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Abstract

Passenger cabins of public transport represent environments in which humans reside for short
or long periods. Together with them, microorganisms they carry shape the public transport
microbiome. Among the microbiome, mostly human-associated microbes exist, that are
unharmful or opportunistic for healthy humans. However, particularly vulnerable groups of the
population with weakened immune system are at higher risk for severe infections. The confined
and, especially during rush hours, crowded space poses an environment that facilitates
microbial transmission. Measures that reduce the spread of potential pathogens should be
addressed to interfere with airborne and surface transmission, the two main pathways of

microbial transmission in such spaces.

To contribute to the research of microbial burden in public transport, this thesis addressed
approaches to detect and reduce bacterial contaminants. For that, the train cabin microbiome
was monitored and investigated by regular sampling through one year. Based on present data,
most abundant and relevant genera of the public transport microbiome were identified to
develop an in vitro bacterial community. It includes surrogates of high abundant or healthcare
relevant genera, namely Pseudomonas, Staphylococcus, Streptococcus, Propionibacterium,
Corynebacterium, Sphingomonas, Flavobacterium, Burkholderia and Enterococcus. All nine
species were biosafety level 1 organisms and were the main tool to test microbial interventions
in this thesis. The aim was to create a reference bacterial community, that can more realistically
represent effects of potential microbial interventions compared to single model organisms, that
are mostly used in research. After a first characterization of the in vitro bacterial community,
two main interventions were investigated: (1) Antibacterial surface coatings based on copper
and copper-aluminum alloys, and (1) Reduced bioaerosol propagation through an air curtain.
As a third microbial countermeasure, thermal inactivation of members of the bacterial
community was investigated, with the perspective of reducing microbial burden in the

passenger cabin air.

Characterization of the developed public transport in vitro bacterial community showed that
the DNA remained largely intact after various stress treatments. The bacterial community was
further used for the detection of bioaerosols, using both particle-based measurements and
assessments of bacterial survival. This enabled the identification of a maximum air curtain

effectivity of 66 % in reducing particle and bacterial concentrations. The importance of using



not only single species for investigations was highlighted by the observed protective effect of
the in vitro bacterial community during the experiments on antibacterial surfaces. The novel
surfaces with a copper content of 79 at.% and 100 at.% demonstrated their antibacterial
potential after wet contact killing. Thermal inactivation of members of the in vitro bacterial
community and a bacteriophage also proved to be an effective microbial countermeasure, with
all of the tested microorganisms exhibiting no detectable survival after exposure to 85 °C for
2s.

Overall, this thesis highlights the importance of incorporating a broader range of test organisms
to investigate their detection and strategies to reduce bacterial contaminations. The in vitro
bacterial community was successfully established and applied to multiple research questions,
demonstrating its potential as a reference for studies on bacterial detection and microbial

intervention.



Zusammenfassung

Fahrgastkabinen offentlicher Verkehrsmittel sind von Menschen und ihren Mikroorganismen
gepragte Umgebungen. Im Mikrobiom o6ffentlicher Verkehrsmittel kommen Uberwiegend
human-assoziierte Organismen vor, die fur gesunde Menschen harmlos oder opportunistisch
sind. Besonders geféhrdete Bevolkerungsgruppen mit geschwdachtem Immunsystem sind
jedoch einem hoheren Risiko fir schwere Infektionen ausgesetzt. Die raumlich begrenzte und,
insbesondere zu StoRzeiten, Uberfiillte Umgebung begiinstigt dabei die Ubertragung von
Mikroben. Antimikrobielle MalBnahmen werden in dieser Arbeit thematisiert, welche auf die

Hauptlbertragungswege tber die Luft und Oberflachen abzielen.

Um einen Beitrag zur Erforschung der mikrobiellen Belastung in éffentlichen Verkehrsmitteln
zu leisten, befasste sich diese Arbeit mit Ansétzen zur Detektion und Reduzierung bakterieller
Kontaminanten. Zu diesem Zweck wurde das Mikrobiom in Zugkabinen ein Jahr lang durch
regelméafRige Probenahmen uberwacht und untersucht. Auf Grundlage der vorliegenden Daten
wurden die hadufigsten und relevantesten Gattungen des Mikrobioms in 6ffentlichen
Verkehrsmitteln identifiziert, um eine in-vitro-Bakteriengemeinschaft zu entwickeln. Diese
umfasst Surrogate von hdufig vorkommenden oder fir die 6ffentliche Gesundheit relevanten
Gattungen: Pseudomonas, Staphylococcus, Streptococcus, Propionibacterium,
Corynebacterium, Sphingomonas, Flavobacterium, Burkholderia und Enterococcus. Alle neun
verwendeten Spezies sind der Biosicherheitsstufe 1 zugeordnet und dienten in dieser Arbeit als
Hauptinstrument zur Untersuchung mikrobieller Interventionen. Das Ziel war es, eine
Referenz-Bakteriengemeinschaft zu schaffen, die die Auswirkungen potenzieller mikrobieller
Interventionen realistischer darstellen kann als einzelne Modellorganismen, die meist in der
Forschung verwendet werden. Nach einer ersten Charakterisierung der in-vitro-
Bakteriengemeinschaft wurden zwei Hauptinterventionen untersucht: (1) Antibakterielle
Oberflachenbeschichtungen auf Basis von Kupfer und Kupfer-Aluminium-Legierungen und
(1) Reduzierte Bioaerosolausbreitung durch einen Luftvorhang. Als dritte mikrobielle
Gegenmalinahme wurde die thermische Inaktivierung von verschiedenen Mikroorganismen
untersucht, mit dem weitreichenden Ziel, die mikrobielle Belastung in der Luft von

Passagierkabinen zu reduzieren.

Die Charakterisierung der entwickelten in-vitro-Bakteriengemeinschaft des 6ffentlichen

Nahverkehrs zeigte, dass die DNA nach verschiedenen Stress-Tests weitgehend intakt blieb.



Die Bakteriengemeinschaft wurde weiterfihrend fur den Nachweis von Bioaerosolen
eingesetzt, gemeinsam durch partikelbasierte Messungen als auch durch Bewertung der
Uberlebensrate der Bakterien. Dadurch konnte eine maximale Wirksamkeit des Luftvorhangs
von 66 % bei der Reduzierung der Konzentration von Partikeln und Bakterien festgestellt
werden. Die Bedeutung der Verwendung einer Bakteriengemeinschaft anstelle von
Einzelorganismen wurde durch die beobachtete Schutzwirkung der in-vitro-
Bakteriengemeinschaft im Zuge der Untersuchungen der antibakteriellen Oberflachen
unterstrichen. Die neuartigen Oberflachen mit einem Kupfergehalt von 79 at.% und 100 at.%
zeigten ihr Potenzial fur die Abtotung von Bakterien. Auch die thermische Inaktivierung von
Teilen der in-vitro-Bakteriengemeinschaft sowie die Verwendung eines Bakteriophagen
erwiesen sich als wirksame mikrobielle Gegenmalinahme, da nach einer Exposition bei 85 °C

fiir 2 Sekunden kein Uberleben der getesteten Mikroorganismen mehr festgestellt wurde.

Insgesamt unterstreicht diese Arbeit die Bedeutung der Einbeziehung eines breiteren Spektrums
von Testorganismen, um deren Nachweis und Strategien zur Verringerung bakterieller
Kontaminationen zu untersuchen. Die in-vitro-Bakteriengemeinschaft wurde erfolgreich
etabliert und demonstrierte ihr Potential fiir die Beantwortung zahlreicher Forschungsfragen,

die auch in Zukunft weiter adressiert werden kdnnen.



1 Introduction

Many remember wearing masks, taking tests, curfews, and social distancing. It reminds us of a
time at the beginning and in the middle of the COVID-19 pandemic, which started in 2020 (1).
Measures were influencing social and work life in many fields, for example, because travelling
was put under caution. It was recommended that crowded and confined spaces with little fresh
air supply should be avoided. This description, however, fits the environment of various types
of public transportation. Hence, public transportation has not only been highly impacted by the
pandemic, but it remains to be an environment favoring the spread of airborne pathogens.
Further, fomites play a crucial role in microbial spread. These are inanimate objects, such as
surfaces that carry microbial contaminations and contribute to their transmission. It is known,
that the COVID-19 pandemic will not be the last pandemic (1, 2). Even now, we are caught in
a pandemic of antimicrobial resistance (AMR), often called the “silent pandemic”, since medial

popularity is not as strong as during the COVID-19 pandemic (3, 4).

Given the issues described above, this work addresses different measures to counteract
microbial burden in public transport (see Figure 1). Chapter 1.1 describes the general risks of
microbial burden and pathogen outbreaks. Further, the passenger cabin and its role in
microbial transmission (1.3) is introduced, with a particular focus on the subway and aircraft
cabin microbiome (1.3.1). There are different methods to interfere with bacterial contaminants
in such environments. Investigating microbial communities through monitoring and detection
(1.6) is important for understanding and reflecting what microorganisms are present, and for
identifying possible threats. As thesis contribution, the public transport microbiome was
investigated and microbial monitoring was conducted in train cabins. Based on the gathered
data, an in vitro bacterial community representative of the public transport was created (1.3.2),
which was applied to test a range of countermeasures, including copper-based antimicrobial
materials (1.4.), an air curtain (1.5.) and thermal inactivation. These approaches address
airborne and surface transmission, which are the main transmission routes for microorganisms

within passenger cabins (1.2).
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Figure 1: Overview of this works motivation and investigated topics.




1.1 Risks of microbial communities

Microbial communities are naturally inhabiting living organisms (e.g. human skin, gut) and
environments (e.g. plants, soil). They are composed of microorganisms, which are microscopic
organisms, including bacteria, viruses, fungi, protozoa, microalgae, and archaea. Their
applications are versatile, ranging from the synthesis of antibiotics by fungi and bacteria to the
production of food, such as bread and cheese. The composition of microbial communities is
dynamic, influenced by various factors, such as climate, nutrient availability, antimicrobials,
radiation, surface materials, and more. Different habitats result in different microbial
communities, and consequently in a varying stress response. Therefore, microbial communities
can act as an indicator for risk assessment (5, 6). Reducing the microbial spread in environments
and potential subsequent transmission to humans is important to protect vulnerable populations,
such as immunocompromised people. Opportunistic pathogens can become pathogenic and
therefore cause infection, when the host immune system is weakened. This issue must be

addressed by considering the role of microorganisms in human health.

1.1.1 Importance of microbial communities

Commensal microorganisms are required for the host immune response. These can be found
within the gut and on the skin (7-9). For instance, commensal skin bacteria Staphylococcus
epidermidis induces antimicrobial peptides, modulates cytokines, and inhibits the growth of
competing or pathogenic bacteria (10, 11). In addition, gut microbiota and their bacteria are
essential for gut health and metabolism, including the production of vitamins, amino acids and
short-chain fatty acids, as concluded by Thursby and Juge (2017) (12). Therefore, the complete
eradication of microorganisms in our environment is unreasonable. Diminished exposure to
certain commensal and environmental microorganisms has been shown to facilitate the
development of immune disorders such as allergies and autoimmune diseases, especially in
industrialized countries (13). This topic is addressed by the Old Friends Hypothesis. It implies
that microorganisms that were once abundant and trained the individual immune system are no
longer exposed to appropriately, contributing to immune disorders (14). Those microorganisms
derive from environmental microbiota, such as plants, animals, and soil. In addition, close
contact and interactions between people, for example through skin, contribute to individual
microbiota and immunoregulation (15-17). Therefore, a balanced approach is needed to prevent

the reinforcement of rising immune disorders by using targeted interventions, while



simultaneously minimizing pathogen outbreaks, without the complete elimination of

microorganisms.

1.1.2 Pathogen outbreaks

Pathogen outbreaks, such as the recent COVID-19 pandemic, are not only caused by viruses,
but also parasites (e.g. malaria) or bacteria (e.g. tuberculosis). Furthermore, transmission is not
limited to airborne, but, for example, also includes fecal- oral transmitted bacteria like Vibrio
cholerae (18). A pandemic that was reinforced during COVID-19, was the AMR pandemic (19,
20). The misuse and overuse of antimicrobials, particularly in livestock (21) results in an
increase in acquired resistances against antibiotics. Although AMR is not a virulence factor, it
aggravates the treatment of infections in environments with selective antibiotic pressure,
leading to prolonged illness and higher mortality, as concluded by Huemer et al. (2020) (22).
This problem is further enhanced by the slow development of new antibiotics, leading to
narrowed or no treatment possibilities, ultimately causing death of patients. By now, numbers
of AMR-associated deaths are at 4.71 million worldwide in 2021, of which 1.14 million are
directly traced back to AMR (23). For the year 2050, it has been estimated that 8.22 million
deaths will be associated with AMR, therefore ~1.7 times more than in 2021. With 1.91 million
deaths attributable to AMR globally, numbers are rising by 770.000 compared to 1.14 million
deaths in 2021 (23).

Most deaths by AMR can be assigned to the so-called ESKAPE pathogens. The abbreviation
stands for the species Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species (24). Those
pathogens are characterized by their high virulence and the ability to carry or transfer antibiotic
resistances (25, 26). The ESKAPE pathogens represent a group of organisms that are a public
health risk and, therefore, the subject of many studies. Additionally, the World Health
Organization (WHO) published lists of bacterial priority pathogens in 2017 and 2024 which
provide guidance for the investigation and analysis of new antibacterials (27, 28). Millions of
patients that get infected with those pathogens cannot be treated easily and succumb to the
consequences of their infections. Beside the high mortality, massive economic damage is
caused by this crisis, as reviewed by Ahmad and Khan (2019) (29). In hospitals, various
outbreaks have been often associated with ESKAPE pathogens (30-35). However, the spread is



not only limited to hospital settings. In public transport environments, various ESKAPE
pathogens were detected before, as summarized by Ly et al. (2024) (36).

Future pandemics are certain. They are favored by global warming and human intrusion into
nature, from where initially hidden pathogens could expand (e.g. zoonosis). To prevent future
outbreaks, it is of great importance to understand microbial spread. For instance, during the
COVID-19 pandemic, the key to reduce infections was to understand that the pathogen is
airborne. Since public transport poses an environment that favors microbial spread and is part
of the daily routine for a majority of people, | concentrate on the public transport microbiome
and preventive measures, focusing on selected ESKAPE species as relevant AMR risks. To
counteract this problem, it is important to understand microbial spread, investigate and apply

suitable detection methods and countermeasures against microbial contaminants.

1.2 Microbial spread and infection routes

An infection is defined as the colonization and reproduction of microorganisms in a host
organism. If a colonization leads to an infection of the host or not, depends on the infectious
agent (pathogenicity, virulence) and the immunological status of the host. Another aspect is the
infection risk, which also depends on different factors and has to be investigated for each
microorganism to point out measures to minimize infections. This was extensively investigated
for SARS-CoV-2 (37). The steps of an infection can be summarized into six categories (38) and

are illustrated in Figure 2.

Microorganisms, which cause infections, can be bacteria, fungi, viruses, or parasites. Those can
occur or settle, and multiply in a reservoir, which can be various places, such as humans, food,
water, soil or animals, and not be neglected, environments, for instance, passenger cabins. The
microorganisms or infectious agents can then be released from the reservoir via a port of exit.
The port of exit is either secretions, such as saliva, or excretions (stool, urine), or fomites (e.g.
contaminated areas, such as surfaces or hands). The released microorganisms are then
transmitted through modes of transport, which can be direct or indirect contact. Direct contact
is, e.g. the touching of contaminated surfaces or interaction with infected organisms, or the
inhalation of bioaerosols, while indirect contact can occur through vectors, such as mosquitoes.
The infectious agents then enter the body through the port of entry, possibly the respiratory tract
(mouth, nose), eyes, wounds or the urinary tract. The infectious agents in the susceptible host

can then settle and multiply. From the susceptible host, the infection chain continues again.



Figure 2: Chain of infection (based on NIOSH, (38)), with focus on the public transport
environment. The chain of infection includes the microorganism or pathogens, a reservoir,
which can be a passenger cabin, were pathogens can multiply. The port of exit describes
secretions or excretions, which then lead to the modes of transport, being contact to surfaces
(e.g. door bars), inhalation of droplets and airborne transmission. This is where
countermeasures, such as those discussed in this paper, can come into effect. These include air
curtains against air transmission and antibacterial surfaces against contact transmission. The
port of entry can be the respiratory tract, oral, or open wounds. The susceptible host commuting
gets infected and becomes the reservoir by spreading infectious agents during sickness. Created
with BioRender.

A factor that facilitates the spread of infectious diseases, which is the focus of this work, is the
microbial transmission during travel. Within the chain of infection, there are possibilities to
interfere and reduce infection transmission. One measure, that was performed in this work, was
microbial monitoring of the reservoir, that is the train passenger cabin. With the detection of
anomalies, further measures can be taken, such as targeted elimination or reduction of occurring
pathogens. In addition, this work focusses on different countermeasures to reduce the mode of

transport in public environments. One mode of transport are aerosols, which can carry

10



pathogenic organisms. Especially in crowded passenger cabins without proper ventilation and
low amount of fresh air, transmission of infectious diseases is facilitated (39, 40). Several of
these aspects are part of the presented work, and will be explored in more detail in the following
chapters. Besides aerosols, specific fomites in the train cabin can lead to contact transmission,
such as frequently touched seat handles. Both airborne and contact transmission are further

described in the following sections.

1.2.1 Airborne transmission

Airborne transmission can be either direct droplet transmission (sneezing, coughing, talking)
or indirect (aerosolized particles containing infectious agents).

In a study by Knobling et al. (2022) it is suggested that bioaerosol assessment may be of
importance for the modelling and investigation of airborne infectious disease particles (41).
Bioaerosols can be described as airborne particulate matter (PM) of biological origin,
containing microorganisms and their products with a particle diameter between 10 nm and
100 pm (42). Sneezing can disperse large droplets (300-900 um) up to 5 meters, while small
droplets (100-200 um) have been shown to reach a distance of up to 18 meters (43). However,
it is highly dependent on individual human physiology, how far droplets travel after sneezing
(44). As described in 1.2, bioaerosols present one mode of transmission of pathogens. The
number of cells that are transmitted during an infection, is variable and depends on factors, such
as the host’s immune system, the pathogen itself, current disease progression, and
environmental settings. Therefore, it is of interest to investigate this specific mode of
transmission and the possible detection methods of bioaerosols. Through decent detection, the

development and assessment of countermeasures for bioaerosol spread is possible.
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1.2.2 Contact transmission

Humans conduct frequent face-touching, which promotes the transmission of infectious agents.
In a study by Kwok et al. (2014), test subjects unknowingly touched their face with their hands
23 times per hour (45). As described earlier, fomites contribute to microbial spread. Norovirus
is a good example for an easily spread pathogen by contaminated surfaces, among other
transmission routes (46). The transmission of infectious agents via surfaces has been known for
a long time (47), and hygiene concepts have been developed ever since. These concepts include
the use of disinfectants and cleaning agents, which reduce the microbial burden. Although
cleaning agents and biocides are important for protection against pathogens, they have to be
handled with care: Indications of increased resistance against disinfectants exist and are a
concern, as concluded by Rozman et al. (2021) (48). Therefore, a responsible application is

important to reduce the risks of arising antimicrobial resistance (49).

The risk of infectious disease transmission through surfaces is known. And the risk is not
unfounded. Many nosocomial pathogens can survive for months on dry surfaces, such as
Staphylococcus aureus (including methicillin resistant S. aureus, MRSA), Enterococcus spp.
(including vancomycin resistant enterococci, VRE), Acinetobacter spp., Pseudomonas
aeruginosa, and many more (50). Long survival periods allow the nosocomial pathogens to be
spread even more, if no proper cleaning is performed. As a result, immunocompromised
patients are at high risk for infections by direct or indirect contact, further compromising their
health critically. Therefore, surfaces present a suitable target to reduce or even completely

disrupt transmission.
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1.3 Passenger cabins as transmission hotspots

The threat of rising and intensifying pandemics exists and is promoted by global transport
networks. These include shipping, air travel, and public transportation via subway, train, and
bus. Travel has increased substantially both locally and globally over the past few decades. This
rise can be traced back to different factors. Over time, traveling became more affordable and,
partially due to the media, touristic locations were promoted. The increased demand of
travelling is pictured by the growth of prognosticated international tourist arrivals by the World
Tourism Organization (UNWTO), which proposes an increase from 1.4 billion in 2020 to 1.8
billion in 2030 worldwide (51). Similar, in local public transport, passenger growth has shown
further increase, until 2020, when the COVID-19 pandemic hit (52, 53). During the pandemic
a decline was also observed for air travel due to travel restrictions (54). In Germany, passenger
numbers of October 2024 in regional public transport and air travel have not fully recovered to
pre-pandemic levels of October 2019 (55, 56). In the European Union, however, air traffic

showed even more passengers compared to 2019 levels (57).

Transmission of pathogens and microorganisms in general is facilitated by many factors,
especially in environments with large crowds of people and confined spaces, which do not allow
proper ventilation. This scenario can be found in public transportation in large cities, where
millions of people commute daily. The potential risks call for the implementation of
countermeasures. Since air travel can be controlled more easily compared to commuting via
train, more data to its impact to disease transmission are available. It has been traced back and
investigated, that the spread of different types of diseases is facilitated by air travel. These
include respiratory diseases (Influenza, COVID-19, Tuberculosis), vector-borne diseases
(Malaria, Dengue, Chikungunya), and gastrointestinal diseases (Salmonellosis, Cholera), as
summarized by Findlater and Bogoch (2018) (58).

Since data is still lacking on the current state of public transport systems, it is important to
investigate its microbiome. Some studies conducted microbiome analysis of public
transportation, such as subway systems and aircraft cabins. The following sections will

highlight key characteristics of those environments and their relevance to this work.
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1.3.1 The subway and aircraft cabin microbiome

To investigate public transport cabins and possible countermeasures to reduce microbial
transmission, the current state of knowledge on this environment is of interest. Due to the risk
of airborne and contact transmission, monitoring the aircraft microbiome is highly relevant. A
unique feature of aircrafts and air travel is its potential contribution to the development of
pandemics. Investigations on the transmission of different infectious diseases in aircraft cabins
have been conducted. This includes airborne infections of SARS-CoV-1, SARS-CoV-2,
Influenza and tuberculosis, but also foodborne and vector-borne infections (59). Although the
train microbiome was subject of this present work, most studies existing on ground public
transportation are based on the subway environment. The risks of subway systems for bacterial

pathogens and their occurrence are further described in 2.1.

Both subway and aircraft cabin microbiomes consist of human-associated bacterial genera, such
as Staphylococcus, Corynebacterium, and Streptococcus. Further, they share high contents of
Flavobacterium and Sphingomonas. This is not surprising, since aircraft and subway passenger
cabins are exposed to humans. Substantial differences between these two indoor scenarios are
displayed in Table 1. Mostly, higher frequencies of passengers and a maximum travel time of
one hour is expected in subways. On the other hand, commercial aircrafts are normally habiting
passengers for more than 1 hour and no passenger fluctuation occurs during the travel. An even
greater influence of the microbiome lies in the surface types within these environments (60).
The surface microbiome is affected by different factors, such as the surface composition (e.g.
Cu with antimicrobial properties) or topography (smooth or rough, influencing microbial

attachment, biofilm formation).

Another difference between aircrafts and subways / trains is the ventilation. Aircraft cabins are
equipped with high efficiency particulate air (HEPA) filters, where the recirculated air
containing bacteria and other microbes, is filtrated (61). However, it does not ensure complete

protection against airborne infectious agents.

Table 1 also displays an overview of the most abundant genera in aircraft cabins and subway
systems. The studies were conducted using 16S rRNA sequencing, and focused on the detection
up to genera-level. This provides a good overview of the existing bacteria. However, the
identification of pathogens is not clear with this approach. Nonetheless, as indicated in red font,

some of the most abundant genera in those settings, namely Staphylococcus, Klebsiella
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(Enterobacteriaceae), Pseudomonas, and Acinetobacter, are genera of ESKAPE pathogens and
deserve close attention.

