens. The measured log
reduction dose for non-pathogenic E. coli was above the 75% quantile at 222 nm, and
the log reduction dose for S. carnosus was below the 25% quantile at 254 nm.

Conclusion: For more than half of the studied cases, the examined ESKAPE relatives in
this study can be applied as surrogates for ESKAPE pathogens. Because of lack of data,
no clear statement could be made for Enterococcus faecalis at 222 nm and Acinetobacter
baumannii at both wavelengths.

Keywords: disinfection, ESKAPE pathogen, surrogates, far-UVC, photoinactivation, radiation, UVC

INTRODUCTION

In hospitals and care facilities, nosocomial infections can be spread through various causes,
such as direct and indirect contact between patients and doctors, respectively, nurses. These
infections are caused by various microorganisms such as bacteria, viruses, fungi and parasites
(Santajit et al., 2016). The proportion of antimicrobial-resistant pathogens (AMR) has increased
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over the years. More than 33,000 deaths and 874,000 disability-
adjusted life years from AMR infections are recorded in Europe
every year. The resulting cost is $1.5 billion (Oliveira et al,
2020). In the United States, over 2 million illnesses are caused
by multidrug-resistant organisms each year (Burnham et al,
2019). For this reason, the World Health Organization (WHO)
published a list of the development of new antimicrobial
resistances in 2017, in which all relevant resistant pathogens
are represented. The ESKAPE pathogens (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter

baumannii, Pseudomonas aeruginosa, and members of
Enterobacterales) were given high priority (Shrivastava
et al., 2018).

One possible antimicrobial measure is the application of
ultraviolet (UV) radiation, in particular the utilization of
radiation in the germicidal UVC wavelength range of 200-280 nm
(Kowalski, 2010). In this regard, there are different UVC studies
with LEDs related to ESKAPE pathogens (Mariita and Randive,
2021). Cyclobutane pyrimidine dimers (CPD) and 6-4
photoproducts are formed in deoxyribonucleic acid (DNA) by
ultraviolet radiation (Hung et al., 2020). Since this prevents
replication and transcription, cytotoxic and mutagenic effects
can occur, up to cell death (Harm, 1980).

Additionally, there are many studies on low-pressure mercury
lamps emitting at 254nm for the photoinactivation of various
microorganisms. It was determined that the peak emission
wavelength is close to the absorption peak of DNA and thus
the microorganisms are effectively damaged (Setlow and Doyle,
1957; Harm, 1980; Rahmani et al, 2010). With an excimer
lamp emitting at 222nm, on the other hand, the emission
wavelength is not only in the absorption range of DNA, but
also in the absorption range of proteins (Setlow and Doyle,
1957; Voet et al., 1963; Sosnin et al., 2005; Taylor et al., 2020).
Therefore, both radiation sources represent different methods
of photoinactivation.

Low-pressure mercury lamps have been applied for radiation
disinfection in the UVC wavelength range for over 100years.
However, this source of radiation is assumed to be harmful
to humans, which is why krypton chloride (KrCl) excimer
lamps are increasingly being investigated (Sosnin et al., 2005).
Due to the much higher absorption by intracellular proteins
at its 222nm peak emission wavelength, a lower health risk
in application for humans is hoped for as well as an antimicrobial
impact comparable to low-pressure mercury lamps (Hessling
et al,, 2021b). Furthermore, it should be noted that the top
layer of skin protects the deeper skin layers from the radiation
due to the dead protein-rich cells of the stratum corneum.
However, irradiation also inactivates microorganisms, which
are part of the natural skin microbiome. In the long run, this
can change the composition of the skin microbiome and may
thus have an impact on the cutaneous immune system (Mariita
et al., 2022).

Microbiological work with pathogens requires a laboratory
with biosafety level of 2 or higher. The more dangerous the
microorganism, the heavier the safety requirement. Nevertheless,
even in biosafety laboratories, there is always a risk of accidents
or infections occurring as happened, for example, for SARS-CoV

in 2004 (Normile, 2004; Della-Porta, 2008). Hazard reduction
can be helped by microbial surrogates that behave similarly
to the pathogen of interest but are less hazardous or, ideally,
not pathogenic at all. The latter then allows work to be performed
outside of high security labs, which is of great importance
since such laboratories are limited in their availability.

The importance of surrogates has become particularly evident
during the coronavirus pandemic. Many virus reduction
developments were performed or tested using surrogates
(Hulkower et al., 2011; Casanova and Waka, 2013; Ahmed
et al., 2020; Whitworth et al., 2020; Singh et al., 2021; String
et al, 2021; Schirtzinger et al., 2022; Serrano-Aroca, 2022).
To our knowledge, for example, not a single air disinfection
system in the world has been tested on SARS-CoV-2 in a
biosafety lab (Hessling et al., 2021b). Tests have only been
conducted with less pathogenic surrogates (Ludwig-Begall et al.,
2020; Knaus et al., 2021).

Surrogates are not restricted for virus applications but also
used in the context of bacterial pathogens. This typically involves
either field tests on the spread of microorganisms (Park et al,,
2018; Baker et al., 2021) or the effect of disinfection measures,
e.g., in the food sector (Griffiths et al., 1998; Niebuhr et al.,
2008; Gurtler et al, 2010; Ingham et al., 2010; Yun et al,
2013; Kopit et al., 2014; Orlowska et al., 2015; Hu and Gurtler,
2017; Liu et al, 2018; Rattanakul and Oguma, 2018; Acuff
et al., 2020). In some cases, the use of surrogates in connection
with antimicrobial measures or their tests is even prescribed
or recommended by authorities (DIS/ISO 16604 (2005-02-25),
ASTM F1671-07, DIN EN 14583). For some ESKAPE pathogens,
like S. aureus, P. aeruginosa, and pathogenic E. coli, some
investigations on suitable surrogates for different applications
have been reported (Que et al., 2000; Stutzmann Meier et al.,
2001; Yun et al, 2013; Orlowska et al., 2015; Lai et al., 2016;
Rattanakul and Oguma, 2018; Acuff et al, 2020). However,
only a few of these studies have dealt with UVC disinfection
and not all ESKAPE pathogens are covered. Therefore, there
is still a need to catch up with regard to suitable surrogates.
For example, in a literature review, we found that touch screens
in healthcare settings are contaminated with bacteria such as
ESKAPE pathogens (Hessling et al., 2021a). Surrogates would
now be desirable for the development and testing of suitable
disinfection measures or devices, so that these tests could
be performed without risk, e.g., at least partially outside the
hospital or biosafety laboratory.

Therefore, the aim of this work is to investigate the
photoinactivation of non-pathogenic members of genera of
ESKAPE pathogens at 222 and 254nm. On this occasion,
statements can be made about possible applications of
non-pathogenic ESKAPE relatives as surrogates to the pathogenic
ESKAPE strains. This would simplify further investigations into
the inactivation of the ESKAPE strains, as they can be carried
out outside a BSL-2 laboratory. Furthermore, the results would
show independence of inactivation with respect to pathogenicity.

Another aspect of this study is to compare the antimicrobial
impact of irradiation at both UVC wavelengths (222 and
254nm), which differ in DNA and protein absorption and
might lead to different photoinactivation properties. As already
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mentioned, the utilization of irradiation sources with 254nm
emissions are harmful to humans. If radiation at both
wavelengths exhibit similar antimicrobial properties, future
applications with KrCl excimer lamps would be a safe and
user-friendly alternative to low-pressure mercury lamps (Eadie
et al., 2021).