Table 1: Travel mode variations and top ten abundant bacterial taxa (mostly genera) found in
past microbiome studies within aircraft cabins and subways (based on surface and/or air
samples). Ordered by abundance from top to bottom. Gray marked taxa display dissimilarities
between the two environments. Red font highlights genera or family of ESKAPE pathogens.

Travel mode variations Aircraft cabin Subway

Ventilation system HEPA filter, recirculating air No HEPA filter, fresh air
Travel duration ~1->10 hours ~30 — 60 min

Passenger fluctuation low high

Bacterial taxa no.

1 Staphylococcus Staphylococcus

2 Pseudomonas Acinetobacter

3 Corynebacterium Corynebacterium
4 Streptococcus Micrococcus

5 Enterobacteriaceae Propionibacterium
6 Flavobacterium Pseudomonas

7 Kocuria Sphingomonas

8 Micrococcus Flavobacterium

9 Sphingomonas Streptococcus

10 Stenotrophomonas Kocuria

References: Aircraft cabin — Weiss et al., 2019 (62), Liu et al., 2020 (63), Sun et al., 2020 (60). Subway — Afshinnekoo et al., 2018 (64), Kang
et al., 2018 (65), Gohli et al., 2019 (66), Zhao et al., 2019 (67), Hernandez et al., 2020 (68).

1.3.2 Invitro public transport bacterial community for improved research

Thinking about a next potential pandemic: Would we be prepared? To answer this question,
microbial surveillance poses an important role to detect potential pathogens. Therefore, the
comprised information in this section creates a fundament for the investigations conducted on
the development and testing of microbial countermeasures: In this work, the train microbiome
was investigated over a one-year study, to collect additional data and allow new insights, for
example, regarding potential seasonality of the microbiome. Based on the gathered data, an in
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vitro bacterial community was created, functioning as a reference tool for the test of different
microbial countermeasures. This bacterial community is composed of nine bacterial species,
which genera are abundant in public transport environments, or relevant genera of pathogens,
e.g. Enterococcus, and carries an important role in this work. This specific in vitro bacterial
community was applied to test the introduced detection methods and microbial
countermeasures. This approach allows a closer insight to real-life environments, in comparison
to single species model organisms. The idea is not new, since various in vitro microbial

communities exist, resembling, for instance, the highly complex gut microbiome (69-71).

1.4 Antimicrobial materials as a preventive strategy

The aircraft cabin and its frequently touched surfaces, pose a risk for the transmission of
pathogenic microorganisms (67). Therefore, one point of attack against microbial spread are
antimicrobial surfaces, which can interfere contact transmission of pathogens. A variation of
such materials exists and can act biocidal, as briefly described in the introduction of 2.5
“Comparison of Single Bacteria and a Bacterial Reference Community in a Test Against Coated

Surfaces of Varying Copper Content”.

In some cities, antimicrobial materials or coatings are already implemented on frequently-
touched surfaces, e.g. on handrails (72, 73). The most known, studied and used material with
antimicrobial properties is copper. Nonetheless, the mechanisms and effect of copper is not yet
fully understood. Therefore, it is of interest to deepen the knowledge about the antimicrobial
properties and (long-term) effects of copper to bacterial communities, but also work on

innovative functionalization of this material.

Besides the research on copper as an antimicrobial material, searching and creating new
alternatives to counter resistance development is important. The application of all sorts of
antimicrobials harbors the risk of the emergence of resistances due to selective pressure. This
includes antibiotics, as well as antimicrobial surfaces. It is already known for antibiotics, that
after their application as such, the emergence of respective resistance is not far (74, 75).
Resistant bacterial strains have been isolated from animal farms with resistance to copper, but
also antibiotics and disinfectants (76, 77). This can be traced back to high use of antibiotics and
copper sulfate as feed supplement in animal farming. Nevertheless, the development and

application of novel countermeasures (in combination) are crucial to act against the
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transmission of potential pathogens. This includes microbial surveillance, but also effective and

efficient cleaning protocols, and other countermeasures.

1.4.1 Antimicrobial mechanisms of copper

Copper is an essential element for the cells of all aerobic organisms (78). However, copper
tolerance is limited and copper concentrations in the cell can become toxic. For instance, the
copper ions Cu* and Cu?* can cause membrane damage by inducing reactive oxygen species
(ROS), which are involved in oxidative stress response (79, 80). ROS include singlet oxygen
(*0,) and ozone (Os) as well as partially reduced oxygen, such as superoxide anion (O2"),
hydrogen peroxide (H202), and hydroxyl radicals ("OH) (81). They are generated by both
Fenton (82) (some state also Fenton independent reactions (83)) and Haber-Weiss (84)

reactions under aerobic conditions:

Cu* + H,0, - Cu®*t + OH™ + - OH (Fenton)
C
.05 + Hy0, = 0, + OH™ + - OH (Haber-Weiss)

While it is not agreed on, what exactly causes the first-degree copper damage to the cells, the
generation of ROS leads to oxidative stress. In bacteria, oxidative stress results in the damage
of cells by membrane damage, lipid peroxidation, protein oxidation and DNA damage,
ultimately ending in cell death (85-88). For instance, protein damage is caused by superoxide
and hydrogen peroxide, that can oxidize Fe-S clusters of proteins, leading to the release of Fe?*.
Free Fe?" can bind to the naturally negatively charged DNA, and with surrounding H20, and
Fenton-like reactions, hydroxyl radicals form and react with the DNA. As a result, the DNA
can acquire mutations, which can lead to cell death (89, 90). In addition to the induction of ROS
generation and oxidative stress response, copper ions and copper nanoparticles (CuNPs) can
cause direct membrane damage and altered permeabilization (91, 92). Besides copper surfaces
and copper ions, CuNPs are subject of targeted antimicrobial strategies (93, 94).

Copper affects different microorganisms, i.e. fungi, bacteria and viruses in both, similar but
also different ways (86). Interestingly, even between bacteria, the effects of copper and their
defense mechanisms can differ. Bacteria can be divided into two groups, based on their cell
wall structure, namely gram-positive and gram-negative bacteria. Gram-negative bacteria have
an outer membrane, equipped with lipopolysaccharides alongside phospholipids and proteins

(95). They have a thin peptidoglycan layer with a periplasm between the outer and inner
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membrane, while gram-positive bacteria do not possess an outer membrane, but a cell wall
composed of a thick layer of peptidoglycan (96). The periplasmatic space of gram-positive
bacteria is not as pronounced as in gram-negative bacteria, and is considered as periplasmic-
like compartment (97). Some studies indicate that gram-negative bacteria have better
requirements to overcome antibacterial effects of copper due to their negatively charged cells
(98). But this assumption does not account for all gram-positive and gram-negative bacteria,
since there are exceptions, such as negatively charged Bacillus subtilis (compared to
Escherichia coli) (99).

Within gram-negative bacteria, the negative effects of copper have been the subject of research.
The main aspects of antibacterial effects of copper in both gram-positive and gram-negative
bacteria are protein misfolding, interference of peptidoglycan maturation, displacement of
metals from protein binding sites, disruption of cellular redox potential, and prevention of
lipoprotein maturation in the cell envelope (88, 100).

1.4.2 Bacterial defense mechanisms against copper

Although copper is an essential element for bacteria, higher concentrations lead to a toxic shift
within the cells. To counteract this, bacteria have developed a range of mechanisms to tolerate
higher copper ion concentrations. So far, only a handful of species have been investigated in
detail, such as Escherichia coli or Salmonella enterica (100). Due to the different cell wall
structures, different defense mechanisms have been developed within gram-positive and gram-
negative bacteria. For instance, periplasmic copper efflux is mediated through distinct genes of
the cus or cue operon (101, 102). Other copper related operons exist, that contribute to copper
defense and are related to regulation systems, copper efflux, copper oxidation, copper binding,
and ROS defense, not necessarily attributed to gram-positive or gram-negative bacteria (103-
105).

In this work, special focus was on the investigation of copper effects on selected gram-positive
and gram-negative bacteria. As Table 2 shows, there are some differences in coping with
copper stress between gram-positive and gram-negative bacteria. Gram-negative bacteria are
normally equipped with effective efflux pumps, which transport copper ions out of the
cytoplasm and periplasm. Further, extracellular vesicles (EVs) have been reported to extrude
copper at high concentrations (106). Gram-positive bacteria are also able to form EVs, but have
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been only observed in relation to antibiotic resistance and not to transport excess copper from
the cell (107).

Table 2: Mechanisms against copper induced and oxidative stress found in gram-negative and

gram-positive bacteria.

Mechanism Gram-negative Gram-positive
Structural barrier Outer membrane, periplasm Thick peptidoglycan layer
Point of attack Cytoplasm, periplasm Cytoplasm

Cytoplasmic (e.g. CopA) (108)
Periplasmic (e.g. CusCBA) (108,

109) Cytoplasmic (e.g. CopA, CopB)
Copper efflux Extracellular vesicles (106) (112-114)

RND-type efflux systems (110,

111)

Intra- and extracellular
Copper sequestration (e.g. CusF) (108), Intracellular copper chaperoning

binding/chaperones regulation by copper-binding (e.g. CopZ) (114)
proteins (e.g. CsoR) (115)
Enzymatic detoxification (108),

Copper oxidation ~ mainly periplasmic (e.g. CueO)

(116, 117)

- Scavenging enzymes, regulated by SoxRS and OxyR (118):
superoxide dismutases, catalases, peroxidases, terminal oxidases
(119)

- Glutathione (GSH) for H20> elimination (120, 121)

Membrane-associated or
extracellular (114)

ROS defense
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1.5 Air curtains against bioaerosol propagation

Airborne transmission of pathogens (see 1.2.1) can potentially be prevented by air curtains:
This countermeasure acts as a physical barrier for airborne pathogens, as visualized in Figure 3,

and investigated within this thesis.

Air curtains are not a new invention for intervening airborne transmission of microorganisms.
In operating rooms, they help to maintain sterile conditions in combination with HEPA filters
and laminar air flow (122). A similar principle is given in clean benches of laboratories. The
effectiveness of air curtains is also demonstrated in cold storages or in the entrance of large
stores, functioning as a thermal barrier by maintaining stable air conditions and facilitating
energy savings (123).

In addition, air curtains display a measure against airport malaria. Here, mosquitos carrying the
malaria pathogen Plasmodium falciparum are imported by travelers or aircrafts from affected
areas, which are then able to infect people in or nearby the airport that were not residing in
malaria effecting regions (124). Air curtains installed in the entrance of aircrafts are suspected
to be effective in keeping mosquitos outside the cabin and reduce the risk of distributing the
vectors to the next destination (125). However, they are not commonly established, which can

be attributed to constraints in their integration, maintenance, costs, and passenger comfort.

a) b)

Figure 3: Air curtain effect on an aerosol jet visualized by a laser light sheet (from (126)). a)

No air curtain, b) active air curtain. bo = 0 displays the nozzle of the air curtain.
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As this work focuses on public transport cabins and reduced microbial spread, the air curtain
was analyzed in regards to its ability to create a barrier and, therefore, prevent bioaerosol spread
in passenger cabins. In order to understand the air curtain effectivity, great emphasis was placed
on bioaerosol detection using particulate matter (PM) and culture-based methods. These
methodologies and their importance are briefly described in the introduction of “Comparative
assessment of bioaerosol propagation through an air curtain using microbiological methods
and particulate matter sensors” (127) which is part of this thesis (see 2.4). To test bioaerosol
detection and the effectivity of the air curtain against bioaerosol propagation, a standardized
bacterial community was used. As described later in regards to microbial detection,
standardized microbial communities greatly support the standardized testing of antimicrobial

countermeasures, providing a novel insight into behavior of in vivo bacterial communities.

1.6 Investigating microbial communities: Microbial monitoring

and detection

The thesis consists of two objects of investigation: 1) an unknown train microbiome and 2) an
in vitro bacterial community, based on the public transport microbiome (aircraft, subway, train).
To investigate both communities, different methods are necessary, which are described in the

following.

Microbial monitoring and therefore microbial detection are common practice in many fields,
including the food industry, biotechnology, drug industry (e.g. clean rooms), medicine and
healthcare (e.g. diagnostics), water quality (e.g. sewage plants), and in the aerospace sector (e.g.
planetary protection). With microbial monitoring, quality control is provided and can assure
safe products. For example, in food industry, a certain level of colony forming units (CFU)
must be below a limit, especially for health relevant species, such as Listeria monocytogenes,
to provide a safe product (128). In space flight, planetary protection includes microbial quality
control, which allows space craft and rovers to exit Earth only when it can be assured that no
contamination of other planets will occur (129). Microbial monitoring deepens the
understanding of baseline conditions and deviations, and contributes to the understanding of
infection routes. In terms of public health, microbial monitoring is important for diagnostics,

detection and containment of infectious diseases.
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There are different approaches and methods to conduct microbial monitoring which are suitable
for various purposes. All of the subsequent described detection techniques were used in this
work and substantially contribute to a better understanding of microbial spread and the

development of effective countermeasures (Figure 4).

Bacterial detection methods

Whole genome utilized within this work
@ | -
: Broad

16S rRNA / ‘

detection

Cultivation

Figure 4: Microbial detection methods utilized within this work. Created with BioRender.

1.6.1 Broad microbial detection — 16S rRNA Sequencing

One used method is 16S rRNA amplicon sequencing, which was conducted for the investigation
of the train cabin microbiome, whole genome sequencing for a detailed analysis of single
species, and cultivation for the evaluation of microbial countermeasures in terms of

cultivability.

The 16S rRNA gene is a highly conserved gene in bacteria and archaea, which is used for the
identification and classification and, in addition to the conserved regions, contains
hypervariable regions. It should be noted, that analysis of fungi and viruses is not possible,
since the 16S rRNA gene is not found in these organisms. With the whole 16S rRNA gene,
coding for the 16S rRNA as part of the small ribosomal subunit 30S, information on the species
level are provided (130). Prior to sequencing, the gene can be amplified using universal primers.

For 16S rRNA sequencing, different platforms exist. Some of the most used platforms are
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Illumina (short-read, often used for distinct variable regions of the 16S rRNA gene), Pacific
Biosciences (PacBio, long-read), Oxford Nanopore Technologies (ONT, long-read), and
Sanger Sequencing (mainly used for single isolates). The reason for sequencing targeted
variable regions of this gene with Illumina is its ability to sequence short sequence lengths of
up to 2x300 bp via paired-end sequencing. Sequencing the whole 16S gene (~1500 bp) is
possible with Illumina, but associated with increased data accumulation, requirement for data
infrastructure and most limiting, higher material costs. Therefore, it is common practice to
target the shorter variable regions (~250-500 bp), which mostly allow a reliable identification
up to genus level (131). In total, nine variable regions (V1-V9) exist in the 16S rRNA gene,
each with distinct features and carrying different information for phylogenetic identification
(132).

The advantage of 16S rRNA sequencing is that it is a high-throughput technique, which is cost-
effective compared to whole genome sequencing. It provides information on bacteria and
archaea sufficiently down to genus level and covers both culturable and non-culturable
organisms. In this work, the V1-V2 region was sequenced of samples originating from different
locations of a train cabin to analyze existing taxa and their abundance as a microbial monitoring

approach.

1.6.2 Species-specific detection of low-biomass samples

Low-biomass samples, as those retrieved from passenger cabins, are challenging to investigate.
To monitor the microbial load, regular assessments are conducted. This can be achieved by
cultivation, or DNA based methods. One disadvantage of cultivation is that it only detects
organisms that can be cultivated. In addition, slow-growing species may be overlooked due to
overgrowth by fast-growing species. A great challenge of detection within low-biomass
samples is low DNA yield, which can be highly influenced by contaminations and results are
prone to misrepresentation through PCR bias, which can be species-specific (133, 134).
Requirements for species-specific detection from those samples include great sensitivity and
specificity. To investigate the microbial taxonomy, diversity and abundance, amplicon
sequencing (e.g. 16S rRNA) is a suitable approach. For a closer look into the genome up to
species- and strain level, functional genes and metabolic pathways can be investigated by
metagenome sequencing, which was not in scope of this work. For species-specific detection

from low-biomass train cabin samples, real-time quantitative PCR (QPCR) was conducted for
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environmental samples of the train. The widespread technique is utilizing a specific genetic
region of an organism of choice, which is subsequently amplified and detected within a DNA
sample in question (135). It is commonly used in routine laboratories as diagnostic tool, as
highlighted by Maurin (2012) (136). To investigate the presence of specific bacterial species,
different methods are also suitable, such as Loop-mediated isothermal amplification (LAMP),
or fluorescence in situ hybridization (FISH). The description and application of LAMP is briefly
summarized in Ly et al. (2024) (see 2.1) (36). The advantage of using gPCR instead of LAMP,
is the fast primer design cost, since only two primers are needed. For LAMP, four to six primers
are crucial, which are more complex in design (137). Other monitoring technologies exist,
which are not dependent on DNA/RNA extraction. Warning systems, e.g. by laser-induced
fluorescence (138, 139) are based on fluorescent emission spectra, which can be assigned to

distinct pathogens within a sample.

24



1.7 Research questions

As exemplified in the introduction, we are likely to be facing pathogen outbreaks, that might
bear the risk of causing a large number of ill patients and deaths. Although countermeasures
exist, they must be studied more deeply, and new ones must be developed constantly. It is a
race against time, as new resistances constantly develop, hence making it near impossible to
solve this problem once and for all. This work aims to contribute to the fight against pandemic
threats in public transport, as this environment is prone to promoting microbial transmission.
As indicated in Figure 1, this was accomplished by 1) understanding what microbes and
possible pathogens have to be targeted, 2) creating and testing tools for microbial detection and
countermeasures, and 3) testing a variation of possible countermeasures, namely an air curtain
against bioaerosol propagation, antibacterial surfaces coated with copper and copper-
aluminum, and thermal inactivation of bioaerosols. Based on these aims, the following research

questions were set.

RQ1) What microbiome are we facing in public transport systems, and how can we

reliably detect it?

In order to create a reference tool to test detection and countermeasures, it is important to
understand what the public transport microbiome is composed of. Studies that investigate the
public transport microbiome focus mostly on the microbiome of subway environments, a few
exist on the airplane cabin microbiome, only a handful of studies exist that analyze the bus
microbiome, and no study has been done to date, which investigates the train microbiome. In
the minireview “An overview of the bacterial microbiome of public transportation systems —
risks, detection, and countermeasures”, the findings of past studies were concluded and thus
serve as the initial inventory of what is known about the public transport environment. In
Germany, the train is high ranked for commuting. Therefore, this makes it the perfect
environment for investigating the risk of infection transmission. Monitoring of the train
microbiome provides knowledge on commonly found bacteria, and, with a series of sampling
campaigns, the core microbiome was detected in scope of the study “Microbial Communities

in Local Train Cabins Remain Stable Through the Seasons During One Year of Monitoring”.
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RQ2) From in vivo to in vitro: Is it possible to recreate and apply a standardized public
transport microbiome as a simplified, yet realistic reference model for experimental

testing?

Based on the findings of literature and the conducted train microbiome study, the development
of an in vitro bacterial community was initialized. In this work, the creation and first
characterization of this bacterial community was introduced in the conference proceeding
“Modeling the public transport microbiome: Development of a microbial reference community”
and additional data. With this tool, microbial dynamics can be considered when testing

measures for microbial reduction or variations in microbial detection.

The behavior of microorganisms can be manifold. Although some species within a microbial
community can be beneficial, others are able to comprise other bacterial species’ survival
through competition and selective pressure (140). To investigate this sort of behavior in a stress
induced setting, antibacterial materials were tested with two bacterial species as pure cultures
and the bacterial community. This experimental setup was applied in the study “Comparison of
Single Bacteria and a Bacterial Reference Community in a Test Against Coated Surfaces of
Varying Copper Content”. With this approach, different factors could be compared, such as

survival and metabolic activity.

RQ3) To what extent can physical and material-based interventions reduce microbial load

in passenger cabins?

The developed bacterial community was tested as a bioaerosol, to investigate two methods for
bioaerosol detection. For that, particulate matter measurement and culture-based methods were
used in cooperation with the created bacterial community in the study “Comparative
Assessment of Bioaerosol Propagation Through an Air Curtain Using Microbiological
Methods and Particulate Matter Sensors”. The same study was investigating the first microbial
intervention in this work. Using different air curtain settings with and without HEPA filters
attached, the bioaerosol dispersion within a closed chamber was tested. The bacterial growth of
two of nine species of the bacterial community that were selected for cultivation was compared

regarding their stability and detectability for the tested scenarios.

The current literature proposes that a copper content of > 58 % has antibacterial effects. To
confirm with the materials produced within this study, Cu-Al alloys with copper content

between 24 at.% and 100 at.% were created by magnetron sputtering. We created controlled
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settings with known bacterial inocula using the bacterial community developed within this
work. In the study “Comparison of Single Bacteria and a Bacterial Reference Community in a
Test Against Coated Surfaces of Varying Copper Content”, the antibacterial activity of the
materials was tested by wet contact killing assay, and addressing different behavior between

single species and the bacterial community.

The last intervention strategy tested in this work was thermal inactivation. In food industry, it
is already used for food safety (e.g. pasteurization), and can be applied in other settings too.
Therefore, in the study “Short-time thermal inactivation of surrogates of the public transport
microbiome with a low-cost thermoresistometer”, the heat tolerance of different
microorganisms was tested, among them three bacterial species of the bacterial community.
The aim of application for the future would be the thermal inactivation of microorganism of the
air in passenger cabins of electronic vehicles in winter or cold seasons, where heating is

automatically conducted for passenger comfort.

1.8 Document structure

This thesis is comprised of six publications, of which three are counted as official thesis
contribution (peer-reviewed journal articles, 2.1, 2.4, 2.5), one article is submitted (2.2), one
article is a conference paper (2.3), and one article is a co-authored contribution (2.6).
Nonetheless, all manuscripts contribute to the answer of the research questions.
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Yen-Tran Ly, Stefan Leuko and Ralf Moeller*

Department of Radiation Biology, Institute for Aerospace Medicine, German Aerospace Center
Calogne, Garmany

When we hurnans travel, our microorganisms come aleng. These can
be harmless but also pathogenic, and are spread by touching surfaces or
breathing aercsols in the passenger cabins. As the pandemic with SARS-CoV-2
has shown, those enwironments display a risk for infection transmission. For a
risk reduction, countermeasures such as wearing face masks and distancing
were applied in many places, yet had a significant social impact. Nevertheless,
the next pandemic will come and additional countermeasures that contribute
to the risk reduction are needed to keep commuters safe and reduce the
spread of microcrganisms and pathogens, but also have as little impact as
possible on the daily lives of commuters. This review describes the bacterial
microbiome of subways arcund the world, which is mainly characterized by
human-associated genera. We emphasize on healthcare-associated ESKAPE
pathogens within public transport, introduce state-of-the art methods to detect
common microbes and potential pathogens such as LAMP and next-generation
sequencing. Further, we describe and discuss possible countermeasures that
could be deployed in public transportation systems, as antimicrebial surfaces
or air sterilization using plasma. Commuting in public transport can harbor
risks of infection. Improving the safety of travelers can be achieved by effective
detection methods, microbial reduction systems, but importantly by hand
hygiene and common-sense hygiene guidelines.