MATERIALS AND METHODS

For the following experiments, the type strains Staphylococcus
carnosus (DSM20501), E. coli (DSM498), Acinetobacter kookii
(DSM29071),  Pseudomonas  fluorescens (DSM4358) and
Enterococcus mundtii (DSM4838) were obtained from DSMZ
(Deutsche Sammlung fiir Mikroorganismen und Zellkulturen,
Braunschweig, Germany). The media recommended by DSMZ
were used (Supplementary Table 2). All strains with the
exception of P fluorescens were cultured at 37°C to the
mid-exponential phase and then centrifuged at 7,000¢ for 5 min.
P fluorescens was cultivated at 30°C followed by the same
process when reaching the mid-exponential phase. The resultant
pellet was then resuspended and washed with phosphate buffered
saline (PBS) twice. Then, the suspension was diluted to a
population density of 3.7x 10° to 5.0 x 107 colony forming units
(CFU)/ml. A transmission of approximately 50% was observed
in a 10 mm quartz cuvette at 222 and 254 nm. For the irradiation
experiments, a layer thickness of only 3mm was chosen, to
reduce average absorption to about 10% of the incident radiation.
The measurement was carried out with a spectrophotometer
(SPECORD 250 PLUS double beam spectrophotometer, Analytik
Jena, Germany). Due to the safety level of the available laboratory,
only experiments with non-pathogenic bacteria were performed.
Furthermore, no non-pathogenic relative of the Klebsiella genus
was found since, the only known candidate Klebsiella singaporensis
(formerly risk group 1) was renamed and reclassified to Klebsiella
variicola (risk group 2).

In the following investigations, two wavelengths (222 and
254nm) were applied for irradiation (Spectra are available in
Supplementary Figure 1 and Supplementary Table 1). For
222nm irradiation, a krypton chloride excimer lamp (Ushio
Care 222 Modell B1, Ushio Europe B.V.,, Japan) was placed
over the sample (Figure 1A). A mercury vapor lamp (TUV
15W/GI15T8, Philips, Netherlands) was used for the 254nm
experiments, whereby the lamp was partially covered for intensity
reduction (Figure 1B). A 3ml of the bacteria suspension was
pipetted in a 55mm diameter Petri dish and placed in the
center under the light source. An intensity of 0.04mW/cm?
was chosen for 222nm and an intensity of 0.18 mW/cm? for
254nm. The irradiation intensity was measured in each setup
with a UV photometric detector (X1 Optometer, Gigahertz-
Optik GmbH, Germany). To reduce the possibility of
photoreactivation after irradiation, the taken samples and the
streaked plates were covered with aluminum foil.

After an incubation period of 48h, the grown colonies were
counted and converted to colony forming units per ml. The
results were presented as a log reduction with respect to the
starting concentration. The graphical representations and the
generated fit curves were created with Matlab R2021a
(MathWorks, Natick, United States of America). All experiments
were repeated at least three times in triplicates in different
dilutions for each run.

Due to safety issues only investigations on non-pathogenic
microorganisms could be carried out in the available laboratory.
The radiation and biosafety regulations were also taken into
account (Mariita et al, 2022). Therefore, for comparing the
experimental results on non-pathogenic bacteria to the ESKAPE
pathogen data, a literature research had to be executed. A
search was performed for ESKAPE pathogens and for the
individual representatives of these pathogens. Compared to
Enterococcus faecalis, barely any data on photoinactivation were
found for Enterococcus faecium. Although usually E. faecium
is counted among the ESKAPE pathogens, some studies also
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FIGURE 1 | Schematic setup for inactivation experiment. For radiation of 222 nm, a KrCl excimer lamp was applied (A) and a mercury vapor lamp was used for a
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include E. faecalis (Nakonieczna et al., 2019; de Macedo et al,,
2021; Li et al, 2021). Besides the fact that the two bacteria
are closely related, E. faecalis is also listed alongside E. faecium
among the resistant pathogens (Palmer et al, 2012; Murray
et al, 2022). One study describes a log reduction dose of
4.5m]J/cm? for E. faecium (Martiny et al, 1988). This dose is
close to the determined log reduction doses of E. faecalis with
3.67+1.73m]J/cm?, which is why the data of E. faecalis instead
of E. faecium were used in this study.

Furthermore, various criteria for published studies had to
be fulfilled before they were included in this analysis, such
as the applied type of lamps. Additionally, it had to be an
open experimental setup under aerobic conditions and the
irradiated medium consisted of PBS, water, salted water or
ringer’s solution. An open vessel such as a beaker or a petri
dish had to be used for irradiation.

From these studies, the average log reduction doses for
wavelengths in the UVC and far-UVC range were determined.
For this purpose, average log reduction doses up to log 3
reduction were read from tables or directly from the figures
and then, the value for the average log reduction was determined.

It was assumed that if log reduction doses of non-pathogenic
surrogate candidate are within the 25 and 75% quantiles of
the published results of the ESKAPE pathogen of interest, the
candidate is an appropriate surrogate. The graphical representation
for this study was created using Origin 2021b (OriginLab
Corporation, Northampton, MA, United States of America).

RESULTS

The aim of this study was to compare photoinactivation using
non-pathogenic relatives of the ESKAPE pathogens and to
evaluate whether the non-pathogenic relatives were suitable as
surrogates. This had been performed for two wavelengths (222
and 254nm). The linearly fitted results are presented in the
half-logarithmic representation in Figure 2 and the irradiation
doses are given in Table 1. The data marked in red correspond
to the results for 222 nm and the blue marked data correspond
to the results for 254nm irradiation.

The results of the log reduction via the irradiation dose
were determined with respect to the initial value of the population
density. In Figure 2A, the photoinactivation curves of E. mundtii
at a wavelength of 222 and 254nm are presented. Here,
E. mundtii was inactivated on average by a 1.52-fold higher
log reduction dose at 222nm than the determined dose at
254nm (Table 1). For S. carnosus, an average log reduction
at a wavelength of 222nm was obtained with an irradiation
dose of 3.28+£0.50m]J/cm* (Figure 2B). For the wavelength of
254nm, an average irradiation dose of 1.26+0.06 mJ/cm* was
observed for a log reduction. For A. kookii, an irradiation
dose of 4.03+0.74mJ/cm’® at a wavelength of 254nm was
determined in the irradiation experiments for an average log
reduction (Figure 2C). Compared to the results for 222nm,
the log reduction dose to inactivate A. kookii was below the
dose at 254nm. Figure 2D presents the results of
photoinactivation of P. fluorescens. From data for the wavelength

at 222nm, it was determined that for a log reduction a dose
of 2.01 £0.14 mJ/cm* was required. For a wavelength of 254nm,
a 26% lower dose was required for a log reduction. For
S. carnosus and P. fluorescens, a lower reduction dose was
sufficient for photoinactivation at a wavelength of 254nm than
at 222nm. Figure 2E reveals the results of photoinactivation
of E. coli. For 222nm, an average log reduction was achieved
by an irradiation dose of 9.10+2.11mJ/cm’. Comparing with
the irradiation dose for a wavelength of 254nm, E. coli was
inactivated with a threefold lower dose than for a wavelength
of 222nm. For S. carnosus, E. coli and E. mundtii, the values
were further apart. On average in these experiments, a 1.79-
fold higher log reduction dose at 222nm was needed to reduce
the non-pathogenic bacteria related to the ESKAPE pathogens
(Table 1).

A list of average log reduction doses of ESKAPE pathogens
is represented in Table 2. The wide range of resulting doses
by different research groups were described in various review
articles and other literature (Malayeri et al., 2016; Hessling
et al, 2021b; Masjoudi et al., 2021).

The median log reduction dose for inactivation of E. faecalis
was 8.36+1.09m]J/cm? at 222nm and is therefore 2.28-fold
higher than the dose at 254nm. The lowest difference between
the median log reduction doses at both wavelength was
determined for E. coli. For P. aeruginosa, the ratio of median
log reduction doses at 222 and 254nm are similar. No ratio
could be determined for A. baumannii because of lack of
literature data. The required median log reduction dose for
E. coli is lower at 222 nm than at 254 nm. If the photoinactivation
was compared on average for all pathogens at both wavelength,
a 1.89-fold higher median log reduction dose was required at
222nm than for a reduction at 254nm.

Figure 3 illustrates the variation of the literature values of
ESKAPE pathogens. The colored boxes were created with the
25 and 75% quantiles from the median, whose cut-off was
set as the threshold for surrogates. Five of eight measured
doses of possible surrogates were within this range, with the
exception of E. mundtii, non-pathogenic E. coli at 222nm and
S. carnosus at 254nm. The deviations for E. faecalis were not
clearly represented because of the small amount of data. The
remaining average log reduction doses of the non-pathogenic
relatives were within the 25 and 75% quantiles and were close
to the median or mean log reduction doses of the ESKAPE
pathogens. For the pathogenic E. coli, a larger scatter of values
is observed for both wavelengths. At 222nm, the median is
further away from the average value. Compared to the other
microorganisms, the enterococci required in contrast to
pseudomonads higher average log reduction doses at
both wavelengths.