HEYWORDS

microbial community, public transport, microbial detection, countermeasures,
microbial spread

1 Introduction and discussion

Viruses play a major role in the spread of infections diseases, most recently SARS-CoV-2,
which was responsible for the COVID-19 pandemic. Even before the ocourrence of SARS-
CoV-2, the Influenza waves are causing 15,000-70,000 deaths of European citizens every
year (1)

However, in addition to viruses, bacteria are also responsible for the spread of infectious
diseases. More than half of emerging infectious discases are caused by bacteria, many of which
are drug-resistant (2). Antimicrobial resistance has long been recognized as an acute danger
and 15 also referred to in the terature as a silent pandemic (3). The spread of microorganisms
and thus also pathogens does not necessarily begin in hospitals, but rather where people

mowve around.
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1.1 Humans represent the main source of
bacteria within subways

Subway systems are widely used, especially in big cities and carry
millions of passengers every day. The high frequency of passengers
using public transportation facilitates an exchange of microorganisms,
especially when getting in contact with frequently touched surfaces
such as handrails, and sharing the air within a confined space. In this
review, the most common taxa within the subway microbiome of
different cities are presented, and relevant risk factors are discussed,
Further, a range of microbial detection methods are listed and
countermeasures that may be applied in public transport are described,

Touching objects, such as handrails, leads to a transfer of the
human hand microbiome to the touched object. In recent studies, the
transfer of the hand microbiome from test subjects to objects was
demonstrated (4, 5}, which can also be transferred to the subway
environment. The most abundant organisms found in subway
microbiome studies in various cities are displayed in Table 1, Among
those, most frequently occurring taxa were Acimetobacter,
Staphylococcus, Propionibacterium, Corynebacteriurm, Micrococcus,
Streptacoccus, and Kocuria, which are commaon for the human skin
microbiome (15-17). These studies were not specifically focused on
the detection of pathogens, and only a few were found such as
Helicobacter pylori, Acinetobacter species (sp.) (10) as well as
opportunistic  pathogenic  iselates  related to  the species
Propionibacterium acnes and Staphylococcus epidermidis or genera
Psendonocardia and Nesterenkonia (14), An important factor that
should be considered is that in most of the studies listed, microbial
detection was based on 165 rRNA sequencing, which does not provide
adequate detection at the species level (15, 19) and therefore, no
pathogenic strains were conclusively detected.

For this section, we reviewed 30 research articles, including nine
studies on the subway microbiome, 12 studies on the occurrence of
ESKAPE pathogens in public transportation environments, and 7
studies on general information on the human skin microbiome, the
association with surfaces and the detection of pathogenic species
in general,

1.1.1 ESKAPE pathogens—detected in public
transport?

ESKAPE pathogens are the causative agents of most nosocomial
infections worldwide. The abbreviation stands for the specics
Escherichia coli, Staphylococcus  aureus, Klebsielln  prewmoniae,
Acinetobacter baumannii, Pseudomonas agruginosa, and Enterococcus
Sfaeciumy/faecalis, Those organisms can be highly virulent and carry or
transfer antibiotic resistances (20, 21).

Antibiotic resistance and the spread of multidrog-resistant
bacteria (AMR) is a problem that was associated with about 4.9
million deaths worldwide in 2009 (22). However, the spread of these
organisms does not occur in hospitals alone, but also in places with a
high frequency of people, such as on public transportation. Notably,
the following studies were focused on the detection of pathogenic
species, mostly based on (selective) cultivation followed by PCR of
pathogen-associated marker genes, eg., the mcr-1 gene for E. coli that
mediates colistin resistance.

The most prominent ESKAPE species within the public transport
studies s the (opportunistic) pathogen Staphylococcus aureus. In

general, due to the natural passenger's microbiome, the skin-associated
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species are highly abundant in busses and subways. In a bus, serving
both hospital and community routes, methicillin-resistant 5. aureus
(MRSA) was found (community-associated SCCmec type [V and
healthcare-associated SCCmec type I1), Of the detected MRSA strains,
65% were multidrug resistant (22). Within this study, seats and seat
rails were most contaminated, In subways, S, awrews containing the
mecA gene was detected, alongside natural skin-associated species of
S, aurews (11}, mecd is associated with methicillin-resistant 5. awreus
{MRE5A) and nosecomial infections, but the study concludes no strong
evidence for pathogenicity based on the obtained sequences. Other
studies showed the prevalence of MESA in public transport (21-27).

Escherichia coli with a multidrug resistance, including mer-1
which mediates colistin resistance, was found in public transportation
in Guangzhou, China (28}, Twenty-three isolates of 737 samples with
bacterial growth were positive for mcr-1, most of them were resistant
against ampicillin, cefotaxime, fosfomycin, and gentamicin.

For Klebsiella prevmoniae, there were less findings of drug resistant
isolates. In the Beijing (China) subway environment, highly touched
surfaces were sampled and from a total of 603 samples across 15 metro
lines, 11 carbapenem-resistant K. pnesemaniae isolates were detected (29),

Enterobacter species were also found in public transport studies,
E. faecium was abundant throughout the subway in New York City,
United States (11), and multidrug resistant E. faecalis was ohserved on
shared bicycles in Chengdu, China (20),

Mo studies have been found on the eccurrence of multidrug
resistant Acinetobacter baumarnil and Fseudomonas aeruginosa in
public transport,

1.2 Microbial detection methods

There are a number of options for identifying bacteria, Classical
binchemical or physiological methods such as microscopy are time-
consuming and inefficient when it comes to examining a large number
of samples and identifying the organism. Most studies reviewed
within this work used the methodelogy of next-generation sequencing
(1.2.1), which displays a modern and high-throughput detection
approach, in contrast to cultivation on nutrient media. Latter allows
the analysis of organisms that can grow under specific conditions,
Several other methods exist, such as matrix-assisted laser desorption
ionization coupled to time-of-tlight mass spectrometry (MALDI-TOF
MS5) (31), or tandem mass spectrometry (149,

1.2.1 Mext-generation-sequencing

Mowadays, next-generation-sequencing (NGS) is the most wsed
technology for sequencing. With this approach, high throughput analysis
is possible and enables the identification of microbes within a high
sample size in a cost-effective manner, generating high amounts of data
(32, 23). There 15 a big variation within the NGS DNA sequencing
technologies, varying in amplification method, sequencing chemistry,
sequencing speed, etc. (32, 53). The most established NGS platform was
created by Hlumina, followed by Ohdord Nanopore, which revolutionized
the field by releasing a first portable nanopore sequencing device in 2014,
Each technology differs in its output, advantages and limitations. With
NGS, not only the microbial identity can be detected, also the diversity
within or of all samples can be determined, outshining the limited
information obtained by cultivation. The possibilities within NGS and

the bivinformatical analysis are rapidly evolving more and more,
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TABLE 1 Owerview of abundant bacteria across subways and subway stations found in multiple studies.
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Overview of described microbial countermeasures in public transport. For air cleaning and disinfec
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Nevertheless, there are some shortcomings when it comes to profiling
uncharacterized species in environmental microbiomes, as strain-level
analyses are usually tested for human metagenomes and the tools are
tailored to human metagenomes (34).

1.2.2 Loop-mediated isothermal amplification

Metagenomics is a powerful tool to identify the microbiome of a
sample. If specific organisms are to be screened for, such as potential
pathogens, there are methods such as loop-mediated isothermal
amplification (LAMP) that allow the targeted detection of species.
LAMP is a fast, cost effective, and easy tool to detect specific organisms
and requires only a few devices, while the evaluation occurs after 30 min.

Using marker genes, which differ for every organism, fast and
detailed detection with a high specificity and sensitivity are possible
(35). The potential of LAMP has already been established in relation
to the detection of pathogens in the food industry (36). It is also useful
for hospitals or in human high traffic environments to monitor
microbial threats. During the SARS-CoV-2 pandemic, several
publications showed the successful application of reverse transcription
LAMP for this pathogen (37-39).

To this date and to our knowledge, there is no publication on the
use of LAMP for pathogen detection in public transport as microbial
monitoring measure. The detection of drug-resistant organisms is an
important factor in monitoring the spread of pathogens and has yet to
be implemented.

1.3 Countermeasures and feasibility in
public transport

A summary of the mentioned countermeasures is displayed in
Figure 1. The term antimicrobial includes not only bacteria, but also
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other groups such as viruses and fungi. But even within the group of
bacteria, the effect of countermeasures varies depending on the
bacterium, e.g., in the case of spore-forming bacteria, as their spores
can be highly resistant to heat, for example (40, 41). Many of the
mentioned countermeasures have been tested within hospital settings
and in food industry, since the urge of clean and sterile environments
is inevitable in those areas. Passenger cabins do not have to be sterile,
but to provide an environment that does not promote the transmission
of (opportunistic) pathogens, measures are needed.

1.3.1 Antimicrobial surfaces

The transmission of pathogens is especially meaningful when
it occurs through surfaces in epidemic and endemic scenarios
(42). Although the transmission of pathogens through contact
surfaces can be reduced by antimicrobial surfaces, the long-term
usage and consequences have to be evaluated. One important
factor is the increased risk of the development and transmission
of antibiotic resistances between bacteria, when such materials are
overused (43).

One of the best investigated antimicrobial material is copper. It
causes cell damage by releasing copper ions which causes the cell
membrane to rupture, leading to a membrane potential loss and
depletion of cytoplasmic subtances (44). Further, copper ions
induce reactive oxygen species (ROS), which in turn cause DNA
damage (45). While copper as a material is costly, surfaces using the
antibacterial effect of copper and integrating it as metal
nanoparticles within a polymer matrix makes it cost effective, as
reviewed by Tamayo et al. (46), and therefore could be suitable for
a broad use.

While the antimicrobial properties of copper have long been
known and researched, there are many different antimicrobial surfaces
available (47, 48). For example, anti-biofouling surfaces can reduce
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microbial adhesion to the surfaces, biocidal nanocomposites kill
microbes using biocidal species. Physical mechanisms as
nanastructured surfaces can rupture bacterial cells, others can even
prevent the attachment on the surfaces (19],

Some innovative antimicrobial materials were already tested in
public transportation, such as antimicrobial photodynamic coatings,
showing an abselute risk reduction of 22.6% for high bacterial counts
(507, Other tested materials showed no significant reduction of the
microbial burden, using photocatalyst-coated and uncoated hand-
contact surfaces (51).

1.3.2 Fumigation of chemicals as an antimicrobial
approach

In the process of fumigation, an antimicrobial solution is
nebulized in an enclosed environment with the aim to reduce the
microbial burden in the air and on surfaces, The nebulization of
chemicals, e.g., hydrogen peroxide has been in use (52, 53}, There are
also different forms of fumigation, that even consider the application
in public transport (541, Here, peracetic acid stabilized with acetic acid
and hydrogen peroxide showed an effectiveness of disinfection of
BL7% in busses, and even worked against highly resistant spores,
Hydrogen peroxide facilitates the penetration of peracetic acid, which
contributes to a fortified sporicidal activity of the agents, a5 tested with
Bacillus subtilis spores (55).

The effectivencss of fumigation is highly dependent on the
materials to be disinfected (54, 56), e.g., the effect of fogged
peracetic acid and hydrogen peroxide was shown to be particularly
high on glass windows and doors, and low on fabric materials (56,
Further, the efficacy depends on the type of microorganism, the
fumigation device and technology and the substance (57-59). One
downfall of the fumigation of chemicals is the safety measures, that
have to be ensured. Therefore, the usage of fumigation can only
occur while the passenger cabins are not in service, but could
be performed during night times. Considering the costs of
fumigation, it depends on the device and fumigation technologics
used. Costs for consumables are low, eg. ~2 € / L of
hydrogen peroxide.

133 Uv-C

Another method for disinfection in public transport, but more
commonly employed in hospital settings, is UV-C disinfection, UV
radiation causes DNA damage (60), which is mediated by the
generation of ROS (61). UV-C operates in a spectrum of 200-280nm.
Because UV-C is also harmful to humans, some efforts have been
made to employ mobile robots for disinfection with UV-C radiation
(62, 63). In hospitals, there have been several systems using and
testing UV-C disinfection, that arc combined with disinfectant
chemical agents (64, 65). One disadvantage of this approach is the
material damage (660) and the incomplete light contact in all areas in
a room or cabin. An advantage of UV-C disinfection is the
economical aspect. Some low-cost UV-C light devices can
be purchased with high efficacy against strains of Candida auris,
MRESA, and bacteriophage Phit (67, Although UV-C disinfection
shows effectiveness against some pathogens, it can cause bacterial
mutations (65). A new, LED-based UV-irradiation technology has
shown to be effective against some bacteria and viruses, but it is
connected to high costs (69), which is uneconomical for use in

public transport.
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1.3.4 Plasma sterilization

A tool designed to provide both air purification and surface
disinfection is plasma. Plasma is also known as the fourth state of
matter, which is a particle mix with a high electrical conductivity and
is chemically reactive. The use of plasma is well established in the food
industry (70) and in the medical field (71, 72), but it may be useful for
the application in public transport.

The antimicrobial effect of plasma has been long known and is
created by the combination or single effect of charged particles (ions,
electrons), reactive species (e.g., ozone, ROS), radiation of UV-C/
Vacuum-UV (VUV} as well as heating (73-75).

There are different types of plasma that can be used for
disinfection. In a study conducted by Liang and Wu (76), culturable
bacterial aerosol diversity loss was observed after using non-thermal
plasma. Tested with Aspergillus miger, Bacillus subtilis, and
Pseudomeonas fluorescens as test organisms, it was described as 2 highly
efficient air decontamination method,

To date, no study has used plasma as a system to reduce the
microbial load in public transport. Only plasma related methods, such
as a needle-point bipolar ionization system was tested in trams to
investigate the reduction of bioaerosols (77). It was shown that
environmental bioaerosols were reduced with this method, but it was
not sufficient for surfaces. Therefore, more research is needed to test
the feasibility of plasma technologies in the public transport context.
Regarding cost-efficiency, only publications are available on the use of
plasma in water treatment plants or in food industry (75), using
plasma activated water (79). But in general, the formation of
noen-thermal plasma is connected to low energy input, unlike thermal
plasma (£0],

All approaches that were introduced in this section have their
advantages and disadvantages. Different factors have to be considered
when finding a best suiting method for a specific environment, such
as passenger cabins. These include cost-effectiveness, service life,
operation of devices, combined with the effectiveness of microbial
reduction. In the end, the aim to apply countermeasures within the
passenger cabins is to reduce the microbial load and therefore decrease
the spread of potential pathogens, and a combination of some
methods may bring all advantages together and ensure passenger
safety and comfort.

2 Conclusion

In this review, the most common bacterial organisms from studies
of the public transport microbiome were presented. Most studies
performed 165 rRNA sequencing to identify the microbiome. The
results showed that the public transport microbiome is dominated by
human-associated organisms, while no pathogens were detected.
However, targeted studies have shown that many of the so-called
ESKAPE organisms in particular are found in public transportation
and that this can be the place for the transmission of pathogens.

The use of the presented countermeasures in public transport was
classified in this review. The purpose of this rescarch is to show what
is shaping our microbiome in public transportation and how specific
organisms can be detected, but also reduced, to create a safe
environment where pathogen transmission is minimized. However,
this review also shows that more research is still needed to establish

micrabial reduction measures in public transportation.

frontiersin.org

33



Ly et al

Author contributions

¥-TL: Conceptualization, Visualization, Writing — original draft.
Writing - review & editing. 5L: Conceptualization, Writing — review
& editing. RM: Conceptualization, Funding acquisition, Supervision,
Writing - review & editing.

Funding

The author(s} declare that financial support was received for the
research, authorship, and/or publication of this article. ¥-TL was
supported by the DLR grant DLR-VO: GANDALE RM and 5L were
supported by the DLR grants: FuE-Projekt “I55 LIFE™ (Program
RE-FuW, TP 475) and Traffic (RoSto and VMao4Orte), These data will
be included in the Ph.D. thesis of ¥-TL.

References

1, BCDHC, (20220, Factsfeet afroart seasonal influenzie, Available at: hitps Cwwweecds
niseasonal-influenzalfacts/factsheet (Accessed February 13, 2024).

2. Jones KE, Patel NG, Levy MA, Storeygasd A, Balk D, Gittleman JL, et al Global
trends in emerging infections diseases, Narwre (2008) 451990-3, dol: 10,1038/
naturediah 3

3, Rehman 5 A paralle]l and silent emerging pandemic: antimicrobial resistance
(AMER) amid COVID-19 pandemic. | Jnﬁrr Fublic Health, {2023) 16:611-7. doi:
11016 fiph. 2022 02,021

4. Holsington Al, Stamper CE, Bates KL, Stanislawski MA, Flux MC, Postolache TT.
=t al, Human microbiome transter in the build environmens differs hased an ccoupants,
ahjects, and bl.Lil.d.‘iDEﬁ. St Hep. [2023) 13:64446. doiz 1001038541 598-023-33719-6

5. Meadow JE Altrichter AE, Kembel 51, Moriyama M, O'Connor TE, Womack AM,
¢t al. Bactertal communities on classroom surfaces wary with human contact.
Microbiomee, (2014) 2:2-7. doi: 10,1186/2049-2618-2-7

&, Yargas-Robles 1D, Gonzalez-Cedillo O, Hernandez AM, Alcaraz LTY, Peimbert M.
F‘ass!nger-:url’a:z microbiome interactions in the subway of Mexico City, PLo Ore.
(20200 15:e0237272. dod: 10,1371/ fournal. pone 0237272

7. Hsu T, Jolce B, Vallarino I, Abu-Al G, Hartrann BM, Shafgquat A, et al. Urban
transit sysiem microbial communities differ by surface type and interaction with
humanz and the environment. mBpstems, (Z016) 1:e0D018-16. dod: 1011287
msvstems, W01 8- 16

8. Herndndez AM, Vargas-Robles [ Alcaraz LD Pelrabert M. Statlon and train
surface microbiomes of Mexico City'’s metro (subwayfunderground), S¢i Rep. (2019)
1068798, dod: 10.1100/735027

EUTOPLEL

2. Leung MH, wWilkins I, Li EK, Kong FE, Lee PE. Indoor-zir microbiome in an
urban Sobway network: diversity and dymardcs, Appl Evvlson Microbtal. (20014}
BICGTA0-T0. doi: 10,11 28/ AEM 02244-14

10. Kang K. Ni Y. Li ], ITmamaovic L, Sarkar C, Kobler MDD, et al. The enviranmental
expiosures and inner- and intercity traffic fows of te metro system may contribute 1o
the skim microbdome and Reslstome, Cell Rep. (2008) 24:1190-202 5, dod: 1001016/
celrep 201806, 108

11. Afshinnekoo E. Meydan C. Chowdhury 5, Jaroudi [, Boyver C, Bernstein N, et al.
Genspatial resolution of human and bacterial diversity with City-scale metagenomics.
] Sy, (2005} 1:72-87, dol: 10010167, cels, 2015,00.001

12 Grydaki M, Colbeck 1, Mendes L, Eleftheriadiz K, Whithy C, Bloacrosals in the
athens metro: metagenetic insights into the PMI10) microbiome in a naturally ventilated
subway station. Srviron el (20210 146106 186 dod: 101016 foenvint. 2020, 106184

13 Klinsenke M5, Tyakht AV, Toshchakoy 5V, Shevehenko MA, Korshenkov AA,
Afshinneken E, et al. Co-occurrence patterns of Bacterda within microblome of Moscow
Subway. Comput Struct Bistechnol . (2020) 18:314-22. dod: 10,1006/ Leshj. 2020.01.007

'Id-.GnHi_I'. Eoafat KO, Moen LV, Pastuszek P, Slmgan G, Udielowa K1, et al. The Suhrwz!.'
micrabiome: seasonal dynamics and direet comparison of air and surface bacterial
communities. Microbioree. (2019) T:160, dok: 10,1186/ s40165-015-0772-%

15 Grice EA, Kong HH, Renaud G, Young AC, Program MNCS, Boaffard GG, etal, A
dim:iq,r]wnm: of the human skin microbiota. Gemome Res, (2008} 18 1043-50. dai:
101 101/gr 075549, 107

16, Byrd AL, Belkaid ¥, Segre 1A- The human skin microbiose, Nad Rev Microbiol
[2018) L6: 14355 dok: 10,1038/nrmicro.2017.157

Frontiers in Public Health

103389/ fpubh. 2024 1367324

Conflict of interest

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

Publisher's note

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

17, Wang ¥, Yu () Zhou B, Feng T. Hilal MG, Li H, Mationality and body location
Alter human skin microbiome. -'a_ppn! Micrehiol Biotechnol. (2021) 105:5241-54. doi:
1001007 5002534021 -1 1 3878

18, Winand K. Bogaerts B, Hoffman 5, Lefevee L. Delvoye M, Brackel |V, e al
Targeting the 165 rRMNA Gens for bacterial identification in complex mixed samples:
comparalive evaluation of second {Mlumina) and third {Csford Nanopore bbd'lrll.l‘uﬁi!!:l
generation sequencing technologies. Inr | Mal Sed (2009) 21:298 dod: 1033900
iimsZ 1010298

19, Runzheimer B, Lozane C, Boy I, Boy |, Godoy B, Matus FJL et al. Exploring
Andean ]'l.iuh-ahiluﬂ: Lake extremmophiles lhmuﬁh advanced Prateotyping. | Proteome
Res, (2024 dod: 10,1021/ acs jprotecme. 300538

20, D Ollivedra DM, Forde BM, EKidd T1, Hareis PN, Schembei MA, Beatson SA, et al.
Antimicrobial resistance in ESKAPE pathogens, Clin Microfiol Rew, (20200 33101128,
doiz 10,1128/ CMRE00181-19

21 Denissen ), Reyneke B, Waso-Reyneke M, Havenga B, Barnard T, Khan 5, et al
Prevalence of ESKAPE pathogens In the environmsent: antiblotic reststance statas,
community-acquired infection and risk to human health, et T vy Environ Health.
{2022) 244:1 14006, dod: 10,1016/ jLijheh. 2022.1 14006

22, Murray C], Ikuta K5, Sharara F, Swelschinski L, Aguilar G, Gray A, et al Ghobal
barden of bacterial antimbcroblal resistance in 200% a systematle analysis, Laacet, (2022)
356E29-55. doi: 10,1016/ 501406736021 027240

23, Lugz JK, Van Balen [. Mac Crawdord ], Wilkins JR 111, Lee ], Nava-Hoet RC, et al,
Methicillin-resistant Stapdeplocvecs aurens in public transportation vehicles (buses):
another plece te the epidemiclogle pazzle. Ane ! lefect Condrol, (2004) 42:1285-90. dok:
1001016, ajic, 201408016

24, Mendes A, da Costa PM, Rego I3, Bega N, Alves C, Mareira T, et al. Contamination
of public transports by Staphplococeus dureus and s carrage by biomedical students
point-prevalence, related risk factors and molecular characterization of methicillin-
resistant strains. Puldlic Health, (2013) 128:1125-31, doi: 10,1016/ pube. 2015.05.010

25, Lin JL, Pen;g_‘l’, Cu T, Lin DX, L1 Y, ¥e XH, et al. A medecular el'i'u‘l:minlnsic:l
study of methicillin-resistant staphplecoce environmental conlamination in railway
statlons and coach stations in Guangzhou of China, Lett Appl Micraliold (20070
G137 dbod: 10,0111 lam, 12700

26, .'mghuhangkﬁ. Neup:ne M, Adhikari A, Binita K, Tha 5, Detection of methicillin
resigtant Staphyplococcus aurens in public transportation of Kathmandue Valley, Mepal
Tribfevan Ut | Microdiol, (2008} 5:51-6. dod; 10,3126/ jm 5022312

27, Medvediowd A, Gyonova R, Prevalence of Stapiydoroccus aureis and antiblotic
resistant 54 proccs aurens in pu'hCIin: transport in Bratislava, Slovakia, Acta Chime
Stew, (2019) 12:41-5, doi: 10.2478/acs-2019-0007

2R, Shen C, Feng 5, Chen H, Dai M, Paterson DL, Z]lg:ng X, el al. Transmision of
e 1 -producing multidrug-resistant Enterabacterlaceae in public transportation in
GuanF:hnu. China. Clin In_fud s, (M18) 47521724, diiz lD.ID‘}l.l':id.':i:,'I‘iﬁl

29.Can T, Liuw ¥, Li Y, Wang Y, Shen Z, Shao B, et al. A public health concern:

emergence of carbapenem-resistant Klsbsiala preusmoniae in a public transporation
environment. § Aptimicral Chemother, (20200 75:27609-7 2 doi: 10,1093 jac/dkaa 260

30, Ga [ Xie X-], Lin ]-X, Shui J-R, Zhang H-Y, Feng G-Y. ct al. Prevalence and
transmission of antimicrobial-resistant staphylococel and enterococed from shared
bicyeles in Chengdu, China. Sei Titel Eaviren (2020) 738:139735. doiz 1001016/
Scitotenv 200, 1 39735

frontiersin.org

34



Ly etal

3. Torres-5angias E. Leal Rodriguer C, Garcia-Riestra O, Application
and perspectives of MADLI-TOF mass spectrometry in clinical micrabiology
laboratories. Microorganisms. (2011) 9:1538. clasiz 103390/ microarganismsH
71539