In the following, the curve progression for both wavelengths
are discussed and compared with literature values from other
studies for pathogenic ESKAPE strains (Table 3). Members of
the genus Staphylococcus, Enterococcus and Pseudomonas were
inactivated with a lower dose at a wavelength of 254nm. The
lowest ratio between the non-pathogen relatives and the ESKAPE
pathogens was determined for P. fluorescens, P. aeruginosa and
S. carnosus, S. aureus at 222nm. In contrast, the highest
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FIGURE 2 | Photoinactivation of non-pathogenic bacteria for 222nm and 254 nm. The results are presented for Enterococcus munditii (A), Staphylococcus
carnosus (B), Acinetobacter kookii (C), Pseudomonas fluorescens (D), Escherichia coli (E). A linear fit was added for the determination of the UVC/far-UVC

difference between both wavelengths with a 3.51-fold higher
and a 0.52-fold lower reduction dose was ascertained for
pathogenic, non-pathogenic E. coli at 222nm and S. carnosus,
S. aureus at 254 nm. Assuming that a threshold of 25% deviation
of the ratio is set as limit of the log reduction dose of a
non-pathogen relative to the pathogen, half of the values were
within this limit (Table 3). The average log reduction doses
for E. mundtii and E. faecalis exhibited a deviation of 17% at

222nm and 24% at 254nm. The ratios of S. carnosus, S. aureus
at 254nm, the ratios of A. kookii, A. baumannii at 254nm
and the ratios of non-pathogenic E. coli to pathogenic E. coli
at 222nm were above this assumed threshold percentage. It
was also noticed that on average all pathogens need up to
1.48-fold higher irradiation dose at 222nm than at 254nm
and compared to non-pathogen relatives, a 1.79-fold higher
average dose was needed at 222nm.
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TABLE 1 | Overview of calculated average log reduction doses for various
bacteria and wavelength.

222nm average 254nm average Ratio (doseynm/

log reduction log reduction dosessinm)
dose (mJ/cm?) dose (mJ/cm?)
E. mundtii 6.90 + 0.56 454 +0.34 1.52
S. carnosus 3.28 + 0.50 1.26 = 0.06 2.60
A. kookii 2.93+0.35 4.03+0.74 0.73
P, fluorescens 2.01+0.14 1.59 +£0.12 1.26
E. coli 9.10+2.11 3.19+0.89 2.85

(Average 1.79)

The values are the inverse of the inactivation rate constants of the fitted curves in Figure 2.
The errors derive from the standard deviation. The values are the inverse of the inactivation
rate constants of the fitted curves in Figure 2. The errors derive from the standard deviation.

DISCUSSION

The annual proportion of illnesses caused by antimicrobial-
resistant pathogens is increasing. Especially, the ESKAPE
pathogens are particularly worthy of mention. To minimize
possible spread, it is important to investigate further antimicrobial
measures (Powers, 2004; Kowalski, 2010; Santajit et al., 2016).
However, since working with such multidrug-resistant pathogens
in laboratory is more difficult and often no laboratory with
the necessary safety level is available, the search for suitable
surrogates is important (Sinclair et al.,, 2012). For this reason,
possible surrogates for photoinactivation experiments at 222
and 254nm were investigated in this study. For this purpose,
the measured data of the non-pathogenic relatives was compared
with literature data of ESKAPE pathogens. For clarity of data
and statements, the average and median log reduction doses
were given with standard deviations and compared via a boxplot.

In the search of possible literature data of the reduction
doses, many different methods and realizations have been
noticed, with more data on experiments at 254nm than at
222nm (Malayeri et al., 2016; Hessling et al., 2021b; Masjoudi
et al., 2021). However, since a similar performance has been
desired to obtain clearer conclusions without unknown side
effects, only data from studies with predefined criteria have
been selected. There are also some studies that have investigated
photoinactivation experiments for the food industry, using
different media for irradiation, such as milk or even juices
(Orlowska et al., 2015; Yin et al., 2015). When choosing such
media, it must be taken into account that part of the emitted
radiation is absorbed by the medium itself and therefore higher
average log reduction doses are needed (Buonanno et al., 2017).

For both ESKAPE pathogens and non-pathogenic relatives,
experiments at 222 nm require on average a higher log reduction
dose (Tables 1, 2). Thus, irradiation at 254nm is on average
a more effective option for antimicrobial application. However,
irradiation at this wavelength has been proven to be hazardous
to health (Buonanno et al., 2017). The reason for this is the
emission range, which is close to the absorption peak of
DNA. When emitting at 222nm, the emission range is also
in the absorption range of proteins (Setlow and Doyle, 1957;
Voet et al., 1963). Thus, an application with a radiation source

emitting at 254nm is more effective, but is not applicable to
a patient due to the health hazard. However, the application
can be used for irradiation of different clinical surfaces (Santos
and Castro, 2021). Higher doses were determined on average
at 222nm for both the non-pathogenic relatives with 1.79 and
ESKAPE pathogens with 1.48. Thus, a slightly higher irradiation
dose would be required for direct human application, but with
lower health risk. Despite these factors, there are bacteria
among both non-pathogenic relatives and ESKAPE representatives
that have a higher log reduction dose at 254nm, such as
A. kookii and pathogenic E. coli. Thus, in general, there is no
clear tendency that ESKAPE pathogens are more sensitive at
one wavelength than non-pathogen relatives. Furthermore, there
is no correlation regarding photoinactivation by a wavelength
and pathogenicity.

When comparing non-pathogenic relatives to ESKAPE
pathogens via boxplot, it is noticeable that in five of eight
cases, and thus in more than half of the cases, the investigated
non-pathogenic relatives can be applied as surrogates. This
has been studied for both wavelengths separately and it is
noticeable that a bacterium might not generally be called
a suitable surrogate, but it must be considered by wavelength.
There are requirements whereby a surrogate can generally
be determined (Sinclair et al., 2012). In the study of
Sinclair et al. (2012), the aspects are not only in the
photoinactivation but also in the taxonomy, genetics, partly
also biochemistry or around resistances and also around
inactivation. These are generally very important investigation
criteria for possible surrogates. In addition, prioritization
of surrogate attributes were explored to select possible
surrogates and then use the appropriate surrogate to generate
a public health risk assessment.

However, the focus of this study is on photoinactivation
explicitly for the two wavelengths and here, clear differences
can be observed. The possible surrogates are investigated
statistically with the help of standard deviations and a
comparison via boxplot with quantiles. It is noticed that in
five of eight cases the measured data are within the range
and thus, these bacteria are admissible as surrogates. However,
there are larger deviations of reduction doses between
non-pathogenic and pathogenic bacteria for E. coli at 222nm
and for S. carnosus, S. aureus at 254nm. For E. faecalis, the
statement regarding the surrogate property of Figure 3;
Table 3 are contradictory, because a rate of log reduction
doses of non-pathogen E. mundtii to pathogen E. faecalis
with 17% can be determined, but the measured log reduction
dose of E. mundetii is outside the quantile in the graph. The
problem here is the paucity of underlying literature data.
There is little data on E. faecalis especially at a wavelength
of 222nm. For statistical investigations, a larger data set
should be deposited in order to make clear statements (Hu
and Gurtler, 2017). Furthermore, it also reveals that the
standard deviations usually differ a lot between the data of
the non-pathogenic bacteria and the data from studies and
thus, values close to the borderline can give a possibility of
overlap. Since the experiments have been repeated several
times in almost all studies, including here as triplicates, it
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TABLE 2 | Overview of median log reduction doses for ESKAPE pathogens retrieved from literature.

222 nm median

254nm median

Ratio (dosessonm/

Additional information [single average log reduction doses (mJ/cm?)]