32, Akintunde O, Tucker T, Carabetta V1. The svalution of sext-genenition seguending
technalogies. arXiv [preprint], {2023). Available at; horps/ arsivorg/abs/ 230508724
[ Accessed December 2023),

33 Barba M, Crosnck H, Hadidi A. Historical perspective, development and
applications of next-generation sequencing in plant virology. Vienses, (2014) 6:106- 26,
o 10, 3390/w60 10106

M, Zolfe M, Asnicar F, Manghi B, Pasolli E, Tett A, Segata N. Prafiling microbial
strains in urban environments using mela.gﬂunni.cs!ql.lerbcinl.l; data Bial Direct. (H18)
13:8 dok: 10.1186/81 3062-018-0211-2

35, Poofa 5, Sudesh [y Peonam K, Joginder 5D, Suresh KG. Loop-mediated isothermal
amplification [LAMP) based detection of bacteria: a review, Afr | Biotechnod, (2014)
12:1920-8, doi- 10,5887 /ajb2013. 13459

36, Kokkinos P Ziros P Bellou M, Vantarakis A, Loop-mediated isothermal
amplification (LAMP) for the detection of Salsranella in food. Fond Anal Metfods,
[2014) 7:512-26, dai: 10.1007/s1216] -0 3-97458-8

37, El-Eatrawy 5A, El-Daly MM, Hassan AM, Harakeh 5B, Alandipany TA, Azhar EIL
Rarpitl amel reliable detection of SARS.-CaV-2 u:i:na direct RT-LAMP. .Ehngnnﬂlr_l (2022)
L2828, daob: 10,3390/ dlagnostics | 2040825

38, dos Samtos C, de (livedra K, Mendes G, Silva L, de Souza [, Estrela PR et al.
Detection of SARS-CoV-2 in saliva by RT-LAMP during a screening of Workers in
Braxil, includ.in“ pre-symptomatic  carriers. | Bz oo Soc. {20211, doi:
102157 7/0103-5053 202 10AE

39, Lamb LE, Bartolone SN, Ward E, Chancellor MB. Rapid detection of movel
coronavirus/severs acute respiratory syndrome coranavirus 2 (SARS-CoV-2) by reverse
transcription-loop-mediated isothermal amplifcation. PLo% One. (2020) 1560234682,
dod: TLIAT 1 peurmal pone 02 34682

40, Setlow B Spores of Bacillis sibiilfs: their reslstance to and killing by radiation, heat
and  chemicals [ Appl  Microbind  (2006)  100L514-25 doir 100111
1365-2672. 3005.027360x

41, Tu 7, Setlow P, Brul 5, Kramer G, Molecular phr:inhﬂisﬂ characterization ol a
high heat reststant spore forming BaclTus sultiis food tsalate, Micesorgandsms, (2021)
G667, doi: HESImicroorganisms I MGHT

42, Otter 1A, French GL. Bacterial contamination on touch surfaces in the public
trangpard syitem and in public areas ol a hospital in Lomdon. Leit Appd Micrabiol, (2009]
49:003-5, dod ML ILILL1472-TE5 2009027 20.x

43, Llar C, Bjerrum L. Antimicrobial resistance: rlsk assochated with antiblotic cveruse
and inifiatives o reduce the pmbh:m. Ther Ady Drug Saf. (2004} 5:228-41. doi:
101177/ 20420986 14554919

A4, Grass G, Rensing C, Soliox M. Metallic copper as an antimicrobial surface. dppl
Environ Microbtol, (2011} 77:1541-7, dok: 10,1128/ AEM.02766-10

45 Hong ¥, Zeng ], Wang X, Drica K, Fhao X Post-stress bacterial cell death
mediated by reactive speci:s?m-:. Matl Acad Sci [SA, (20090 116 L0064-71, doi:
101073/ pras 19017301 16

A6, Tamayo L, Axbdear M, Kogan M, Riveros A, Paer M. Copper-polymer
manacormposites: an excellent and cost-effective biocide for use an antibacterlal surfaces.
Mater 5o Eng. (2006) 6%1391-409, doi: W 1016 msec. 2016.08.04141

47, C:s;id:,r 5%, Sanders D], Wade 1. Parkin [P, Carmalt C[. Smith AM. et al.
Antimicrobial surfaces: o need for stewardship? PLoS Patliog. (2020) 162 1008880, doi:
10,1371 ournal ppat. LIDIEER0

4%, Mahamta U, Khandelwal M, Deshpande AS. Antimicroblal surfaces: a review of
s}m]u.-ﬁ: :ppm:rhc:. :pphi:ahilirr:nﬂ autlook. J Mater Sci. {2020) 561790541, doi:
10,1007/ 10853-02 1 -G404-0

49, Linklater DE Baulin WA, Juodkazis § Crawford E], Swodley B vanova ER
Mechano-bactericidal actions of nanostructured surfaces, Nar Rew Micrabdnd, (2021)
15:8-22, daiz 10, 1038541 57902004 142

50, Kalh [, Bassler P Schneider- Brachert W, Eckl DR Antimicrabial phnbn-dl_.-n:mi:
coalings reduce the microbial burden on environmental surfaces in public
transportation-a field study in buses. Tnr [ Evviron Res Pulitic Healthy, (2022) 192325,
dioi: ll'|.53l?l'l.|ijzr_pl|]|lﬂdZHZS

51.Eicker R, Saloman W, In\'::t:igatiun of the effectiveness of antimicrobial
photocatalyst-coated  hand-comtact surfaces in passenger transport vehicles
under everyday conditions, fue J Tafecr Corrral. (20210 17:2096%, dod: 10339600 ic,
w17 HH6E

52, Andersen B, Rasch M, Hochlin K, Jensen F-H, Wismar F, Fredriksen ]J-E.
Drecomtamination of roems, medical equipment and ambulances using an aerosal of
hydrogen perocide disinfectant, | Hosp Iufect. (2006) 62:149-55, doi: 1010064,
jhin.ll]'ﬁ.l'l’?.l).zﬂ

53 Moretrs T, Fanebust H, F:ISEIII.I nd A, 'Lang:ru.d 5. Whole room disinfection
with hydrogen peroxide mist to control Listeria monocytogenes in food industey
related envirenments. fuf | Food Micrabiod, (200%) 292:118-25, dob: 101006/,
ijffondmicro 201812015

Frontiers in Public Health

35

10.3389/ fpubh. 2024 1367324

54, Kruszewska E, Cruprvna B, Pancewice 5, Martonik [, Buklaha A, Moninszko-
Malinowska A, Is Peracetic ackd fumigation effective in public transportation? e |
Environ Res Pullic Hewlth. (2022) 19:2524. doi- ][:IJHI:I.I'i'pErPhl';ﬂiEIIS

A5, ].n.-m;ﬂl M], Schwarz 15, Burke PA, McDonnell G, D:n:.r:l 5P, Maillard J-Y.
Mechanisan of sporicidal activity for the sypergistic combination of Peracetic acid and
hydrogen  peroxide, Appl Eweviron Micraldod. (2006) S21055-% doi: 10,0128/
AEM.O3010-15

56. Richter WE, Wood B, Wendling M), Rogers [V, Inactivation of Bacillus anthracis
spares o decontaminate subway railcar and related materials via the fogging of perscetic
ackd and hydrogen peroxide sporicidal liquids. [ Enviren Marag, (2018) 206800-6. dai:
L0 1S jenvman 201 7.11.027

57 Matys [ E;eﬂn:nﬁ: T, Dominiak M, Greech-Leiniak K. The i:mp:u:l ud’]wdrnw
peroxide (HOy) fumigation on bacterial lewes in dental office environments: a
randomized clinical trial investigation, I Clin Med, (20230 127551, doi: 10,3390/
pem 2247551

58, Beswick AJ, Farrant |, Makison C, Gawn |, Frost G, Croak B, et aLL'lJmpar.im all
multiple systers for laboratory whole room fumigation. App! Brlasaf (2011) 16:139-57.
doi: W77 E5RTE01 L0 LSM303

59 Rastala WA, Weber DY), Disinfectants used for environmental disinfection and new
room decontamination technoogy. Am | Infect Control. (2013) 41:536-41. dod: 10.1016/1
ajic. 2012, 1 L0

ok, Murphy T. Budeic acids: interaction with solar UV radigtion. Carr Top Radiar Res
Q. (1975) 10:199-228.

il, Peak MJ, Peak |G, Jones CA. [ifferent (direct and indirect) mechanisms for the
induction of DMA-protein crosslinks in buman cells by far-and pear-ultravioket
radiations (290 and 405 nm). Photochem  Photobiol. (1985) 42:141-6. dok
FOLETNLTS0- 1057, 1985 b0 552 x

62 Hurtado M, Marquez |, Satelo B, Cornejo |, Palomares B, Mechanic design and
kinematic simulation of tri-star wheeled Mobile robaot for COVID-19 using UV-C
distnfection for public transport. 2022 First International Conference on Electrical,
Flectronics, Information and Communication Technologies (ICEEICT) (2022, p. 1-8.

63, Rakib SH, Masam 5, Farhana A, Tslam MA, Islam ME Reza MT. Design of a low
coit uliravialet disinfection unit Lo minimize the cros-contamination of COVID-19 in
transport, 2022 Internatkonal Conference on Advancement in Electrical and Electronke
Engineering (ICAEEE) (2022}

64, Guettari M, Gharbi 1, Hamza S, UV disinfection robat, Favirar Sci Pollit Res frt.
(2021} 28:A40394-%. doi: 10.1007/511356-020-11 184-2

65, Dos Santes T, de Cagtro LE, Evaluation af a poriable wliraviolet C (UV-C) device
for hospital surface decontamination. Photedbage Protodyn Ther, (2021) 33:102161. dok
10 NG pdpedt. 2020, 102161

iih, Teska P, Dayton B, Li X, Lamb ], Strader P Damage to commin healthcare pelymer
Surfaces from UV exposure,  Nawo l.i_fe. (2020} 102050001, doiz 1001420
S1T39844 20500014

a7, Pearlmutter BS, Hagq ME Cadoum JL. Jencson AL, Carlisle M, Donskey CJ.
Efficacy of relatively low-cost ultraviolet-C light devices against Cardida auris. Infect
Control Hosp Epideniol. (2022) 43:747-51. dod: 10.100750e.2021.206

aB. Mora M, Mahmert A, Koskinen B, Pausan ME, Oberauner-Wappis L, Erause R,
et al. Microorganisms in cenfined habitats: microbial monitering and control of
ntensive care unifs, np-entins rovmes, cleanrooms and the international space station.
Fromt Micralriol, {2006) 721573 dod: 10,3389 fmich.2016.01573

&9, Schitbel H, Diem G, Kiechl |, Chisté I, Bertacchi G, Mayr &, @ al. Antimicrabial
efficacy and Inactivation kinetics of a nowvel LED-based UV-irradiation technology. |
Huosp Irr,fud. {2023 135:11=7. doi: Iﬂ]l‘b]ﬁ."j.jllin.lnlz.ll.nll

70 Deng L-Z. Tao ¥, Mujumdar AS, Pan Z. Chen C. Yang X-H. et al. Recent advances
in non-thermal decontamination technologies for microorganisms and mycotexins in
losw-molsture foods. Trends Food Sof Techsol. (20200 106:104-12, dok 10.1014/).
£ifs. 2020, 10,00 2

71. Bernhardt T, Semmler ML, Schifer M, Bekeschus 5, Emmert §, Beeckmann 1.
Flasma medicine applications of cold atmospheric pressure plasma in dermatology.
Obdarive Med Cell Longew, (20019) 200%:1-10, doi: 1001155/ 2005 387 3928

72 Borpes AC, Kostoy KG, Pessoa RS, de Abreu GM, Lima GO, Figueira LW, et al.
Applications of cold atmospheric pressure plasma in dentistry. Appl Sci. {2021) 11:1975.
dii: 10033900 appd 1051975

73 Gallagher M, Vaze B, Gangoli 5, Vasibets Vi, Guusol AF, Milovanova TH, et al
Rapid inactivation of alrborne Bacteria using atmospheric pressure dielectric barrier
grating discharge. [EEE Trars Plasma Sci. (2007) 350501-10. doi: 10,0109/
THS.2007 905209

74. Scholiz W, Pazlarova |, Souskova H, Khun ), Julak [ Mon-thermal plasma—a tool
for decontamination and disinfection. Bistecfmed Adv, (2015) 33:1008-19, dod: 1001016/
bhiatechady 200 5.01.002

75. Laroussi M. Low temperature plasma-based sterilization: overview and state-of-
the-art. Fasea Pracess Polyen. (2005) 23914000 dod: 10,1002/ ppap 200400078

76 Liang ¥, Wu ¥, Sun K, Chen O, Shen F, Zhang ), et al. Rapid inactivation of
bialagical species in the air using atnnospheric pressure non-thermal plasma, Evviror
K Techmol, (20012} 46:3360-8. doi: 1001021 fes 3770

fromtiersin.erg



2.2 Microbial communities in local train cabins remain stable

through the seasons during one year of monitoring

Title

Authors

Affiliation

Article type
Authorship

Journal

Year

Author
Contributions
YL-S

AR

Microbial Communities in Local Train Cabins Remain Stable

Through the Seasons During One Year of Monitoring

Yen Ly-Sauerbrey?, Anna Rehm?, Denise Engel'®, Stefan Leuko?, and

Stefan Janssen?

! Department of Applied Biology, Institute of Aerospace Medicine,
German Aerospace Center, Cologne, Germany

2 Department of Algorithmic Bioinformatics, Justus Liebig University
Giessen, Giessen, Germany

% Laboratory of Experimental Immunology, Institute of Virology, Faculty
of Medicine and University Hospital Cologne, University of Cologne,

Cologne, Germany

Original research article

Single-first author

Microbiology (Microbiology Society), submitted
2026

Conceptualization, Data curation, Formal analysis, Investigation,
Methodology, Visualization, Writing -original draft, Writing — review &
editing

Conceptualization, Data curation, Formal analysis, Visualization,

Writing — review & editing

36



DE

SL
SJ

Conceptualization, Data curation, Investigation, Writing — review &
editing

Conceptualization, Resources, Writing — review & editing
Conceptualization, Funding acquisition, Project administration,

Supervision, Writing — review & editing

37



Microbial Communities in Local Train Cabins Remain Stable Through the

Seasons During One Year of Monitoring

Author names

Yen Ly-Sauerbrey!: https://orcid.org/0009-0007-0048-0218

Anna Rehm?: https://orcid.org/0009-0000-5063-486X
Denise Engel*3: no orcid

Stefan Janssen?: https://orcid.org/0000-0003-0955-0589
Stefan Leuko'*: https://orcid.org/0000-0002-0423-0896

* Correspondence

Affiliation(s)

! Department of Applied Aerospace Biology, Institute for Aerospace Medicine, German
Aerospace Center, 51147 Cologne, Germany

2 Department of Algorithmic Bioinformatics, Justus Liebig University Giessen, 35390 Giessen,

Germany

% Laboratory of Experimental Immunology, Institute of Virology, Faculty of Medicine and

University Hospital Cologne, University of Cologne, 50931 Cologne, Germany

Corresponding author and email address

Stefan Leuko: stefan.leuko@dlr.de

Keywords

public transportation, microbiome, surface, seasonal changes

38


mailto:stefan.leuko@dlr.de

1. Abstract

Millions of people commute daily by train and are exposed to the microbes brought by past and
present passengers. Like other forms of public transportation, train cabins provide an
environment that favors the spread of fomites due to high passenger frequency, confined space,
and close contact, thereby putting the health of immunocompromised individuals at risk. The
composition of environmental microbiomes can change over time. Monitoring of community
shifts and in particular abundance of potential pathogens is relevant, when it comes to (targeted)
application of microbial countermeasures. Only few studies exist, which focus on train cabins,
and no such study was performed in Germany. To close this gap, we conducted a one-year
microbial monitoring study of a German train line, taking surface and air samples from different
locations inside train cabins. We profiled the train microbiome via 16S rRNA amplicon
sequencing of the V1-V2 region. In addition, we used targeted gPCR to detect the opportunistic
pathogen Staphylococcus aureus and the skin commensal Staphylococcus capitis in DNA
samples from the train cabin samples. Our results show no significant seasonal changes in the
train microbiome, despite varying outside temperatures; however, distinct sampling locations,
differ significantly from others. The overall microbiome is mainly shaped by human-associated
genera. Staphylococcus aureus was rarely detectable, while only a few sample locations showed
positive detection of Staphylococcus capitis. The detection of (opportunistic) pathogens may

indicate a need for more targeted and improved detection protocols from low biomass samples.

2. Impact statement

Studies that investigate the train microbiome are extremely rare. Most studies focus on subway
microbiomes, particularly subway stations, which are often exposed to a constant outside
climate. Public transportation is an environment favorable to microbial spread and needs to be

investigated further.

We collected microbial samples at different indoor (and one outdoor) locations in trains over
the course of one year. This is relevant for detecting sampling location specific microbiomes or
identifying shifts in the microbiome, that visualize abnormal distributions or influences of the

environment, such as changes in temperature and humidity.

As antimicrobial resistance is becoming an increasing threat, this study deepens our
understanding of microbial transmission by determining the presence of the ESKAPE (1)

pathogen S. aureus and the BSL-1 control strain S. capitis in train cabins. By investigating
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selected sampling locations, possible countermeasures can be applied, e.g. for surfaces
suspected with high microbial load.

We observed human- and environment associated genera. The detection of S. capitis showed
more positive hits than S. aureus. Although seasonal differences did not reach statistical
significance level, a certain trend was evident. This study will help to understand certain
microbial dynamics and identify locations which can be targeted for increased microbial

countermeasures.

3. Data summary

The authors confirm all supporting data, code and protocols have been provided within the
article, through submission to publicly accessible repositories or through supplementary data

files.

4. Introduction

Public transport plays a big role in the transmission of pathogens and is therefore target of many
studies (2, 3). Infectious agents often spread through airborne (inhalation of contaminated air)
or contact (fomites, e.g. contaminated surfaces) transmission. Focusing on microbial
monitoring of the train cabin air and of frequently touched surfaces provides useful information
to develop suitable intervention strategies within those transmission routes. The spread of
opportunistic pathogens can create health risks for passengers and their contacts, especially for
humans with compromised immune systems, such as the elderly. The implementation of
measures for microbial reduction is needed. Prior to that, understanding composition and
dynamics of the existing microbiome is necessary to create targeted countermeasures to shift
the microbial stowaway into harmless configurations and not select for pathogens. Beside the
overall detection of public transport microbiome and pathogenic species, long-term monitoring
can provide valuable information on seasonal changes. Seasonal dynamics were previously
observed in subway stations in Oslo, Norway, showing increased diversity in spring and
summer (4). As extreme weather and temperatures are showing and are expected for the
following years due to climate change (5, 6), it is important to keep monitoring microbial
changes in the environment and human-shaped places. Besides, microbiomes differ
geographically (7), and collecting data on unexplored microbiomes contributes to the overall

microbiome knowledge.
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So far, human transportation has been shown to constitute vehicles for infectious disease
transmission in bus rides (8), air flight (9, 10), subways (3, 11), and trains (12). Studies which
focus on the train cabin microbiome are rare, although they play a great role in commuting for
millions of people daily. In Germany, trains were used 2.73 billion times in 2023 (13). One
study on the train cabin microbiome exists, showing that handrails and straps are mostly
inhabited by human-associated microorganisms (14). However, no long-term sampling was

conducted.

In light of the growing threat of antimicrobial resistance (AMR), especially concerning the most
relevant ESKAPE pathogens, it is crucial to monitor the presence of species that pose a health
risk to understand transmission and develop countermeasures. Suitable methods must be
applied to detect target species. Studies focusing on the detection of pathogenic
microorganisms, used cultivation on selective media, PCR of pathogen-associated marker
genes, or sequencing towards cultivation (16-19). Another approach to detect pathogenic
species, is sequencing of the full 16S rRNA gene, or even the metagenome, which secures
identification on species level (20). This would, however, not allow constant monitoring as
these approaches are accompanied by higher costs due to increased work and material costs.
An alternative, reliable and long-established method is qPCR, which is known for its high

sensitivity, specificity and quantitative data, as well as high-throughput possibility.

Taking into account the stated knowledge gaps, the train cabin of a German train line was
selected as the object of investigation in this study. The train microbiome was investigated over
the course of all four seasons of one year, with sample collection every two months. We
collected samples from surfaces that are suspected to be frequently touched by passengers, or
are expected to inherit a characteristic microbial composition. Additionally, the train cabin air
was analyzed to allow a comparison of these distinct sample types. These are expected to differ,
as shown by several studies (4, 21, 22). We purposely selected surface locations with different
surface materials, since they can harbor a varied microbiome (23, 24). In line with previous
studies of subway (25, 26) and indoor microbiomes (27), we observed a similar pattern with
predominantly human-associated taxa. Additionally, we tested targeted pathogen detection of
two selected bacterial species using gPCR without prior cultivation as proof of principle, to
compare the detection to 16S rRNA sequencing. This study complements data to previous work
by Auerhammer et al. (2023) (28) on the cultivation and characterization of (potential)
pathogens from the train cabin.
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5. Methods

For this study, cabins of the train line Regional Express 6 (RE6, commuting a ~300km distance
hourly from Minden to Cologne/Bonn Airport) from the Rhein-Ruhr-Express (RRX) were
sampled every two month and in total six times throughout one year at the train station
Cologne/Bonn Airport, Cologne, Germany. The sampling period was between March 2023 and
February 2024. Sampling occurred on 2023-03-28, 2023-05-30, 2023-08-01, 2023-09-28,
2023-12-06, and 2024-02-01.

5.1  Sampling

Both, surface and air sampling were conducted. On each sampling day, 11 sampling positions
(armrest, door button inside, door button outside, door bar, headrest, louvers, seat handle, 1st-
class table, 2nd-class table, 1st-class under-seat handle, and train air) and blank control were
processed (per sampling: 10 surface positions, 1 air sample,1 blank). In Figure 1, we display
an overview of the sampling locations. To gain sufficient biomass and statistical stability for
further processing, each surface sampling type was sampled six times (e.g. six different door
bars for one, pooled DNA sample of sampling position “door bar”). Prior to sampling, swabs
(C1052-50, Zymo Research) were wetted with ~20 pL of 0.8 % NaCl for optimal sampling
efficiency. After sampling, the swabs were placed in a 1.5 mL tube and stored at -20 °C until
further processing. In total, 60 pooled surface samples (6 swabs per pool), 6 air samples, and 6

pooled blanks (6 swabs per sampling day) were collected within this study.

e | e o e : _I

DOOR BUTTON s C‘“”
. INSIDE UNDER-SEAT

00

Figure 1: Overview of the sampling locations in the train cabin.
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Air samples were collected for ~35 min using the AerosolSense™ (Thermo Scientific) with a
flow rate of 200 L/min, by placing the air sampling device on a seat within the passenger cabin.
Additionally, blank samples were taken as a control, using a wetted swab and by shortly
exposing the swab in the train cabin air while taking few steps. No passengers were in the train

during sampling.

The temperature and relative humidity were documented at each sampling using a TFA

Dostmann Thermo Hygrometer. DNA extraction was performed within a month post-sampling.

5.2 DNA extraction

For DNA extraction from the swabs, the DNA Microprep Kit (D4301, Zymo Research) was
used. The tip of the swab and 750 uL of lysis buffer from the kit were assembled in a ZR
Bashing Lysis Tube prior to cell disruption for 5 min at 30 /s using the TissueLyzer (QIAGEN).
Further steps of the DNA extraction were performed according to the manufacturer’s
instructions, with a modification to pool the samples of each sampling location (6 swabs). This
was conducted by pooling after mixing the flow through with the binding buffer. The final DNA
was eluted in 20 pL of nuclease free water.

To extract DNA of the air samples, the sponge within the sampling cartridge was removed
under sterile conditions and placed into a ZR Bashing Lysis Tube before cell disruption as
described above. Further steps were similar as described in previous paragraph, without the
pooling step.

5.3  Library preparation & 16S rRNA sequencing

To prepare the DNA samples for sequencing, the Quick-16S Library Prep Kit (D6400, Zymo
Research) was used as instructed by the manufacturer, except for the following modifications.
For the targeted sequence amplification, 2 pL of the Quick-16S™ Primer Set V1-V2 and 6 pL
of DNase/RNase free water was used for one reaction. In the final library clean-up, 20 pL of
DNase/RNase free water was added to the beads before incubation for 2 min. The final library
was quantified using Qubit™ 1X dsDNA assay kit with high sensitivity (Q33230, Invitrogen™)

and adjusted to 4 nmol.

For 16S rRNA sequencing, the Illumina MiSeq™ system was used in combination with the
MiSeq Reagent Nano Kit v2 (500 cycles). The final concentration of the denatured DNA was
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set to 10 pM, and 510 pL of the library was mixed with 90 pL of the PhiX control before
loading it onto the MiSeq reagent cartridge. All samples were included in one MiSeq run, which
comprised a negative control and the ZymoBIOMICS Microbial Community Standard as

positive control of the 16S rRNA gene amplification by gPCR.

5.4  Data processing & analysis

Basecalling was performed with bcl2fastq (v2.19.0.316), and cutadapt (v1.18) (29) was used to
trim adapter sequences and generate fastq files. With fastqc

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and multigc (30), quality control

was conducted. The trimmed fastq files were then uploaded to Qiita (31) for further processing
(study ID 15480, https://qgiita.ucsd.edu/study/description/15480). Processing included library
split for demultiplexing, trimming to 150 bp and Deblur (v2021.09) (32). With Deblur, a
reference hit table was generated, which was positively filtered for sequences being close
enough to the Greengenes (v13.8) 88% sequence similarity alignment. Using Qiime2 (v2025.7),
the following processes were conducted, based on Deblur’s “reference hit table” (33): Reads
that occurred with a frequency <10 were filtered out, taxonomy classification was conducted
based on Greengenes2 (v2024.09) “2024.09.backbone.full-length.nb”. Chloroplasts and
mitochondria were excluded to avoid host- or plant-associated features. For alpha- and beta-
diversity, a rarefaction was performed with 10 iterations. Alpha- and beta-diversity were
calculated based on a rarefaction depth of 2,200 reads per sample. For alpha-diversity, Shannon,
Observed Features and Faith’s PD were computed (supplementary Table 1). Beta-diversity was
calculated as weighted and unweighted UniFrac, and Bray-Curtis (34). Dissimilarities between
samples were ordinated via PcoA and visualized as Emperor plots.

Statistical analyses were conducted as followed to determine differences between sampling
groups. Significance testing of top ten genera (taxa bar plot) and of all groups in alpha-diversity
was performed using Kruskal-Wallis and Post-hoc Dunn-test with Bonferroni correction. Beta-
diversity group significance was assessed by PERMANOVA using 999 permutations
(supplementary Table 2).

Microbial analysis notebook is available at: jlab/microbiome _leuko train: The train

microbiome: A one-year study on bacterial communities
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5.5  Detection of Staphylococcus aureus and Staphylococcus capitis via gPCR

To detect the species Staphylococcus capitis and Staphylococcus aureus, qPCR was performed
using the Luna® Universal g°PCR Master Mix (New England BioLabs®) according to
manufacturer’s instruction. For each reaction, 2 pL of template DNA was used. Extension was
performed at 58 °C (S. capitis) and 56 °C (S. aureus). Primer sequences were obtained from
Kim, Yang (35). As positive control, extracted DNA from Staphylococcus capitis DSM 20326
and Staphylococcus aureus DSM 20231 was used. Prior to DNA extraction, the selected
bacterial strains were grown in overnight cultures in TSB at 37 °C shaking at 120 rpm. DNA
extraction was performed using the ZymoBIOMICS DNA Miniprep Kit (D4300). For
quantification, the QubitTM fluorometer was used with the dsSDNA BR Assay Kit (Invitrogen).

gPCR was conducted in technical triplicates (n=3).

Table 1: Primer sequences from Kim, Yang (35).

Target Sequence (5°-3”) Size (bp)
species

S. capitis 150
Forward CGC AAG GTGGTCAACTTG AT

Reverse GCG CAT CGT GAAGTAATT CC

S. aureus 145
Forward CAA GCA CAA GGC AGT GGT AT

Reverse GTGGCG TTG CAATCT CCTTA
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6. Results
6.1  Seasonality

The taxonomic composition of the different sampling locations in the train during all sample
collection times are presented at genus level as top ten most abundant genera in Figure 2. Those
genera were Cutibacterium, Corynebacterium, Acinetobacter, Staphylococcus, Streptococcus,
JC017, Pseudomonas, Paracoccus, and Kocuria. This finding was not surprising, since most of
these genera are human-associated. The most abundant genus was unknown. In total, for 7,503

of 20,786 ASVs a genus level name could not reliably be assigned (~36.1 %).
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Figure 2: Top ten genera in various train locations during different seasons (n=6 per sampling

position per sampling time).

The taxa bar plot in Figure 2 displays the relative abundances in relation to the sampling
seasons. No distinct pattern was observed for all seasons.

To investigate potential seasonal dynamics, the sample alpha-diversity was plotted in Figure 3
in relation to the sampling seasons. Outside temperatures ranged from 10.2 °C to 26.5 °C
(16.3 °C difference) (see Figure 3A). A similar trend was observed for the measured relative

humidity within the train cabin. The temperature discrepancy was not significant within the
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train cabin with 23.5 °C Tmin and 26.9 °C as Tmax, and a discrepancy of 3.4 °C. Subsequently,
no significant influence on the indoor cabin microbiome was observed. The microbial
composition of the train air was consistent throughout the whole year of sampling (see
Figure 5), with not even half of the most abundant genera being similar to the surfaces’
samples. This indicates that many abundant genera of the train air differed from surface
samples, which is consistent with the literature (37).
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Figure 3: Alpha-diversity per A season and temperature at sampling location in- and outside
the train cabin (no significant difference between seasons) and B per samples at each season.
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The alpha-diversity over time (Figure 3A and suppl. Figure S1) shows a wave-like pattern.
Sample numbers are low and in fact statistical testing did not reach significance level.

For each sampling location, alpha-diversity is displayed as observed features sorted after
sampling season (Figure 3B). For most sampling locations, big fluctuation was observed
throughout all sampling seasons. Interestingly, alpha-diversity increased in the final winter
sampling for five out of eleven sampling positions. Even within the same season, there is a
considerable difference in alpha-diversity, as demonstrated by comparing, for example, both
winter samplings. However, no indication or explanation for this behavior was identified or
suggested. In contrast, rather constant alpha-diversities were observed for the sampling
locations door button inside and seat handle. Similar seasonal trends were shown for 1st-class

table and 2nd-class table, which constitute the same surface material.

Bray-Curtis beta-diversity of the samples is displayed in Figure 4. According to seasons, no
distinct pattern was observed. Samples collected in summer and winter showed most variability,

which might be due to temperature differences.
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Figure 4: Train microbial diversity. PcoA of Bray-Curtis distances for samples organized

after season.
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6.2  Sampling location

The taxonomy bar plot in Figure 5 displays the relative abundances in relation to the sampling

locations, based on the same data as Figure 2.

Cutibacterium was abundant in most sampling locations, but showed significantly lower
abundance in train air (vs. door bar (p=0.032), seat handle (p=0.020), headrest (p=0.029), door
button inside (p=0.004)), louvers (vs. door button inside (p=0.046)), and 1st-class under-seat
handle (vs. door button inside (p=0.029)). Significant differences were calculated by Kruskal-
Wallis tests and Post-hoc-Dunn-tests with Bonferroni-correction. The locations train air, 1st-
class under-seat handle, and louvers are all locations or surfaces which we expect to be either
not or rarely touched, explaining the low abundance of this genus.

Acinetobacter was most abundant on 1st- and 2nd-class table — surfaces, which are likely
cleaned less frequently than seat handles and door bars, allowing this desiccation tolerant genus
to persist. It showed higher abundance on the locations armrest, headrest (fall, second winter
sampling) and louvers (first summer sampling, fall, second winter sampling). However, there

were no significant differences.

The occurrence of the human skin-associated Corynebacterium was evenly distributed and
reasonably less abundant only in the train air, showing significantly lower abundance compared
to the locations door button inside (p=0.006) and seat handle (p=0.028). As another skin-
associated genus, Staphylococcus was less abundant on 1st-class table, train air, and for most
sampling of the louvers, therefore showing similar trends as the relative abundance of skin-
associated Cutibacterium and Corynebacterium. However, no significant differences in

Staphylococcus abundance were found among sampling locations.

Streptococcus was most abundant within samples of door button inside and seat handle, whereas
significantly lower abundance was observed in the train air (vs. seat handle (p=0.004), door
button inside (p=0.002)).
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Figure 5: Different locations in the train harbor varying microbiomes. Top ten genera

composition in different train areas (n=6).

Positions with higher Pseudomonas abundance were 1st-class table, 2nd-class table (spring,
winter), and 1st-class under-seat handle. However, no significant differences in abundance were
determined between sampling locations for Pseudomonas, and other genera, such as JC017,
Paracoccus, and Kocuria. Distinct abundance of Paracoccus was observed on armrest,
headrests (spring), door button outside (spring), louvers (spring, summer, winter), and constant
abundance was shown in the train air. For Kocuria, the highest abundances were shown for the
locations headrest (spring), door button outside (spring), 1st-class under-seat handle, and the

train air.

Overall, we were not able to identify distinct connections between taxa abundance and surface
materials. Most sampling locations were composed of plastic material (1st-class table, 2nd-
class table, armrest, door buttons, 1st-class under-seat handle). The headrest material was

synthetic leather. Seat handles and door bars had metallic (painted) surfaces.

Within a similar sampling campaign, cultivation and characterization of isolates was conducted
by Auerhammer et al. (2023) (28). The most abundant cultivated genus was Staphylococcus,

followed by Moraxella, and Micrococcus. Besides Staphylococcus, none of the cultured genera
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were represented in the displayed sequencing data. In comparison, qPCR detection of
Staphylococcus species is described in 6.4 gPCR detection.

The sampling location-dependent alpha-diversity (Faith’s PD) is displayed in Figure 6.
Although the train air showed consistent relative abundance of the top ten genera (Figure 5), it
was found to have a high in-sample diversity, which was also observed by Gohli et al. (2019)
(4). Sampling locations with highest diversity within a sampling type were the 1st-class under-
seat handle, the door bar and the train air. Comparison of sampling positions was performed
using Kruskal-Wallis test, showing differences in alpha-diversity (H=33.442, p=0.0002). Post-
hoc-Dunn-tests using Bonferroni-correction showed significant differences only between the
1st-class under-seat handle and louvers (p=0.03), as well as very significant compared to the
armrest (p=0.008). Further, significant difference was observed between door bar and armrest
(p=0.047). The different alpha-diversities could be explained by the surface materials, as
demonstrated by Hsu et al. (2016) (23). The door bar is a metallic bar with varnish, whereas the
armrest material is plastic. Another difference would be the touching frequency, which we

expect to be higher for the armrest.
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Figure 6: Alpha-diversity of sampling locations. Louvers vs. 1st-class under-seat handle

(p=0.03), armrest vs. 1st-class under-seat handle (p=0.008), armrest vs. door bar (p=0.047).
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A driving factor on microbial similarity is sample site, visible by the clustering in Figure 7.
However, samples of locations like 1st-class table, armrest, and louvers are widely scattered,
indicating high shifts in microbial communities. In contrast, especially door button inside and
seat handle samples were clustered with high proximity to each other. The beta-diversity of
door button inside, seat handle, and some samples of headrest and door bar was similar. This
was not expected, since those positions are characterized by different surface materials.
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Figure 7: Train microbial diversity. PCoA of Bray-Curtis distances for samples organized

after sampling position.
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6.3  Effect size — sampling location > sampling time

Previous results already showed a distinct microbial pattern for each sampling position rather
than sampling time. To analyze which component, sampling location or sampling time, had the
most influence on the diversity (alpha and beta), forward step redundancy analysis was
performed using Observed Features, Faith’s PD and Shannon metrices for alpha-diversity, and
unweighted unifrac, weighted unifrac, and Bray-Curtis for beta-diversity (Figure 8,
supplementary Figure S2). It clearly showed, that the sampling locations harbored distinct
microbial compositions. However, seasonal changes of the microbiome were not disproved at

this point.
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Figure 8: Sampling location has greater influence on beta-diversity compared to the
sampling time. Effect size analysis using forward step redundancy analysis with a linear model

composed of sampling position and sampling time on Bray-Curtis distances.

6.4  gPCR detection of Staphylococcus is limited — more S. capitis than S. aureus

Sequencing of variable regions of the 16S gene holds limitations which are reflected by the
reliable determination of taxonomic levels until the genus level. Microbial detection via
sequencing of the whole 16S gene can provide information on the species level, but is connected
to higher cost. To investigate the occurrence of opportunistic pathogens, another methodology
is needed. Therefore, gPCR was performed to aim for a species level detection within the DNA
samples. Due to the limitation of DNA material, two target species were selected.

Staphylococcus aureus, as one of the ESKAPE pathogens, and Staphylococcus capitis, as a
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control as it is a skin commensal. Additionally, the results of each sampling time were
concluded. qPCR results are represented by CT-values for each sampling position (Figure 9).
Based on the results of the negative controls, the limit of detection was set to a CT of 35. It has
to be noted that the calculated copy numbers were <0, therefore the data have to be considered
with high caution. Overall, S. capitis was detected in all sampling positions but three, whereas
S. aureus was only detected in three positions. This was expected due to S. capitis’ natural
occurrence on human skin. S. aureus was detected in samples of seat handle, door button inside
and 2nd-class table, where S. capitis was also detected. On the other hand, S. capitis was not
detected in louvers, armrest, and 1st-class table. Based on these results, no concerning
concentrations of S. aureus were found. As many studies perform selective cultivation of
samples for pathogen detection (2, 38), it would be of interest to test cultivation simultaneously
to gPCR to compare outcomes. Cultivation of highly touched surfaces in trains was performed
in another study (28), investigating the same train line as in our study with focus on cultivation.
However, no S. aureus was identified, which can be the result of non-selective cultivation or

low abundance of cultivable cells.
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Figure 9: No quantitative detection of S. capitis and S. aureus in the train.

Additionally, CT-values were plotted for both species according to the sampling seasons
(supplementary Figure S3). S. capitis detection was more prominent in winter and summer,

while S. aureus showed only a slight tendency for better detection in one summer sampling.
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As for future investigations, other relevant genera such as Pseudomonas, Streptococcus and
Acinetobacter would be of interest as they occurred within the top ten sequenced genera.

7. Discussion

The train cabin is a public space, which is used by millions of passengers daily. It is shaped by
the human microbiome, mostly by the contact from skin to surface. Further, airborne
microorganisms can spread in such confined spaces, especially within full cabins. The train
cabin environment is favoring the transmission of opportunistic pathogens, which poses public
health concerns, especially due to the rising threat by AMRs. Therefore, we conducted a one-
year study on the train microbiome, complemented by the detection of opportunistic pathogen

S. aureus and control S. capitis via gPCR.

7.1 No significant seasonal dynamics in the train cabin microbiome

In this one-year study, no statistically significant difference in diversity was observed between
the seasons. However, a distinct wave-like trend of alpha-diversity was visible throughout the
sampling year. Other studies showed a higher alpha-diversity in different seasons. In Shanghai
(39) metro stations, the highest alpha-diversity was observed in fall, whereas in Seoul (40), the
fall season resulted in the lowest diversity and summer the highest. In Oslo, spring showed
highest diversity (4). Therefore, even the comparison between roughly similar study designs
with outdoor station analysis is not easy, as parameters such as geographic location, the

temperature and relative humidity might create a striking difference (7, 36, 41).

Long term studies of other indoor environments have shown seasonal dynamics of microbial
communities. However, the study design differed, since dust samples were taken in homes (42,
43), or active air sampling with filters was conducted, also focusing on dust collection (36). By
collecting data on the train cabin microbiome, we contributed new information in this field,
since no studies on the train or even subway cabin microbiome over long-term exist.
Countermeasures to provide benign surface and air microbial communities might therefore not

require seasonal adaptations, easing practical implementations significantly.
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7.2 Sampling locations define the microbial composition

Our data show that sampling location has a higher influence on the microbial composition than
sampling time. Our result matches findings of previous studies, which state that the surface
material is defining the surface microbiome (23). However, no specific pattern according to
surface material could be observed in our study. Therefore, we speculate that multiple
influences together shape the microbial indoor cabin community: The surface material, type of
contact (e.g. door bar by hand, headrest by head), and frequency of touching (44). Alongside
the surface samples, air samples were retrieved in this study. Here, a clear difference of the top
ten genera was shown compared to the surface samples. The indoor air microbiome has been
already shown to be different to the surface microbiome, since the air microbiome is shaped by

outdoor air and non-skin sources (37).

7.3  Pathogen detection in the train

The analysis of environmental samples of public transport is mostly conducted by 16S rRNA
sequencing to create a picture of the microbial composition, as summarized by Ly et. al (2024)
(45). Most studies of the subway microbiome conducted sequencing of distinct variable regions
of the 16S gene. This approach allows reliable taxonomic identification up to the genus level
(46). However, pathogenic species cannot be targeted by sequencing of variable regions of 16S
rRNA. Therefore, we conducted gPCR detection of target species as proof of concept, without
prior cultivation. The mentioned AMR crisis was subjected in this study by target detection of
one ESKAPE pathogens, S. aureus and skin commensal S. capitis as a control. gPCR revealed
three sampling locations as S. aureus positive, and seven positions as S. capitis positive. This
was determined by a CT-value under a threshold of 35. However, the calculation of the copy
numbers of each species and position showed no indication of infection risk of both species due
to an extremely low copy number near zero. This low detection outcome is expected to be result
of the low biomass, since in other studies, cultivation of isolates was performed prior to gPCR
(17, 18).

In a study conducted by Auerhammer et al. in 2023 (28), samples were collected for cultivation
in the same train line, which was investigated the present study. Different sampling locations,
not all similar to those of this study were tested. Isolated species were identified by MALDI-
TOF MS, followed by subsequent analysis and characterization by 16S rRNA sequencing,
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growth curves, antimicrobial susceptibility testing, evaluation of cleaning and disinfection on
isolates, among others, on selected bacterial species. Of tested isolates, only E. cloacae showed
noteworthy antimicrobial resistance against five antibiotics. Among those, resistance against
last resort antibiotic colistin was identified (28). For future studies, focusing on selective

cultivation for antibiotic resistant bacteria would be beneficial for microbial risk assessment.

In the same study, the most abundant cultivated genera were Staphylococcus, Moraxella, and
Micrococcus. Compared to our sequencing data, only Staphylococcus was abundant. An
explanation would be, that abundant genera identified by 16S rRNA sequencing were not viable
or “viable, but non-culturable” (VBNC), which is a common issue or downfall of cultivation
(47). However, sequencing is subjected to certain restrictions. For instance, the selection of the
target 16S sequence segment can influence the outcome. Even at the beginning, during DNA
extraction, cells of some species or genera are more difficult to lyse than others (e.g. Gram-
positive bacteria) (48), which influences the representation of the taxonomic results. Further,
different extraction Kits result in variable sequencing results (49).

7.4  The train microbiome shows high similarity to other public transport

environments

The train cabin microbiome is a confined space, with high fluctuation of passengers, often times
without highly efficient ventilation system (e.g. no HEPA filtration), with varying travel
durations. Some of these factors are also present in other indoor environments, such as airplane
cabins. However, airplane cabin ventilation systems are more sophisticated with the use of
HEPA filters, which are not commonly found in trains. Another similar environment is
displayed by the subway (16, 23, 25, 50), which is characterized by typical human- and
environment-associated genera, as concluded by Ly et al. (2024) (51). The fact that human
shape the indoor microbiome becomes clear considering the International Space Station (ISS)
microbiome, as an isolated environment. Here, abundant taxa are Corynebacterium,
Streptococcus, Staphylococcus, Propionibacterium, and Pseudomonas, among others (52-55),
which are similar to the public transport microbiome. Nevertheless, as the previous section

showed, collecting data and perform microbial monitoring is still important.
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7.5  Limitations of this study

For statistical purposes, an increased number of samples would have been beneficial for the
results. However, this was not feasible in with regard to the laboratory expense. We decided to
take six samples of each sampling location to gather enough biomass for DNA extraction and
analysis. In detail, e.g. for each seat handle sample, six different swabs and seat handles were
sampled to moreover minimize sampling location bias. However, the obtained DNA was not
detectable via Qubit measurement. Sequencing was possible, but the detection of specific
species via qPCR constituted a challenge. Almost no S. capitis and even less S. aureus were
detectable, which is a relieve in terms of microbial risk. To gain more information on the
detection method, other target organisms with expected higher abundance according to
sequencing results could be selected, such as S. epidermidis as a control and Acinetobacter
baumannii as a pathogen. Another approach is the detection of specific genes, as previously
conducted by Shen et al. (2018) (17). Although no prior cultivation for g°PCR was intended in
this study for time and feasibility, selective cultivation for antibiotic resistances would facilitate

this approach by generating more output DNA.

7.6 Concluding comments

This study was the first to conduct long-term sampling in train cabins in Germany. We
conclude, that the sampling locations within the train influence the microbial diversity in the
train cabin the most, rather than the sampling time or seasons. Countermeasures might therefore
work over the whole year and should be considered for each location/material in the cabin.
Microbial detection via gPCR showed more hits for Staphylococcus capitis compared to

Staphylococcus aureus. However, this approach has to be improved.

The combination of 16S rRNA amplicon sequencing of the V1-V2 region and qPCR allowed
for a broad-spectrum analysis of the train microbiome, and the targeting of specific species of
interest. This work provides basic knowledge for future studies exploring the indoor
microbiome of public transportation and the development of suiting microbial countermeasures

to reduce transmission of opportunistic pathogens.
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Figure S2: Sampling location has greater influence on alpha- and beta-diversity compared
to sampling time. For Shannon, no significant findings were observed.
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Figure S3: qPCR detection of S. capitis and S. aureus in different seasons. For this figure,
data of the sample collection of 05/30/2023 (spring), 08/01/2023 (summer), 09/28/2023 (fall),
and 02/01/2024 (winter) were used.

Available in microbial analysis notebook:
Supplementary Table 1: Alpha-diversity measures.

Supplementary Table 2: Beta-diversity measures.
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Summary

A microbial community containing 9 bacterial species was created based on the most common
bacteria in public transportation, which can be used as a reference microbiome for testing the
efficiency of decontamination and detection methods, and also as a bioaerosol. In addition, the
created microbial community was characterized with regard to its behavior and abundance of
individual strains under the stress conditions of irradiation, desiccation and cold storage in order
to investigate the stability of the product.

Keywords
Bioaerosol, microbial monitoring, indoor and build environment microbiome, public transport
1. Introduction

Public transport was particularly affected by the COVID-19 pandemic, as passengers no longer
felt safe. There was a great concern of becoming infected in crowded, confined spaces. To
investigate the influence of microbes to the indoor climate, a microbial community was
developed that closely resembles the microbiome of public transport. This will be used to test
methods for decontaminating vehicle cabins and reducing contamination. Furthermore, the
simulated microbiome will also be used as a bioaerosol, for example to test new ventilation
concepts (Kohl, Ly et al., 2024). Composite microbial communities are already available on the
market, such as the ZymoBIOMICS™ Microbial Community Standard cells (MC; Zymo
Research Corp., Irvine, CA, United States). The difference to this work, however, is that here
a microbiome was developed for a specific environment, namely public transport and passenger
areas. There are already studies that have examined the microbiome in subways and airplanes
(Weiss et al., 2019, Leung et al., 2014), which mostly consist of human-associated bacteria, but
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also environmental-associated bacteria. Airplanes and subways share the most frequently
occurring genera (see Table 1). Genera typical of skin microbes are represented, such as
Propionibacterium, Corynebacterium, Micrococcus and Staphylococcus. However, genera of
environmental representatives such as Flavobacterium and Burkholderia are also represented.
The publications on which the data in the table are based on, used different methods to identify
the microbes in the airplane and subway samples. For the airplane samples, 16S rRNA
sequencing (Weiss et al., 2019, Liu et al., 2020) and shotgun metagenomics (Sun et al., 2020)
were performed, and data were compiled from other literature (Zhao et al., 2019). For the
subway samples, methods such as 16S rRNA sequencing (Gohli et al., 2019, Hernandez et al.,
2019), and Illumina HiSeq (Kang et al., 2018, Afshinnekoo et al., 2015) were used.