log reduction log reduction dosesssnm)
dose (mJ/cm? dose (mJ/cm? 222nm 254nm
E. faecalis 8.36 + 1.09 3.67 £1.73 2.28 9.13 (Clauss et al., 2009), 6.03 (Clauss et al., 2009),
7.59 (Nerandzic et al., 2012) 11 (Chen et al., 2016),
3.67 (Moreno-Andrés et al., 2016),
3.42 (Moreno-Andrés et al., 2017),
3.39 (Wang et al., 2020)
S. aureus 3.37 £ 1.48 2.43 £0.79 1.39 3.24 (Matafonova et al., 2008), 1.43 (Narita et al., 2020),
4.68 (Clauss et al., 2009), 2.43 (Clauss et al., 2009),
4.60 (Clauss, 2006), 2.43 (Clauss, 2006),
2.19 (Taylor et al., 2020), 2.60 (Sharp, 1939),
4.88 (Nerandzic et al., 2012), 3.90 (Chang et al., 1985),
3.51 (Gates, 1930), 1.72 (Kang et al., 2018),
1.30 (Kang et al., 2018), 2.71 (Yang et al., 2020),
1.31 (Narita et al., 2020),
A. baumannii 2.01+1.84 3.31 (Kowalski, 2010),
0.71 (Templeton et al., 2009)
P, aeruginosa 1.99 + 0.67 1.34 +£0.79 1.49 2.21 (Clauss, 2006), 1.34 (McKinney and Pruden, 2012),
1.99 (Clauss et al., 2009), 1.47 (Blatchley et al., 2017),
1.51 (Narita et al., 2020), 0.83 (Clauss, 2006),
1.97 (Clauss, 2006), 0.75 (Clauss et al., 2009),
3.30 (Lakretz et al., 2010) 0.77 (Clauss, 2006),
2.27 (Lakretz et al., 2010),
2.75 (Rattanakul and Oguma, 2018),
E. coli 2.59 + 3.09 3.42 +1.50 0.76 9.732 (Gurzadyan et al., 1995), 3.05 (Guo et al., 2009),

(Average 1.48)

2.11 (Clauss et al., 2009),
8.33 (Yin et al., 2015),
4.82 (ClauB et al., 2005),
1.69 (Narita et al., 2020),
2.53 (Matafonova et al., 2008),

2.65 (ClauB et al., 2005),

2.48 (Raeiszadeh and Taghipour, 2021)

(

(

(

(

(

(

(

3.20 (Chang et al., 1985),
0.97 (Clauss et al., 2009),
5.12 (Gurzadyan et al., 1995),
2.53 (Harris et al., 1987),
3.44 (Sommer et al., 1998),

3.51 (Sommer et al., 2000),

3.92 (Zimmer and Slawson, 2002),
3.40 (ClauB et al., 2005),
4.68 (Quek and Hu, 2008),
1.07 (Quek and Hu, 2008),
6.40 (Quek and Hu, 2008),
2.82 (Quek and Hu 2008),
5.90 (Quek and Hu, 2008),
4.43 (Sommer et al., 2000),

3.52 (Sommer et al., 2000),
2.47 (Sommer et al., 2000),
0.41 (Sommer et al., 2000),
5.00 (Sommer et al., 2000),
2.59 (Sommer et al., 2000),

4.02 (Sommer et al., 2000),

3.19 (Guo et al., 2009)

alrradiated at 216 nm. The errors derive from standard deviation.
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is thus preferable to generally report log reduction doses
with standard deviations. Based on the literature data for
E. coli, it is also clear that the values of the reduction doses
can vary despite selected criteria. E. coli is a frequently
applied model organism in microbiology. Thus, many studies
have also been found regarding photoinactivation. In one
study, different E. coli strains are examined in relation to
different light sources (Gurzadyan et al., 1995). It is reported
that different strains are damaged differently by irradiation
and thus, very different reduction doses can be calculated.
So, different doses can be determined for different strains
due to different repair mechanisms and gene expression of
proteins, which also explains the differences in literature
data on ESKAPE pathogens. Since the photoinactivation
properties of the pathogens exhibit a certain scattering, the
criterion for the determination of surrogates via a boxplot
and the quantiles described therein is a reasonable method.

log-reduction
dose [mJ/cm?])
(6]

E% -

222 nm[254 nm|222 nm|(254 nm|222 nm|254 nm|222 nm|(254 nm
S. aureus E. coli

E. faecalis P. aeruginosa

FIGURE 3 | Overview of literature values for average log reduction doses of

E. faecalis, S. aureus, P, aeruginosa, and E. coli. The attached blue circular dots
represent the average log reduction doses of the investigated non-pathogenic
relative. The corresponding data can be found in Table 2.