In this study, nine bacteria were used to create an artificial microbial community resembling
the microbiome of public transportation. These are based on the most frequently occurring
genera (see Table 1). They are all classified as biosafety level 1 and are used in this community
as a reference model for various investigations and tests of decontamination and detection

methods.

Table 1: Most abundant bacteria in aircraft cabins and subways. Based on studies that
investigated the microbiome of aircraft cabin and subway air and surfaces.

Aircraft cabin Subway Reference

1 | Staphylococcus Staphylococcus Aircraft cabin: Weiss et

2 | Pseudomonas Acinetobacter al., 2019, Liu etal., 2020,
. - Sun et al., 2020, Zhao et

3 Corynebacterium Corynebacterium al. 2019

4 | Streptococcus Micrococcus

5 | Enterobacteriaceae Propionibacterium Slubway: Afshinnel|<oo et

- al., 2015, Kang et al.,

6 Flavot_>acter|um Psel_Jdomonas 2018, Gohli et al., 2019,

7| Kocuria Sphingomonas Hernandez et al., 2019

8 Micrococcus Flavobacterium

9 Sphingomonas Streptococcus

10 | Stenotrophomonas Kocuria

69



2. Materials and methods
2.1  Test organisms and growth conditions

The organisms are listed in Table 2 and were grown using 2x Reasoner’s 2A broth (TEKnova;
composition: yeast extract 0.5 g, peptone 0.5 g, casamino acids 0.5 g, glucose 0.5 g, soluble
starch 0.5 g, sodium pyruvate 0.3 g, dipotassium phosphate 0.3 g, magnesium sulfate 0.05 g,
per Liter), Tryptic Soy Broth (Sigma-Aldrich; composition: casein peptone (pancreatic) 17 g,
dipotassium hydrogen phosphate 2.5 g, glucose 2.5 g, sodium chloride 5 g, soya peptone
(papain digest.) 3 g, per Liter), and Brain Heart Infusion broth (Sigma-Aldrich; composition:
brain extract 7.8 g, heart extract 9.7 g, proteose peptone 10 g, sodium chloride 5 g, D(+)-
Glucose 2 g, disodium hydrogen phosphate 2.5 g, per Liter). The strains Burkholderia lata DSM
230897, Enterococcus viikkiensis DSM 240437, Propionibacterium cyclohexanicum DSM
168597, Pseudomonas antarctica DSM 15307, Staphylococcus capitis subsp. capitis DSM
111179 and DSM 203267 were grown for 18 h under constant shaking at 200 rpm, while the
strains Corynebacterium halotolerans DSM 446837, Flavobacterium frigoris DSM 157197,
Sphingomonas rubra DSM 261357, and Streptococcus halotolerans DSM 1019967 were grown
for 48 h at 200 rpm. The composition of the microbial community in a solution depends on the
desired concentration of the respective strains and can be adjusted individually. The
composition of the bacterial strains used in this work is listed in Table 2. In addition, S. capitis
subsp. capitis DSM 11179 was listed, which is used instead of S. capitis subsp. capitis DSM
203267 in other experiments, depending on the type of experiment.
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Table 2: List of utilized bacterial strains with growth conditions and reference.

Strain

Growth

Reference

Burkholderia lata DSM
230897

Corynebacterium
halotolerans DSM
446837

Enterococcus viikkiensis
DSM 240437

Flavobacterium frigoris
DSM 157197

Propionibacterium
cyclohexanicum DSM
168597

Pseudomonas antarctica
DSM 15307

Sphingomonas rubra
DSM 261357

Staphylococcus capitis

subsp. capitis DSM
203267

Staphylococcus capitis
subsp. capitis DSM
111179/ K1-2-2-23

Streptococcus
halotolerans DSM
1019967

2xReasoner’s 2A broth or agar 37 °C

Tryptic Soy Broth (TSB) or agar (TSA)
37°C

Brain Heart Infusion (BHI) broth or agar
37°C

2xReasoner’s 2A broth or agar 20 °C

Brain Heart Infusion (BHI) broth or agar
37°C

Tryptic Soy Broth (TSB) or agar (TSA)
20 °C

2xReasoner’s 2A broth or agar 20 °C

Tryptic Soy Broth (TSB) or agar (TSA)
37°C

Tryptic Soy Broth (TSB) or agar (TSA)
37°C

Brain Heart Infusion (BHI) broth or agar
37°C

Vanlaere et al.,
2009

Chen et al., 2004

Rahkila et al.,
2011

Van Trappen et
al., 2004

Kusano et al.,
1997

Reddy et al., 2004

Huo et al., 2011

Kloos and
Schleifer, 1975

Sobisch et al.,
2019, Siems et al.,
2022

Niu et al., 2016

2.2 Stress tests

In order to characterize the developed microbial community as a product, three different
treatments were tested. Irradiation was used to inactivate the microorganisms in order to be able
to use the microbial community as a non-reproducible and inactive product while it is still
molecularly detectable. A) Irradiation was applied on the microbial community using a dose
of 10 kGy X-Ray (RS 225 A, Gulmay Medical). To test the stability of the microbial community

after B) desiccation, 500 pL of the bacterial suspension with a total cell count of ~5 x 10° cells
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was dried under sterile conditions. The C) stability stress test at 4 °C was conducted by storing
the samples at 4 °C for one week, to investigate the shelf life of the bacteria.

2.3  DNA extraction and 16S rRNA sequencing

For DNA extraction, the DNA/RNA Miniprep Kit (ZYMOBIOMICS) was used according to
the provided protocol. Prior to 16S rRNA sequencing, the samples were preprocessed using the
Quick-165™ NGS Library Prep Kit (ZYMO RESARCH) according to the corresponding
protocol with minor modifications: the fluorescence standards were not used and instead,
quantification was performed by the Quantus fluorometer (Promega). Further, AMPure XP
Beads (Beckmann Coulter) were used for the clean-up of the DNA after index PCR. 16S rRNA

sequencing was performed with the lllumina MiSeq Reagent Kit v3 (600 cycles).

2.4  Data analysis

Data obtained from sequencing was preprocessed using divisive amplicon denoising algorithm
2 (DADAZ2), the taxonomic classification was conducted using Quantitative Insights Into
Microbial Ecology2 (QIIME2) with the plugin sklearn (scikit-learn), using a classifier
connected to the SILVA rRNA database for 16S.

3. Results and discussion

The genera of the selected strains are known to be both human-associated and environmentally-
associated bacteria, and at the same time related to pathogens (Figure 1). The study of these
organisms in the community provides a reference for understanding microbial interactions and

also serves as a realistic model for various applications.
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o Streptococcus prneumoniae ATCC 33400
o Streptococcus halotolerans DSM 1019967
o Emterococcus faecium ILMG 11423
o Enterococcus viikkiensis DSM 240437
O Stapinvlococcus aurens ATCC 12600
0 Staphylococcus capitis DSM 203267
' Staphylococcus capitis DSM 111179
O Sphingomonas paucimobilis DSM 10987
O Sphingomonas rubra DSM 261357
o Burkholderia cepacia 717
O Burkholderia lata DSM 23089
O Pseudomonas aeruginosa DSM 50071
O Pseudomonas antarctica DSM 15307
O Flavobacterivm meningosepticum ATCC 13253
O Flavobacterium frigoris DSM 157197
O Propionibacterium cyclohexanicum DSM 168597

O

O Propionibacterinm acnes ATCC6919
2 Carvnebacterium diphtheriae C7 s(-) tox
7 Corynebacterium halotolerans DSM 446837

Figure 1: Phylogenetic tree of the developed public transport microbiome (bold) and
related pathogens. The tree construction was performed with FastTree v2.1.8. based on 16S
rRNA sequences. 16S rRNA of the strain S. capitis DSM 111179 was extracted from whole
genome data using ContEst16S (Lee et al., 2017).

Various stress tests and storage conditions were performed for an initial characterization of the
microbial community produced for the first time. This was followed by DNA extraction of the
cells and 16S rRNA sequencing to check the abundances of the respective genera within the
microbial community before and after the treatments. Comparing the taxonomic abundance
within the microbial positive control model community with that of the treated samples, some
differences and similarities can be seen. In the irradiated microbial community, only
Corynebacterium showed a significantly higher abundance than in the positive control
(Figure 2A). The inactivation of cells using X-rays has already been investigated and earlier
studies have shown that amplifiable DNA is still present (Josephson et al., 1993) despite the
double-strand breaks in the DNA induced by X-rays (Dean et al., 1969). This was confirmed
by this work with 16S rRNA sequencing.
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Figure 2: Changes within the microbial community after irradiation, desiccation and
storage at 4 °C. Genera relative abundances were compared after treatments with the untreated
microbial community. After (A) irradiation and (B) desiccation, the relative abundances were
similar to the untreated microbial community. (C) Storing the microbial community at 4 °C for

one week showed an increase of the genus Pseudomonas.

Desiccation of cells through air drying can cause hyperosmotic and matric stress, as well as
damage of cell membranes (Potts, 1994). After desiccation, only a decrease in Burkholderia
was observed (Figure 2B), indicating stability of the DNA while cells might be damaged. These
results indicate the stability of the model community after irradiation and desiccation stress.
Only when the microbial community was stored at 4 °C, significant increases in Pseudomonas
were shown, which can be attributed to the growth characteristics of P. antarctica DSM 15307

at such low temperatures (Reddy et al., 2004).
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4. Conclusions

An artificial microbiome simulating that of public transport was developed and its behavior was
tested under three stress conditions. Inactivation of the microbial community by X-ray
irradiation (10 kGy), desiccation treatment and storage at 4 °C led to a change in the bacterial
abundance of only three different strains. The microbial community was therefore mostly
stable. In future work, the use of reference microorganisms, in particular customized
microbiomes, will be relevant in order to achieve an approximately realistic behavior in the
application of (novel) methods. It can be used in liquid or dry state to test microbial
countermeasures such as antimicrobial surfaces or as a bioaerosol to test ventilation concepts.
The microbial community presented in this work has already been used in other as a reference
bioaerosol for the investigation of a ventilation concept to reduce the bacterial load in passenger
cabins (Kohl, Ly et al., 2024). With regard to indoor air, this means finding and testing measures

that are effective in improving the quality of indoor air and thus maintaining people's health.
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An important route of transmission for potentially harmful bacteria is the spread of bioacrosols in indoor environments. In a
chamber specially developed for particle dispersion tests, we created a defined bioacrosol to study the performance of two
methads commonly used in biology and engineering studies: airborne bacterial detection and particulate matter (PM) analysis.
A total of five ventilation cases were investigated in which an air curtain, operated at Reynolds numbers Re < 11,000, shielded
the particles in one half of the test chamber from the other half. In two of these five cases, a HEPA filter was also installed to
specifically reduce the particle concentration in the test chamber, In addition to active and passive air sampling measurements
of bacteria, we took PM measurements in front of, beneath, and behind the air curtain under constant air temperature and
relative humidity conditions. The bioaerosol contained nine bacterial species, evenly distributed in artificial saliva, Two species
in the bioacrosol, Staphylococcus capatis DSM 111179 and Burkholderia lata DSM 23LIH9'I., were selected for evaluation due to
their antibiotic resistance, which makes them distinguishable from other species. The results show a similar trend in the
concentrations of the detected particles and bactenia. The survival rates of the evaluated bacterial species differed; 5 capitis
exhibited a greater agreement with the PM measurements than B, lata did, which emphasizes the importance of using a
various model organism in such experimental setups. We evaluated the effectiveness of the air curtain in reducing particle and
hacterial spread, with values reaching up to 66% for both measurement approaches, This study highlights the key differences
between the two detection methods and confirms the reproducibility and suitability of the standardized bivaerosol for future
research applications, Both methods have demonstrated their potential for use in more realistic scenarios,

1. Introduction

Microbial spread is natural when people travel or reside
indoors because microorganisms, especially bacteria, colonize
the human body [1, 2]. These microorganisms can be trans-
ferred via surfaces [3, 4] as well as through the air [5]. The
potential for microbial transmission is a significant issue when
opportunistic or pathogenic agents cause infections. Therefore,
it is essential to investigate a range of countermeasures for
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reducing microbes, particularly in indoor environments such
as the passenger compartments of public transportation vehi-
cles [6, 7], where there is a high potential for pathogen transmis-
sion due to long-duration and short-distance contact between
passengers. Several studies have examined the air quality in
the passenger compartments of underground trains and aircraft
cabins [8, 9]. Using sequence-based methods, microorganisms
in these environments were detected and identified. The
detected organisms included common representatives of skin-



associated bacteria, such as the genera Corynebacterium, Bur-
kholderia, Staphylococcus, and Propionibacterium. It should be
noted that these environments can harbor opportunistic human
pathogens, which could lead to infections in immunocompro-
mised individuals. Their presence on public transportation
has already been demonstrated. These include multidrug-
resistant bacterial pathogens [10-13).

Implementing a multifaceted approach that integrates
surface and air cleaning with other active measures can play
a crucial role in enhancing microbial safety in the passenger
cabin. Additionally, ventilation systems can prevent the
spread of airborne microbes [14, 15], Reducing the disper-
sion of bicaerosol and the spread of infectious diseases must
be considered a key parameter for future ventilation con-
cepts, in addition to reducing energy consumption and thus
operating costs. For this reason, we apply a defined bioaero-
sol to a ventilation concept in a defined experimental envi-
ronment and compare the bacterial and particle dispersion,
Additionally, we evaluate the effectiveness of the chosen air
curtain ventilation concept in preventing the spread of air-
borne bioaerosols. The goal is to apply it to more realistic
configurations such as passenger cabins at a later stage. Air
curtains are already used in various indoor settings, includ-
ing shopping malls and hospitals, and have been studied
for many years [16]. Recent studies have employed experi-
mental and computational approaches to gain insight into
their application against acrosol spread [17, 18],

One recent study [5] demonstrated that the air quality
around an orchestra can deteriorate during performances.
The authors suggest that assessing bioaerosols may be an
appropriate method for modeling exposure to potentially
infectious particles from the upper respiratory tract, Unlike
the previous study [5], which assessed bacteria sampled from
the exhaled air of the musicians, this study uses a newly
developed, standardized biocaerosol [19] with a defined,
known initial bacterial concentration. The propagation of
this bioaerosol is then studied in an experimental chamber.
This bicaerosol is based on genera commeonly found in pub-
lic transportation and contains nine bacterial species. This
allows us to focus our investigation on this particular envi-
ronment, which is prone to microbial spread and is therefore
relevant to our research. To the best of our knowledge, the
controlled distribution of a defined bioaerosol that mimics a
specific microbiome, as in this study, has not been conducted
betore. We will compare the results to particle concentration
measurements, a well-known method of evaluating the
effectiveness of ventilation concepts [20].

There are a variety of methodologies for evaluating bioaer-
osol spread. In addition to simulating particle dispersion,
analyzing particulate matter (PM) is a reliable method for pre-
cise measurement. Various devices are available for measuring
PM, ranging from rather expensive, high-resolution detectors
to low-cost sensors with lower resolution and precision.
Besides measuring PM, culture-based methods can be used
to evaluate the spread of bioaerosols and, importantly, the sur-
vival of pathogens through air travel, Several studies have been
conducted on bivaerosol collection using either passive or
active air sampling [21, 22]. Passive air sampling uses Petri
dishes containing culture media that allow bacteria to colonize
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and be cultured for subsequent survival analysis. Active sam-
pling uses air samplers, which are available in a variety of
types, The most common air samplers draw air directly onto
agar plates using the principle of particle impingement (e.g.,
MAS-100 Eco, MBV), while others sample the air into a liquid
solution {e.g, Coriolis Micro, Bertin Technologies). The
advantage of the latter is that the sample can easily be cultured
and further analyzed (e.g., by extracting DNA for additional
purposes). Selective culture media with antibiotics can be used
to analyze specific organisms, while complete media are used
to cultivate a broad spectrum of organisms, such as bacteria.
In this study, we use the most common genera from a
recent study on public transportation to simulate the public
transportation microbiome [19]. This specific simulated
microbiome is used as a reference for investigating both
time-resolved, sensor-based PM measurements and time-
integrated bacterial survival analysis. Our goal is to gain a
deeper understanding of how particles and viable bacterial
cells propagate through the chamber and the air curtain flow
field and to identify the environmental and fluid dynamic
properties that affect the two measurement methods. To this
end, we create five distinct ventilation cases for air curtain
Reynolds numbers Re< 11,000, Two of the five cases
include additional HEPA filters to reduce the overall particle
concentration and increase the air curtain's effectiveness.
In our study, we focused on three key aspects: (A} the
introduction of the defined bioaerosol to serve as a reference
for studies on the spread of pathogens in indoor environ-
ments, (B) measuring viable bacteria and aerosol particles
in a range of D, =0.3-4um and comparing them for five

different ventilation cases, and (C) evaluating the perfor-
mance of the two measurement techniques.

2. Materials and Methods

2.1. Experimental Setup. The measurements were performed
in a chamber specifically designed for this experiment. The
chamber’s dimensions are 2m long, 1 m high, and 1 m wide,
as shown in Figure 1. An air curtain was installed at the
entrance to a second smaller room R2 at a height of H=
68 cm inside the chamber. Thus, the chamber consisted of
two subrooms: one to the left of the air curtain (denoted
R1 in Figure 1) and one to the right (denoted R2). A bioaer-
osol generator with an outlet height of 36.5 cm was placed at
the bottom left of the chamber (R1) and emitted aerosols
toward the air curtain. High air exchange rates (ACR) of
around 300h™" were achieved with the maximum volume
flow of the air curtain and HEPA filters.

Bacterial samples were collected from four different loca-
tions. Active bioaerosol sampling (referred to as sampling
location AS) was conducted at one location in B2 using
active air sampling on an agar plate with the MAS-100 Eco
(MBW) {see Figure 1), Three positions were selected for pas-
sive bacterial sampling in the air curtain impingement zone
(where the air curtain flow meets the opposing surface and
splits into positive and negative x-directions as indicated in
Figure 1), The Petri dish (P1) was placed on the left side of
the air curtain (x = +20cm) in the subroom R1. It was closer
to the aerosol generator than the other Petri dishes. Thus,
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Figure 1: (a) 2D sketch of the experimental setup inside the chamber in the center plane (z = 0). On the left side of the air curtain (AC) in
room R, the bioaerosol generator, the measurement position (R1S) for aerosol monitoring (CP. RH,T), the first position for passive
sampling on Petri dish (P1), and the HEPA filters are shown. Below the air curtain (x=0) are the locations of the anemometer
measurements (M1, M2, and M3) and the second passive sampling position (P2). To the right of the air curtain, in the room (R2), is the
third passive sampling position (P3) and the active aerosol sampling position (AS), which is above the mobile aerosol sampler (MAS).
Distances are shown in centimeters. (b) A picture of the experimental setup showing the measurement chamber with the aerosol

generator, Petri dishes (P1-P3), the air curtain, and the MAS.

the highest bioaerosol concentration was expected at P1. A
second Petri dish (P2) was placed directly below the air cur-
tain nozzle (x=0¢m), and a third dish was placed to the
right of the air curtain (P3) (x=-20cm) in R2. The Petri
dishes had a diameter of 10cm. A total of six PM sensors
were installed in R1 and R2. Two PM sensors were placed to
the left of the air curtain at position (x=+7cm, y=0cm)
(denoted as RIS in Figure 1a). These sensors were positioned
symmetrically in the z-direction (z=+17cm), as shown in
Figure 1b. One sensor was placed to the right of the air curtain
(AS), near the inlet of the MAS, and three additional PM sen-
sors were placed 1 cm above the agar plates at positions P1, P2,
and P3. Temperature and humidity were also measured at
positions R1S and AS.

2.2. Test Organisms, Growth Conditions, and Production of
the Simulated Microbiome. The organisms within the used
bioaerosol are listed in Table 1 and were grown, as described
in [19] using a total of three types of culture media:
2xReasoner’s 2A broth (TEKnova), tryptic soy broth
(Sigma-Aldrich), and brain heart infusion broth (Sigma-
Aldrich). Media compositions are listed in Tables S1-S3.
The strains Burkholderia lata DSM 23089", Enterococcus
viikkiensis DSM 24043", Propionibacterium cyclohexanicum
DSM 16859", Pseudomonas antarctica DSM 15318", and
Staphylococcus capitis DSM 111179 were grown for 18h
under constant shaking at 200rpm, while the strains
Corynebacterium halotolerans DSM 44683", Flavobacterium
frigoris DSM 157197, Sphingomonas rubra DSM 26135", and
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TABLE 1: List of bacterial strains in the standardized bioacrosol with growth conditions and reference. For the cultivation of the bacteria,

media broth or agar was used.

Strain Growth Reference
Burkholderia lata DSM 23089" 2xReasoner’s 2A (2xR2A) 37°C [23]
Coryrebacterium halotolerans DSM 446837 Tryptic soy broth (TSB) or agar (TSA) 37°C [24]
Enterococcus vitkkiensis DSM 240437 Brain heart infusion {(BHI) 37°C [25]
Flavobacterium frigoris DSM 15719" 2xReasoner’s 2A (2xR2A) 20°C [26]
Propionibacterium cyclohexanicum DSM 16859 Brain heart infusion (BHI) 37°C [27]
Pseudomonas antarctica DSM 153187 Tryptic soy broth (TSB) or agar (TSA) 20°C (28]
Sphingomonas rubra DSM 26135" 2xReasoner’s 2A (2xR2A) 20°C [29]
Staphylococcus capitis DSM 111179 2xReasoner’s 2A (2xR2A) 37°C [30]

Streptococcus halotolerans DSM 101996

Brain heart infusion {(BHI) 37°C [31]

Streptococeus halotolerans DSM 101996" were grown for 48 h at
200 rpm. The composition of the baclerial strains and respective
growth conditions used in this study are listed in Table 1.

Each culture (50 mL) was centrifuged at 323 g for 10 min.
The supernatant was then discarded, after which the cell pellet
was resuspended in 50ml phosphate-buffered saline (PBS;
Na,HPO, 7.0 g, KH,PO, 3.0g NaCl 4.0 g/L, pH7.5). This step
was repeated once. Then, the cell pellet was resuspended in 5-
20mL of PBS, depending on the cell densi?r. For B. lata and §.
capitis, the cell concentration used was ~10" CFU/mL, as deter-
mined by ODy, . measurement and standard plate count on
2xR2A agar. The other seven strains (see Table 1) were mixed
to an equal total concentration of 107 cells/mL, which was also
confirmed by plate counting on 2xR2A, TSA, and BHI agar. All
cell suspensions were equally mixed in artificial saliva, which is
based on the work of Woo et al. [32] and described in Table 2.

Bacteria can be classified as either Gram-positive or Gram-
negative. This classification offers insight into cell wall and
membrane structure. It also influences factors such as antibiotic
susceptibility and the ability to withstand stressors like desicca-
tion, To reduce the spread of bacteria and understand the effec-
tiveness of microbial countermeasures, it is essential to test a
diverse range of species to obtain comprehensive results.

The bacterial species used in this study varied in size and
shape, They ranged from approximately Dp =0.5to 5.0 um.
5. capitis displayed the smallest cells and P. antarctica dis-
played the largest cells (Figure 2). The shapes of the bacterial
cells ranged from coccoid to rod-shaped to pleomorphic
structures, either as single cells or in the form of diplacocci,
streptococed, or staphylococei. To determine the bacterial
survival, we focused on two of the nine species. The selected
bacteria, B. lata and 5. capitis, harbor antibiotic resistance. B.
lata is resistant to streptomycin, while the 5. capitis strain
used is resistant to rifampicin. This key feature enables clear
separation from other airborne bacteria in the bioaerosol or
from other sources of pollution during survival assays. Other
distinguishing features of these two species are their size and
shape (see Figure 2) and their Gram stain (see Table 3).

2.3. Bioaerosol Generation, Sampling, and Survival

2.3.1. Aerosol Generation. The aerosol was generated using a
“Blaustein Atomizer” (BLAM, CH Technologies), connected

TABLE 2: Compuosition of artificial saliva based on Woo et al. [32]
with modifications. Artificial saliva was adjusted to a final volume
of 1L with dH,O and sterilized at 121°C for 20 min.