It is determined that the log reduction dose of the surrogate
is between the 25% quantile, where highest one quarter of
the data is smaller than this dose, and the 75% quantile,
where highest one quarter of the data is larger than this
dose. Since potential surrogates, such as pathogens, also have
different values in photoinactivation property due to various
aspects, such as gene expression and others, the criterion
regarding quantiles is a good way to see if the log reduction
doses overlap despite the biology-related scatter.

The limitations of this study lie in the comparative studies
on ESKAPE pathogens. Due to the legal restrictions on
culturing of pathogens in the available laboratory, published
studies on ESKAPE pathogens had to be applied for comparison.
Accordingly, these trials were not conducted exactly the same
and with the same setup as our experiments with the
non-pathogenic surrogate candidates. Furthermore, the
comparison is based on the determined doses for a 1 log
reduction under the assumption of a strictly exponential
behavior.

A further point is that not for all representatives of the
ESKAPE pathogens statements could be received. For Klebsiella,
no non-pathogenic representative was available worldwide, and
no suitable studies for comparison could be found for E. faecium
or A. baumannii, respectively.

CONCLUSION

When working with pathogenic bacteria, especially multi-
resistant bacteria, higher safety standards must be followed.
So, the search for possible surrogates is an important issue.
There are already specifications for which criteria a bacterium
can generally be called a surrogate but it became apparent
through the experiments that a surrogate cannot automatically
assume this function for all experiments. To investigate this
aspect for UVC photoinactivation, the literature values of
log reduction doses were compared to the measured ones
of non-pathogenic relatives via boxplot. It was assumed that

TABLE 3 | Comparative overview of (average) log reduction doses for ESKAPE pathogens and non-pathogen relative.

222nm

Non-pathogenic bacteria

Average log reduction dose Pathogenic bacteria

Median log reduction dose Ratio (dosezzznm, non-pathogen /

(mJ/cm?) (mJ/cm?) d0S€222nm, pathogen)
E. mundtii 6.90 + 0.56 E. faecalis 8.36 £ 1.09 0.83
S. carnosus 3.28 £ 0.50 S. aureus 3.37 £1.48 0.97
A. kookii 2.93 +0.35 A. baumannii
P, fluorescens 2.01 £0.14 P, aeruginosa 1.99 £ 0.67 1.01
E. coli 9.10 £ 2.11 E. coli 2.59 + 3.09 3.51
254nm
Average log reduction dose Median log reduction dose Ratio (dosezz2nm, non-pathogen /
(mJ/em?) (mJd/em?) d0S€5220m, pathogen)
E. mundtii 454 £ 0.34 E. faecalis 3.67 +1.73 1.24
S. carnosus 1.26 + 0.06 S. aureus 243 +£0.79 0.52
A. kookii 4.03 £0.74 A. baumannii 2.01+£1.84 2.00
P, fluorescens 1.569 +0.12 P, aeruginosa 1.34 £0.79 1.19
E. coli 3.19+£0.89 E. coli 3.42 £1.50 0.93

The errors derive from the standard deviation.

Frontiers in Microbiology | www.frontiersin.org

July 2022 | Volume 13 | Article 942708


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Gierke and Hessling

Far-UVC Irradiation of ESKAPE Surrogates

a bacterium is a suitable surrogate at one wavelength if the
average log reduction dose is within the quantile of the
literature values. This is the case for nearly half of the
investigated bacteria and wavelengths, except the values of
S. carnosus below the 25% quantile at 254nm and E. coli
above the 75% quantile at 254nm. No statement can
be obtained for A. kookii due to insufficient data. The dose
for E. mundtii at 222 nm is below the 25% quantile, although
the data set is too small for a clear statement. Furthermore,
the data should be presented with standard deviations or
other statistical statements, as there will always be scatter
in the log reduction doses due to various aspects, such as
the gene expression of proteins of different bacteria of a
strain, temperature, medium and others. Due to this scatter,
the comparison of possible surrogates to pathogenic bacteria
over a boxplot is very useful. However, in order to present
the statements even more clearly, a larger data set of pathogenic
bacteria is important and should be expanded. Since for
some bacteria and wavelengths, the chosen criterion for
surrogates was not met, other non-pathogenic relatives of
ESKAPE pathogens should be investigated.
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