Amount Chemical component

1.00 mL Dulbecco’s modified Eagle's medium (PAN-Biotech)
0.88g NaCl

0.42g NaHCO,

0.04g MgCl, = 6H,0

300g Mucin
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to a control unit (CHEST, CH Technologies). This setup was
used in combination with a syringe pump and a 50 mL
syringe containing the bacterial solution. Continuous aero-
solization was achieved with an air pressure of 1.24bar
(18 psi). The BLAM nebulized the bacterial solution via four
collision nebulization jets in MPA (multipass atomization)
mode at a flow rate of 0.5 mL/min. Similar settings were used
in the study by Danelli et al. [33], in which the nebulization
efficiency for Escherichia coli ATCC 25922 was tested,
achieving nebulization efficiencies approximately two to four
times higher than other nebulizers. According to the manu-
facturer, the BLAM's output particle diameter is generally
between D, =0.001 and 10 um. Massabd et al. [34] found
that the mean size distribution of the generated particles is
0.45 ym (STD of 0.25um). For each ventilation configura-
tion, the bioaerosol was nebulized for 10 min while the air
sampler and PM sensors were operated. Before starting a
new measurement, the particle concentration C, (D, =0.3-
10 um) in the test chamber had to fall below a threshold of
C, <20cem™.

2.3.2. Aerosol Sampling. The MAS-100 Eco was used for
active sampling at position AS (see Figure 1). The device col-
lects 100 L of aerosol per minute onto an agar plate. The col-
lected bacteria can be retrieved from the plate afterwards.
Thus, a total of 1000L were sampled during the 10-min
measurement intervals. Preliminary measurements were
conducted to ensure sufficient bacteria were sampled [35].
The collection efficiency of impaction-based bioaerosol sam-
plers, such as the MAS-100, is defined by the cutoff diameter
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B. lata DSM 230897

S, capitis DSM 111179

C. halotolerans DSM 446837

E. viikkiensis DSM 240437

E frigoris DSM 157197

P eyclohexanicum DSM 168597

!

S. rubra DSM 261357

B antarctica DSM 153187

S. halotolerans DSM 1019967

Figure 2: Light microscopy pictures of the bacterial species of the reference bioacrosol (100x magnification, Olympus CX43).

TABLE 3: Key characteristics of the cultivated bacterial species S.
capitis and B. lata.

Characteristic S. capitis B. lata
Length/size 0.5-1.2 um 2.0-2.5um
Morphology Coccoid Rod-shaped
Antibiotic resistance Rifampicin Streptomycin
Gram-stain Positive Negative

Dy, According to the manufacturer of the MAS, the cutoff
diameter is Dy, = 1.6 gm. This means that 50% of the parti-
cles with a diameter of 1.6 um will adhere to the agar plate.
Particles with a diameter greater than Ds,, and therefore
greater inertia, are more likely to impact on the agar plates,
resulting in a higher collection efficiency. Since S. capitis
ranges in size from 0.5 to 1.2 um and B. lata ranges from
2.0 to 2.5 um, it is reasonable to hypothesize that higher con-
centrations of B. lata will be measured at the air sampler
position. This assumes that the larger cells of B. lata have a
higher mass or form larger particles during nebulization
than the smaller cells of S. capitis.

In passive sampling, particles that result from settling or
adhesive forces attach to the agar in the Petri dishes. It is a
common technique used in numerous studies [21, 36] and
has been known for a long time [37]. However, the quantity
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of sampled aerosol is usually unknown, which can lead to
discrepancies between the different sampling methods. Pas-
sive sampling was used at positions P1, P2, and P3 in the
impingement zone of the air curtain, where the air curtain
flow reaches the bottom of the test chamber (see Figure 1).
These positions were selected since Petri dishes are less dis-
ruptive to the air curtain flow in the impingement zone than
the MAS, and the air curtain’s aerodynamic sealing remains
undisturbed.

2.3.3. Determination of the Bacterial Survival. To analyze the
dispersion of bioaerosols, the previously described bacterial
community (see Table 1) was nebulized within the chamber
and collected on the agar plates via passive and active sam-
pling. The survival of the key species, which are resistant
to antibiotics (see Table 3) on the agar plates, was evaluated
exclusively. After each measurement, the agar plates (agar
15g/L) used for active sampling were retrieved from the
chamber, and 1.2 mL of PBS was distributed onto each Petri
dish. The cell solution collected from the agar plate was used
for survival analysis. To determine the bacterial survival in a
cell suspension of B. lata, a 10-fold dilution series from 10~
to 10™* was prepared and plated on 2xR2A agar containing
150 ug/mL streptomycin. To grow S. capitis, 2xR2A agar
containing 5 pg/mL rifampicin was used. The media plates
were incubated for 2 days at 37°C. The concentration of sur-
viving bacteria (C,) was determined by counting colony-
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furm'mg units (CFU). Prior to aerosolization, the bacterial
community solution was also subjected to CFU per
milliliter determination. The concentrations were found
to be 7x 10" CFU/mL for B. lata and 1.7 = 10* CFU/mL
for 5. capitis.

2.4 Measurement of the Aerosol Properties. Temperature and
relative humidity were measured because they affect water
evaporation and, consequently, the final particle size of the
aerosol. These parameters also affect the survival of microor-
ganisms and the transmission of infectious diseases, like
influenza [38]. SHT#5 sensors (Sensirion) were used to mea-
sure the temperature and relative humidity in the chamber
with respective accuracies of £0.1°C and £1.5% RH. The
chamber temperature remained nearly constant at 14.7°C
(+0.8°C) throughout the measurements. The temperature
difference between in front of (R1) and behind the air
curtain (R2} was small during each measurement with
AT} 2 < 04K, We measured an average humidity of 63.4%
RH (£54% RH) for all scenarios. During a single measure-
ment, the humidity increased by approximately 5% RH due
to the evaporation of the water within the aerosol particles.
The minimum and maximum temperatures in the test cham-
ber were 13.4°C and 15.9°C, respectively, and were directly
influenced by the ambient laboratory temperatures.
Additionally, SP530 PM sensors (Sensirion) were used to
maonitor the particle concentrations C, (1/cm”) for particles
with diameters in the size range of D = 0.3-10 pm. These

optical sensors measure the scattered light from particles
illuminated by a laser diode inside the sensor. According to
the signal of the photo diode, each particle is sorted into a
specific particle size interval (bin). In our study, we evaluated
the following particle size intervals: DP =0.3-1.0, DP =1.0-
25, D, =0.3-2.5,and D, = 2.5-4.0 yim. These intervals cover
the sizes of the studied bacterial species B. lata and S. capitis
(see Figure 2) and also the majority (>99%) of the particles
that were generated by the BLAM. The PM sensors provide a

number concentration precision for the particle sizes D, =

0.3-25pum (PM25) of £100 em™ for concentrations C, <
1000 cm ™ and +£10% of the measured value (n1.1.) for con-
centrations 1000 < Cp <3000cm . For DP =2.5-4.0 um
(PM4), the accuracy is lower, with a maximum uncertainty
of £25% m.v. It has also been shown [39] that these sensors

can be used for PM2.5 at higher concentrations of 3000 <
€, 20,000 cm ™ with deviations from a reference particle
sizer (OPS3300, TSI) of less than +10% mv. We did not
observe particle concentrations greater than 18,000cm™ in
our measurements. All sensors were connected to an open-
source data acquisition system, and the PM data were
recorded at approximately 1 Hz. Data acquisition was facili-
tated by the use of a maobile measurement system (MMS)
developed at the German Aerospace Center (DLR). The
MMS is completely open source [40] and includes various
sensors that provide mobile, versatile measurement of differ-
ent indoor air parameters [41].

2.5, Air Curtain. The air curtain device used in our study is a
commercial system (MINIBEL 900 E230, Rosenberg) that is

Indoor Air

typically installed in doorways. The airflow of the device is
generated by six fans in a housing by drawing ambient air
from one side and expelling it through a rectangular nozzle
on the other side. The nozzle has a length of Ly = 900 mm
and a width b = 42 mm. The air curtain was mounted above
the entrance of R2 inside the experimental chamber to gen-
erate a planar, downward-facing air jet, as shown in Figure 1.
We operated the air curtain in three different power config-
urations (AC_ 5 AC,,,, and AC,, ;) by adjusting the current
that drives the six fans to study the effect of the volume flow
rate, Additionally, we took measurements with the air cur-
tain equipped with H14 HEPA filters for the low and high
fan power configurations, AC,, s and ACu yppas
respectively. This changes the flow dynamics in the experi-
mental chamber by increasing the resistance of the airflow
at the air curtain’s inlet, resulting in five distinet ventilation
configurations, as shown in Table 4. Using HEPA filters sub-
stantially lowers particle concentrations in the chamber,
especially behind the air curtain, because approximately half
of the (filtered) air curtain flow moves in the negative x
-direction at the bottom of the chamber (see Figure la). Sce-
narios with HEPA filters introduce two additional flow con-
figurations and extend the range of particle and bacterial
concentrations to be compared. However, they must be eval-
uated separately from the scenarios without HEPA filters
when determining the ventilation design’s effectiveness. To
characterize the resulting flow field, the air velocities were
measured at six  positions (z=+17cm; y=+10, +30,
+50 cm) in the air curtain flow over a period of 30 s at a mea-
surement frequency of 1 Hz using a handheld flow anemom-
eter, The arithmetic means over the 30-s measurement
period and along the z-axis are summarized as I}M{M],
M2, and M3} and are shown in the last three columns of
Table 4. As expected, the obtained mean velocity Uy,
decreases with increasing distance y (M1—M3). Addition-
ally, the mean velocities in the HEPA filter configurations,
ACnps and ACy ygpss respectively, are reduced
compared to the configurations without HEPA filters (see
Table 4). This is also evident in the reduction of the mea-
sured volume flow V. in Table 4. A common way to char-
acterize an air curtain’s flow field is with the deflection
modulus which, according to Hayes and Stoecker [186],
describes the behavior of the air curtain jet when opposed
to a transverse pressure gradient due to buoyancy forces.
However, since the differences of the temperatures in the
subrooms AT 5 are small (see Section 2.4), the contribution
of the buovancy force is negligible. Thus, we consider the
Reynolds number of the air curtain Re,, defined in Equation
(1) and realized in this study as listed in Table 4 (Column 3).
In Equation (1), D’D denotes the average outlet velocity at the
nozzle, by is the width of the nozzle, and v the kinematic vis-
cosity. Additionally, we determine the particle-related air
curtain effectiveness E,, in Equation (2), as proposed by Kohl
et al. [42].
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TABLE 4: Information on flow properties of the air curtain for all configurations.
Aiir curtain configuration: V,. (m*/h) Re,, Uy (mfs) Uy (mfs) Uy (mfs)
AC, o 0 — — —
LTS T— 244 4000 0.92 0.0 0.61
AC,.., 344 5700 167 114 0,60
XS 446 7450 240 152 103
AC, 623 10,400 146 262 182
Cpct 3. Results and Discussion
E,=1- LY (2)
P The Results and Discussion section is organized as follows:
In Section 3.1, we analyze the local particle concentrations
C 1€, (t) for all ventilation configurations, as this is a com-
E,=1- —ha<d (3) mon analysis for aerosol spread. Section 3.2 assesses the bac-
Chazo terial survival C, of our bacterial test species, B. lata DSM

Similarly to F‘P’ we also determined the ratio of local
bacterial survival, Cy{x<0) to Cy(x>0), as described in
Equation (3) and Section 2.3.3. Thus, a higher EP indicates
better protection of the air curtain against the spread of
aerosol particles, while a higher E;, indicates better protec-
tion against the spread of viable bacteria. In our experimen-
tal setup, we calculated £, and E, on positions P1 and P3,
where the air curtain flow impinges on the floor. The results
will be shown and discussed in Section 3.4.

2.6, Statistical Analyses. Regarding the triplicated, time-
resolved PM measurements, the ensemble-averaged time
series (C,){¢) is shown in Figures 3, 4, and 5 together with
the respective standard deviations o. The measurement of
aerosol properties (see Section 2.4) and bacterial survival
(see Section 2.3.3) for the five ventilation configurations
(see Table 4) was performed in triplicate (n=3). Student’s
t-tests [43] were used to determine significant differences
between the particle and bacteria data, as well as the decrease
in particle and bacterial concentrations, respectively. If the
variances of the two datasets were unequal, a Welch’s -test
[44] was performed instead since Student’s (-test assumes
equal variance. If one of the datasets was not normally dis-
tributed, the Mann-Whitney U-test [45] was performed
instead, as this test makes no assumptions about the distri-
bution of the data. The Mann-Whitney U-test is a nonpara-
metric test that does not rely on normal distribution.
Significant differences were defined as p = 0.05 ("), very sig-
nificant differences as p<0.01 (**), and highly significant
differences as p=0.001 (***). These differences are shown
in Figure 6 and subsequent figures, Significance tests were
performed between AC,_; and the scenarios with air curtain,
as well as between the two datasets (particle measurements
and bacterial survival) for the same ventilation configura-
tion. All statistical analyses were performed using SigmaPlot
14.5 (Systat Software Inc.).

These time series were averaged over time to obtain the

mean particle concentration C,',u and the respective standard

deviations, which are shown as bar plots in Figure 6 and sub-
sequent figures.
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23089" and §. capitis DSM 111179, to provide an overview
of both the particle concentrations and the bacterial survival.
In Section 3.3, the local bacterial survival rates, which are
expected to behave similar to the time- and ensemble-
averaged local particle concentrations, are analyzed for all
air curtain configurations. Finally, in Section 3.4, we evaluate
the performance of PM and bacterial survival analysis with
and without HEPA filters of varying effectiveness of the air
curtain in preventing the passage of particles.

3.1. Evaluation Method 1: Local Particle Concentrations. By
measuring the local particle concentrations, we can deter-
mine the time-resolved particle dispersion inside our test
chamber and quantify the effectiveness of the air curtain
against the spreading of particles from the aerosol generator.
Since the measured data contains few particles larger than
4pm in diameter (which is consistent with the literature
on the BLAM aerosol generator [35]), we will focus on the
size range D =0.3-4.0pum. Figure 3 shows the ensemble-
averaged concentrations {C,}(f) at positions R1S, AS, P1,
P2, and P3 for the reference scenario AC ;. Figure 4 shows
the results for the active air curtain but without HEPA filters.
Figure 5 shows the results for the active air curtain with
additional HEPA filters.

Figures 3a, 3b, and 3c are dedicated to particle concen-
trations for the reference scenario AC 4 with a deactivated
air curtain {Re=0), and for particle sizes: (a) D, =0.3-1.0,
(b) DJ‘ =1.0-25, and (c) DP =2.5-4.0 ym. With the air cur-
tain switched off, there is no additional forced mixing of the
air in the test chamber other than the induced airflow
induced by the particle source. This results in local particle
concentrations differing by a factor of two depending on
the particle size and measurement location, as illustrated in
Figures 3a, 3b, and 3c). Additionally, local particle concen-
trations fluctuate significantly over time due to the transport
of the turbulent flow structures within the test chamber for
the AC, ; configuration. This is also indicated by the consid-
erable differences in the results obtained in these three indi-
vidual measurements, shown as dotted lines, indicating the
standard deviation of the ensemble average at time t of the
measurement. The increase of the particle concentrations
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during the observed 600s is nearly linear in Figure 3b.c. In
contrast, a logarithmic increase is observed at R1S for the
smaller particles (D, = 0.3-1.0 um). Since the particle pro-
duction rate is constant for all measurements due to the con-
stant supply rate from the CHEST, differences in the time
development of the particle concentration must result from
differences in the settling, evaporation, or agglomeration of
individual particles. The main reason for the different behav-
ior of the smaller particles may be their higher sensitivity to
turbulence-induced velocity fluctuations in the measurement
chamber due to their lower mass and inertia. This could result
in increased particle transport toward the chamber walls,
where electrostatic or adhesive forces can trap them.

In comparison, Figures 4a, 4b, and 4c show the particle
concentrations when the air curtain operates in the AC,,,
configuration. Since there are no HEPA filters installed in
this wventilation scenario, particle removal occurs only
through gravitational, adhesive, and electrostatic forces.
The particle concentration behind the air curtain is signifi-
cantly lower than in the AC,_; configuration, The concentra-
tions exhibit a logarithmic increase at all positions, reaching
a maximum I[Cp) between 9000 and 11,000cm ™ for the
smallest particles in Figure 4a. This is due to the induced
air curtain airflow, which facilitates mixing and reduces an
inhomogeneous particle distribution within the measure-
ment chamber for all measured particle sizes, thereby reduc-
ing high local maximum particle concentrations. This is
supported by the fluctuations of {CF}{L‘) and also by the
standard deviation o of the ensemble-averaged measure-
ments at all positions P,, which are reduced compared to
the AC, ; configuration. Figure 4b shows that, for the size
range of D, = 1.0 - 2.5 pm, similar concentrations are mea-
sured at all positions ({Cp}(! =600s) = 150-260 cm ™) com-
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pared to the AC_; configuration. Only at position R1S, in
front of the air curtain, we measure higher values (C/)(t =
600s) = 250 cm™ compared to ~150 cm™ in Figure 3b. We
attribute this increase to the aerodynamic seal of the air cur-
tain, which results in an increase in the particle-related air
curtain effectiveness, E;, as discussed further in Section 3.4.
The lowest particle concentrations are measured at position
P3 on the floor behind the air curtain. Figure 4c shows slightly
increased particle concentrations for the size range of D, = 2.5
-4.0 em compared to the reference scenario AC_in Figure 3c.

The highest values are measured at R18 with {C,}{t =6005s)

=50cm™, continuing the trend shown in Figure 4b. Concen-

trations for this particle size range decrease with distance from
the aerosol generator, with anly little difference between posi-
tions AS and P3 behind the air curtain,

Figures 4d, 4e, and 4f show the particle concentrations
when the air curtain is activated at the highest volume flow
rate in the configuration AC,,,. Figure 4d shows that for the
size range of D, = 0.3-1.0 um, the concentrations (C,}(t} are
similar to those in Figure 4a. As in Figures 3a and 4a, the
increase in particle concentration follows a logarithmic behav-
ior. This behavior is even more pronounced at ACy, and is
also observable for particles larger than 1.0 ym in Figure de,f.
These results can be attributed to an increased turbulence in
the airflow, which increases the transport of particles toward
the walls of the chamber, thereby increasing particle remaoval,
as discussed above. The increased turbulence also enhances
particles mixing in the chamber. Therefore, the fluctuations
of {C,)(t) and of ¢ are further reduced compared to AC,..
Figure 4f shows that for particle sizes of D, =2.5-4.0 um,
there is only little difference in concentration at positions AS
and P3, illustrating the eflective mixing of larger particles
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behind the air curtain. In contrast to that finding, (C,)(t=
600 s) at R1S, which is in front of the air curtain, is almost twice
as high as at positions AS and R3, which are behind the air cur-
tain. This indicates that the air curtain is already effective
against larger particles in this ventilation scenario. Addition-
ally, we measure higher total particle concentrations at all posi-
tions for the larger particles (D, > 1um) than for AC,; and
AC,,,.. We attribute this result to the induced airflow in the
chamber, which prevents particles from settling in R1 and R2.

Figure 5 shows the aerosol particle concentration {C,
J(t) for the ventilation configurations with HEPA filters,
which provide an additional source of particle removal in
addition to the effects described earlier in this section.
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For the AC,,..;zpa configuration in Figures 5a, 5b, and
5¢, the particle removal is significantly enhanced, and a
steady-state concentration is quickly reached (t <200s) at
all positions P, as the particle removal rate reaches equi-
librium with the particle production rate in the chamber.
The maximum concentrations are reached at position
R1S for all particle sizes. As the distance from the BLAM
increases, a clear reduction in particle concentrations is
evident from in front of the air curtain (R1S), at the bot-
tom (P1), directly under the nozzle (P2), and behind the
air curtain (P3 and AS) for all analyzed particle sizes.
Therefore, we can conclude that the air curtain signifi-
cantly reduces the particle spread behind the air curtain
(x<0) in this HEPA filter scenario. Thus, an air curtain
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Figure 5: Particle concentrations (C,)(t} for ventilation scenario (a—¢) AC,,,,pgpa and (d-£) ACy 0, for particle sizes D, =0.3-
1.0 um (left column), Dﬂ =1.0-2.5 um (middle column), and DP =2.5-4.0 um (right column).

with HEPA filters could serve as an alternative retrofit for
a passenger cabin if an additional fresh air supply is
unavailable.

For ACyi,.1ikp in Figures 5d, Se, and 5f, steady-state par-
ticle concentrations were reached even faster (f = 1205), as the
particle removal rate has been further increased due to the
higher flow rate and therefore higher filtration rates. AC,;,,
+HEpa also shows the lowest particle concentration fluctuation
and also the lowest o for all sensor positions, especially for P3
and AS behind the air curtain. As discussed earlier, this is due
to the increased mixing, which is enhanced by the higher
volume flow configuration compared to AC,,,,, ;sppa- After par-
ticles in the size range of D, = 0.3-1.0 um reach their maximum
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concentration, they remain at a constant level, as shown in
Figure 5d. The decrease in particle concentration of larger par-
ticles (> 1.0 um), shortly after the start of the measurement
(£=30s) in Figure Sef for the positions P1, P2, and RIS,
requires further investigation, as no reasonable explanation
has yet found. It appears that the larger particles exhibit a dis-
tinct behavior when HEPA filters are integrated into the air cur-
tain. A more pronounced effect is observed at sensor positions
located at x = 0, directly below and in front of the air curtain.
Figure 6 shows the average particle concentrations C,

during the entire 600-s measurement period for all ventila-
tion configurations. To make further comparisons between
the two datasets in the following sections, we will compare
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Significance testing was performed with Student’s ¢-test, comparing data to the control configuration AC, .. Note: *p = 0,05, **p < 0L01,

and ***p < 0L001,

the average particle concentrations at positions P1, P2, P3,
and A5, where bacterial survival data was collected,

Figure & shows the average particle concentrations FJ‘ for

each position and ventilation configuration. These are com-
pared via t-test to our reference configuration, AC,_;. For the
smaller particles (D)= 0.3 -1.0 ym), which make up ~99% of
all particles, a hig]ﬂr;r significant (***) reduction of approxi-
mately one log count is found for all ventilation configura-
tions, including HEPA filters at all measurement positions
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(see Figure 6a). For the AC,,, and AC,, configurations,
the local measurements at P2 and P3 show a significant (*)
reduction in C_p For particle concentrations in the range of
D, =1.0-2.5 pum (Figure 6b), significant reductions are only
observed for AC,,, yppa and ACu ypes. A significant
increase in particle concentration at AS is found for the
AC, ., configuration in Figure 6b as well as for P1, P2, and
P3 l%'r D, =2.5-40pm (see Figure S1). These results
demonstrate a significant increase in particles in the size
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range of D, =1.0-4.0pum for the configurations with an
active air curtain but without HEPA filters. This is most
likely due to the induced airflow in the chamber, which
prevents particles from settling,

This section provided an overview of the dynamic parti-
cle behavior in the experimental chamber based on local PM
measurements during five distinct ventilation scenarios.
Increasing the air curtain volume flow V,_(ccRe, ) resulted
in an increased air curtain velocity with enhanced particle
mixing in the measurement chamber. Without HEPA filters,
the air curtain was more effective in reducing the dispersal of
larger particles (> 1 ym) than smaller particles (< 1 gm). Sce-
narios with HEPA filters demonstrated a highly significant
reduction in particles, particularly behind the air curtain,
due to the additional filtration process.

3.2, Evaluation Method 2: Local Bacterial Survival The
survival of the two key bacterial species selected for this
study, B. lata and S. capitis, represents the second assess-
ment method for measuring the spread of potentially harm-
ful bioaerosols, in addition to PM measurements. In the
absence of time-resolved data, the local bacterial survival
assessment provides specific insights into the effects of how
environmental conditions, such as temperature and humid-
ity, affect bacteria. These conditions were kept constant
throughout the study. Figure 7 shows the local bacterial sur-
vival C,, at sampling position P, with the associated standard
deviations for all ventilation configurations that were inves-
tigated in this study. These were measured in triplicate. As
was done for the data in Figure 6, f-tests were conducted
for C,, at all sampling positions, comparing the data at each
position P; with the control configuration AC . It should be
noted that the initial concentration of B. lata within the bac-
terial community was 7 x 107 CFU/mL, while the concentra-
tion of 8. capitis was 1.7 = 10° CFU/mL. This was due to the
limited precision possible in the bicaerosol production pro-
cess. Regarding the overall bacterial survival achieved, the
morphologically smaller species, S. capifis exhibits concen-
trations approximately 10 times higher than those of B. lata
at all measurement positions in Figure 7. The highest viable
cell concentration of 5. capitis is collected by the MAS across
all configurations. This outcome is expected, given the
increased particle collection efficiency on the agar plate
resulting from active sampling at a flow rate of 100 Limin,
Since the air sampler’s cutofl diameter () is 1.6 gm, parti-
cles smaller than 1.6 ym are collected with lower efficiency,
while particles larger than 1.6 pum are collected with higher
efficiency. Given the size range of I}, =0.5-1.2um for §.
capitis and DF=2_I}—2_5 pm for B. lata, one might expect
higher concentrations of B. lata to be collected by the MAS
compared to §. capifis. However, this is not the case. In fact,
the concentrations of 8. capitis are consistently higher than
those of B. lata across all sampling positions, Although the
measured bacterial survival of B. lata is lower than that of
5. capitis, some of these cells may still be metabolically
active, as they can adapt to stress by reducing their repro-
duction rate as a survival strategy [46].
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Figure 7a shows a gradual increase in 8. capitis with
increasing distance (P1—P3) for the AC ; and air curtain
configurations without HEPA filters. This suggests that the
air curtain has no measurable impact on the bacterial spread.
Adding HEPA filters to the air curtain creates a distinct ven-
tilation scenario, with a highly significant (***) reduction in
particles (as shown in Figure 6) and in bacterial survival at
position P2, which is directly below the air curtain nozzle.
Furthermore, a notable reduction of approximately one log
scale is evident at all positions P,. However, the {-test does
not consider the reduction to be significant al positions AS
and P3 because the standard deviations in the reference con-
figuration AC, ;are high. For the ACy, ;.. 4, configuration,
the highest bacterial survival is observed at P1 (in front of
the air curtain), and the lowest is observed at P3 (behind
the air curtain). This is consistent with the measured particle
concentrations LTP in Figure 6.

Figure 7b shows the survival of B. lata. The highest con-
centrations are measured by the MAS behind the air curtain
at position AS (C, < 10°CFU/mL), while the concentrations
al P1, P2, and P3 are below 10* CFU/mL. For the AChign
ventilation scenario, a clear trend is evident at position P3,
where the decrease of C, is significant (*). For the AC,,
ventilation scenario, the decrease is very significant (**),

For the configurations with HEPA filters, a very signifi-
cant reduction is observed for AS, as well as for P1 and P3,
with the AC, . zpa configuration. It is noteworthy that
the standard deviations for B. lata are increased for AC,
crepa 8t P2 and P3. This is hypothesized to be due to the
low total bacterial concentration of 8. lata (C, <400 CFU/
mL}, resulting from increased particle removal, as discussed
in the previous section. This emphasizes the importance of
adapting the initial cell count in the bioaerosol to the venti-
lation configuration.

The most reasonable explanation for our findings is the
correlation between the bacterial size and shape and the par-
ticle size distribution of the aerosol generator [34]. §. capitis
has coccoid cells that are smaller in size, while B. lata has
slightly larger rod-shaped cells {see Figure 2). It is reasonable
to assume that B. lata is more susceptible to external forces
acting on its cell walls during acrosol generation or sam-
pling. This would ultimately result in a reduced survival rate
compared to 5. capitis. Another possible explanation lies in
the characteristics of the cell walls of both species. 5. capitis
is Gram-positive, while B. lata is Gram-negative, resulting
in different cell wall properties of both species. Gram-
positive bacteria are generally more resistant to desiccation
than Gram-negative bacteria [47, 48], but further research
is necessary to quantify the influence of these parameters.

The survival of the two species differed significantly
between the two air sampling methods. This finding is con-
sistent with the fact that passive and active sampling impact
microorganisms in distinct ways [49]. For passive air sam-
pling, survival can differ depending on cell size and shape
[50]. Mainelis observed that the selection of an air sampler
and the selection of the bacteria to be tested both signifi-
cantly influence survival [51]. We aimed to increase compa-
rability for further studies on airborne bacterial dispersal by
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Figure 7: C; of the two bacterial strains, (a) S capitis and (b) B. lata, at different air curtain configurations measured in triplicate.
Significance testing was performed with Student's t-test, comparing the mean data to the control configuration AC ;. Note: *p < 0.05,

“p=0.01, and ***p <0001

using a defined bioaerosol in a controlled laboratory setting
with controlled environmental conditions under five distinct
ventilation scenarios. Our results highlight the importance of
considering a diverse range of bacterial species in order to detect
variations in survival under different environmental conditions.

3.3, Comparison Between Both Evaluation Methods

3.3.1. Absolute Cancentrations. The number of viable bacte-
ria or active virions per particle is an important parameter
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for calculating infection risks and dose-response models.
While the Dy, of the MAS is known, its collection efficiency
across the entire particle size is not. Thus, the following
comparison of the two investigated quantities of bioaerosol
dispersal is limited to the measured absolute concentrations
of particles C_fp calculated as an average over the course of
600s of the measurement time, and bacterial survival C,,
representing the total number of sampled bacteria over the
entire measurement duration. Nevertheless, active bacterial
sampling by the MAS is a more reliable sampling strategy
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than passive bacterial sampling in varying ventilation sce-
narios. For this reason, we focus on the active sampling tech-
nique for the comparison of the absolute concentrations in
Figure 8. This figure compares the absolute concentrations
of sampled particles C, of D, = 1.0-2.5 um and the survival
of the two key bacterial species for all five distinct ventilation
scenarios at the AS position. This particular size range was
chosen due to the alignment between cell size (see Table 3)
and particle size. For completeness, a comparison with the
other particle sizes is shown in Figure 52, revealing similar
trends in both datasets.

Figure #a shows a notable agreement between the
particle concentration and the bacterial survival of S, capitis
in configurations without HEPA filters. Both quantities
increase in the AC,,, scenario, and the standard deviation
significantly decreases for both datasets. The measured par-
ticle concentrations in this size range are approximately four
orders of magnitude lower than Cy of 5. capitis. Therefore, a
different scaling was selected for the log-scaled y-axis lor
both datasets. There is less agreement for the configurations
with HEPA filters. Nevertheless, a notable decline of
approximately one log count is evident when comparing
AC iniepa 10 ACy,, for both datasets. Furthermore, both
bicaerosol dispersion measurement methods demonstrate a
reduction toward the AC, . zpa Scenario. The standard
deviation for both datasets decreases compared to the venti-
lation scenarios without HEPA filters.

Figure 8b presents a comparison between B lata and
particles with diameters between D, = 1.0 and 2.5 ym, Given
that B. lata is slightly larger than 5. capifis (see Table 3),
similar or even better agreement with the particle data of
that particular size range was expected. However, the
observed agreement between the PM data and Cj, is less pro-
nounced, especially in the context of the AC,  scenario. A
reduction in C, is evident for the HEPA configurations.
The factors contributing to the observed discrepancy in the
behavior of the two bacterial species can be attributed to a
wide range of potential causes. First, fluctuations in the via-
ble cell concentration of the bicaerosol impact the biological
data. Second, the effect of atomization by the four BLAM
nozzles on the distinet bacterial species is unknown. Never-
theless, the BLAM was identified as the most suitable and
least harmful nebulizer in the study by Danelli et al. [33).
The impact of the nebulization process on the cells was out-
lined in Section 3.2. Finally, the potential for codependencies
among the nine species under study may affect the bacterial
viability in the air or on the sampling medium.

3.3.2. Normalized Concentrations. After analyzing the abso-
lute data for bacterial survival and particle concentrations,
each dataset (C,, and ?F) is normalized with the correspond-
ing AC_; data, as shown in Figure 9. This allows us to iden-
tify the effects of the applied ventilation configuration while
reducing the influence of different initial concentrations of
B. lata and S. capitis in the artificial saliva. Therefore, it is
reasonable 1o hypothesize that the normalized evaluation
data for each position P, Cppuun = ol ACHT,, (AC,.)
and  Cp o = (G (ACHC, (AC ), will exhibit similar
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behavior under equal environmental conditions which were
achieved inside the experimental chamber. Figure 9 also
shows the results of f-tests conducted to analyze the rela-
tionship between the normalized particle concentrations
and the normalized bacterial survival rates at each position
by comparing the two datasets of Cy and (,_P respectively.

The two methods of assessing bioaerosol dispersion
show best agreement for C; . of 5. capitis (Figure 9a),
which displays a pattern comparable to C, ., for I}, = 1.0
-2.5 pm. Notably, the particle concentrations are more sim-
ilar to those of 8. capitis than to those of B. lata (Figure 9a,b).
This can be attributed to the size and shape of the cells of 5,
capitis in comparison to the cells of B, lata, as previously
described. A comparison to particles in the 0.3-1.0 ym size
range is presented in Figure 53ab. Regarding B. lata
{(Figure 9b), it is observed that only the HEPA filter
configurations of the air curtain result in a comparable
reduction of approximately 90% for both bacteria and
particles. The agreement between B. lata and the particle
concentrations of D_=0.3-1.0 pm (see Figure 53b) is
found to be similar to that ebserved with D, = 1.0-2.5 ym
in Figure 9b.

Our findings highlight the heterogeneous behavior of
different bacterial species during airborne transmission.
Therefore, we recommend implementing a defined testing
strategy to evaluate the susceptibility of opportunistic
bacteria to environmental conditions during airborne trans-
mission. Our results also demonstrate good agreement
between measured bacterial and PM concentrations for S,
capitis. Thus, its transmission pathways under similar envi-
ronmental conditions could be traced using only PM mea-
surements. Furthermore, combining both measurement
methods allows for the development of optimized microbial
countermeasures for future use in indoor environments such
as the passenger cabins of trains and aircraft.

3.4. Air Curtain Effectiveness. This final section presents an
assessment of the effectiveness of the considered air curtain
system in mitigating the spread of the bioaerosol within
the test chamber. The particle-based air curtain effectiveness,
denoted as E,, is calculated according to the formulation
presented in Equation (2) of Section 2.5. A comparison is
made with the bacterial related air curtain effectiveness E
as defined in Equation (3). These calculations are performed
at sampling positions P1 (in front of the air curtain) against
P3 (behind the air curtain). Both positions are equidistant
from the center plane of the air curtain at a distance of
x=+20cm (see Figure 1). It should be noted that active
and passive bacterial sampling are subject to different
physical effects during the sampling process, as previously
discussed. These effects depend heavily on the flow field at
the sampling position; thus, the results may vary consider-
ably for the different air curtain Reynolds numbers and for
the two sampling methoeds.

As illustrated in Table 5 (first row) and previously in
Figures 3, 4, 5, 6, and 7, a high transport of bicaerosols into
R2 was measured when the air curtain was inactive. The data
indicate negative effectiveness for both E, and E,, meaning
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that there is higher concentration of particles and bacteria at
P3 behind the air curtain than at P1 in front of it. The values
for E, for S. capitis (-0.64) and B. lata (-2.04) are signifi-
cantly lower than the values for E, across all particle sizes.
The second row of Table 5 shows the effectiveness of the
air curtain for both bacterial species in the AC,, configura-
tion. The effectiveness for 8. capitis (E;, = -0.3) differs greatly
from that for B. lata (E, =0.45). The same is true for the
Ay, configuration, as shown in the third row of Table 5.
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Although the standard deviation of C;, for §. capitis (see
Figure 7a) were remarkably low for the AC, ., configuration,
future comparisons of active bacterial sampling methods,
such as those used by the MAS, may yield more comparable
results for E, than passive sampling on agar plates. Regard-
ing E, in bath configurations, a reduction to E,=0.2-0.36
for AC,,,, and to E, =0.16-0.33 for AC,,,, is observed. This
indicates that the air curtain is effective in reducing particle
spread for both configurations, with a slight advantage for
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TABLE 5: Air curtain effectiveness E, calculated using bacterial survival and E, using particle concentration for all air curtain configurations

between measurement positions P1oand P3.

S. capitis B. lata D_, =0.3-1L.0 gm D_, =1.0-2.5 um D!, =2.5-4.0 um
E, (-} E, (-) E, () E, (-) E, (-}
AC —id -2.04 010 0.12 007
AC., —0.30 045 0.20 0.3a 0.23
ACyn ~-1.36 0,05 0.16 033 0.20
AC| s HEPA 012 0,00 0.60 0.66 0.59
AC, heHERA 0.66 0,60 0.58 0.66 .60

the lower Reynolds number configuration AC,,, in our spe-
cific geometric setup (see Figure 1), Additionally, a higher E,
is observed for AC,,,, and ACy;,, configurations for particle
diameters > 1 ym, as discussed earlier in relation to Figure 4.

In the last row of Table 5, there is good agreement
between E, and E, for the AC, .\ yypp, configuration. For
both bacterial species and the particle diameters smaller than
4.0 wm, the values range from 0.58 to 0.66. The highest bac-
terial air curtain effectiveness {E‘J ={1.66) is associated with 5.
capitis, This species exhibited lower standard deviations in
the triplicate measurements {Figure 7} and also better agree-
ment with the (normalized) particle concentrations in
Figures 8 and 9 for [, = 1.0-2.5 ym. Therefore, a very good
agreement with the particle-based effectiveness (E, = 0.66)
for medium-sized particles (D, =1.0-2.5 um) was expected
for the ACy .y, ipps configuration. For B. lata, the highest
agreement is observed between E, and E, for D, =2.5-
4.0 pm, with a value of 0.60 for both, This may be attributed
to the larger cell size and the rod-shaped morphology of
B. lata (see Table 3 and Figure 2).

The ACy,,,1Epa configuration shows nearly identical
values 1o the ACy,, ypp, configuration, with regard to E,
for all investigated particle sizes. However, a notable shift
is observed in Ej, with the air curtain effectiveness declining
for S, capitis (<0.12) and B, lata (0.00) compared 1o the
ACyiun nrpa configuration. As previously mentioned, these
discrepancies are due to the different flow regimes of the
air curtain (Reynolds number reduction from 7450 to
4000), resulting in different sampling conditions at P1 and
P3, respectively.

Further measurement campaigns should include flow
field measurements near the Petri dishes to gain a deeper
understanding of these findings. The sensor-based results
of E, in Table 5 also elucidate two important findings. First,
applying fresh or filtered air when using the air curtain as an
indoor ventilation concept is crucial to mitigate the spread of
airborne pathogens. Second, increasing the volume flow \'/M
and the Reynolds number Re, from AC,, pps to
ACy g nppa does not necessarily increase the effectiveness
of E,. In fact, it decreases by 0,02 for the particles with
D, =0.3-1.0 um, indicating a dependency of E; (Re, ID,),
as discussed in the literature [17, 42]. When considering a
potential application in the passenger cabin or other indoor
environments, it is important to bear in mind that HEPA fil-
ters create additional resistance to airflow. Consequently,

more power s needed to operate the air curtain and achieve
sufficient airflow for aerodynamic sealing. We recommend
using fresh air to power the air curtain; however, this may
also depend on the air quality and climatic conditions of
the ambient fresh air and may not always be possible, for
example, in an air craft cabin or subway train, Regarding E,
and thus E,, it is difficult to predict the effect of changing
to a more realistic geometric scenario. Several studies, for
example, the one by Kurec et al. [18], aim to implement air
curtains in realistic geometries. However, factors such as
the position of the suction ports for the exhaust air remain
very relevant. Adapting the flow parameters to the respective
geometry and boundary conditions will remain necessary to
achieve an optimal balance between energy consumption and
reducing bisaerosol dispersal, thereby improving air quality,

4. Conclusions and Outlook

The three main objectives of our study were (A) to implement
a defined reference bicaerosol as an assessment tool to
measure the spread of pathogens in indoor environments,
(B) to compare the survival rates of the two key bacterial spe-
cies from the reference bacterial community with the well-
established method of sensor-based PM measurements, and
(C) to evaluate the performance of the PM sensor-based and
microbiological sampling techniques considering the effective-
ness of the used air curtain system against bioaerosol spread.

A. The bacterial input was a defined mixture of a total of
nine bacterial species in artificial saliva, representing
genera commonly found in aircraft and subway
systems. This approach provides a realistic represen-
tation of actual bioaerosols. The bioaerosol was neb-
ulized using a well-established bioaerosol generator.
Sampling was performed passively on agar plates
positioned in the impingement zone of the air curtain
and actively via an aerosol sampling device behind
the air curtain. Two species, B. lata and 5. capitis
(representing Gram-negative and Gram-positive bac-
teria, respectively), were subjected to selective evalua-
tion based on their resistance against the antibiotics
streptomycin and rifampicin, respectively. Cultivat-
ing both species allowed us to determine bacterial
survival for all tested air curtain configurations. Sig-
nificant discrepancies were observed between the
two sampling techniques and the two species. The
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active aerosol sampling method demonstrated signifi-
cantly higher bacterial survival due to the increased
collection efficiency. In contrast, the passive sampling
method yielded bacterial survival counts that were
approximately 1.5-2 log counts lower. A comparison
of the bacterial survival of B. lata and 8. capitis using
both sampling methods revealed lower concentrations
of 1-1.5 log counts for B, lata than for 5. capitis, This
difference can be attributed to the different characteris-
tics of the species {morphology, size, desiccation resis-
tance, etc.), which influence their survival (e.g., during
nebulization). Due to limited precision in the produc-
tion process, a slightly lower initial concentration of
B. lata was found in the bioaerosol before nebulization.
Additionally, the difference in local survival between
the two bacterial genera emphasizes the need for cau-
tion when performing quantitative analyses. These
results highlight the importance of using a combina-
tion of different bacterial strains and standardized
methods when investigating the transmission routes
of potentially harmful bicaerosols. Nevertheless, our
defined bivaerosol remains a suitable tool for analyzing
bioaerosol dispersal.

. The comparison of the local PM measurements with

the local bacterial survival (determined by active
and passive particle sampling) showed that the parti-
cle measurements were maore sensitive to the different
flow configurations of the air curtain than the
biological evaluation tool. Another advantage of the
PM measurements is the temporal resolution of the
data, which provides additional information on
the dynamics of aerosol spread. This makes PM mea-
surements advantageous when designing a specific
ventilation system or adjusting its parameters. Includ-
ing bacterial survival is important when evaluating
system parameters that cannot be assessed through
aerosol particle counting alone, These factors may
include temperature, humidity, radiation, or bio-
chemical reactions, which can affect pathogens during
airborne transport from a source of contamination to
a potentially susceptible individual. As these parame-
ters did not vary during our measurements, we
expected a good agreement between the number of
airborne particles and the number of viable bacteria
collected. Indeed, the agreement between S. capitis
and the measured particle concentrations in the size
range I3, = 1.0-2.5 um was remarkable when compar-
ing the bacteria sampled from the air sampler. How-
ever, the agreement between the survival rate of B.
lata and the actively sampled particles in the specified
size range was less pronounced. Normalizing the bac-
terial and particle data to our reference configuration
with the air curtain deactivated showed that S. capitis
reflected changes in particle concentration more accu-
rately than B. lata did. These different results high-
light the varying behavior of bacterial species, an
important consideration when performing and inter-
preting studies on bioaerosol dispersal.
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C. Adjusting the fan speed and using HEPA filters
resulted in five distinct air curtain Reynolds numbers
[Re < 11,000) and a variation of the air curtain flow
field. Using the previously described sensor-based
and biological evaluation tools at designated points
on the floor in front of and behind the air curtain
(P1/P3), we assessed the effectiveness of the air cur-
tain in preventing bioaerosol dispersion. When the
air curtain was inactive, strong fluctuations in particle
concentrations in the chamber were measured over
time. Regarding the microbial evaluation method,
the air curtain effectiveness reached values of up to
=204 for B. lata and -0.64 for S. capitis, indicating
that up to 204% more bacteria were sampled behind
the air curtain than in front of it. The PM sensor-
based evaluation method yielded values of -0.1 for
the smaller particles (0.3-1.0 gm) and up to 0.12 for
the larger particles (1.0-2.5gm). The activation of
the air curtain resulted in a particle-related effective-
ness of 0.2 for smaller (<1 ym) and 0.36 for larger
particles [}) = 1.0-2.5um. Adding HEPA filters sig-
nificantly increased the effectiveness for the smaller
and the larger particles due to particle removal at
the air curtain inlet. Therefore, a comparison of the
effectiveness between the different configurations
was not in the scope of our studies. In the HEPA sce-
nario, the effectiveness against the smaller particles
reached 0.58, while the effectiveness against the larger
particles reached 0.66. In this configuration, the effec-
tiveness against bacterial spread was evaluated at 0.60
and 0.66 for B. lata and S. capitis, respectively. The
good agreement between the two measurement tech-
niques for this final configuration indicates that the
bacterial-based results obtained from the Petri dishes
were significantly influenced by the local air veloci-
ties, which affected the settling characteristics of the
particles on the Petri dishes. Further studies should
use multiple active aerosol samplers in front of and
behind the air curtain as this method is less sensitive
to variations in local air velocity. However, passive
sampling, for example, in the air curtain impinge-
ment zone can provide valuable information on
bicaerosol spread, but quantitative analyses must be
carried out with caution.

Our study indicates that the defined bacterial bioaerosol
served as an appropriate reference standard that facilitated a
deeper understanding of the spread of potentially harmful
bicaerosols. Comparing PM concentration with bacterial
survival showed better agreement for S capitis. A broader
evaluation of all nine bacterial species present in the bioaer-
osol could provide a more comprehensive understanding of
their specific airborne survival and behavior, Studies using
single model organisms would be interesting to investigate
the effect of using single organisms versus a microbial com-
munity that resembles a more realistic reference. The air
curtain reduced the spread of bicaerosols in the test cham-
ber. It was most effective with particles between 1.0 and
25um in diameter. As expected, the configurations that
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included additional HEPA filters achieved higher particle
removal rates. Changes in environmental parameters such
as humidity, temperature, and UV radiation, which directly
affect bacterial survival, can be the subject of further
measuremnents. Additionally, conducting experiments in a
cabin-like environment can account for factors such as cabin
dimensions, seating arrangements, headrests, doors, and
other features. Before integrating the air curtain into an
overall ventilation strategy, however, the thermal comfort
of passengers in the vicinity of the air curtain’s strong air-
flow must be assessed.

This study introduced a standardized bioaerosol and
reliable, straightforward detection methods. Using these
methods in a defined indoor environment, we compared
the spread of two bacterial species from the bioaerosol across
five different ventilation scenarios. This comparison allowed
us to evaluate the methods against each other and investigate
bioaerosol transmission in depth. This study will facilitate
the testing and evaluation of novel measures for airborne
microbial reduction in future applications,
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from Signya- Aldrich. Figure 51: Average particle concentrations
of particle size 2.5-4.0 um in (a} linear and (b) logarithmic view.
Figure 52: Absolute C_P of D, = 0.3-1.0um compared to C; of
{a} 5 capitis and (b) of B. lata on the sampling position AS
and D, =2.5-40 um compared to Cy of (c) S, capitis and (d}
of B. lata on the sampling position AS. Figure §3: Bacterial
growth (CFU per milliliter) of the bacterial strain B. lafa and
8. capitis retrieved from the air sampler and the average particle
concentration q(d!} for At = 600s for the particle size (.3~
1.0 um for (a) S capitis and (b) B. lata.
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Introduction: Pathogens can easily transmit via surfaces and objects. In light of
the ongoing pandemic of antimicrobial resistance, silently threatening millions
worldwide, this is of particular concern in clinical and public environments.
Thus, it is crucial to understand how antimicrobial materials influence
surface-associated microbes and microbial communities. Copper, known for
its antimicrobial activity, has demonstrated effectiveness against numerous
clinically relevant pathogens. However, these in vitro pure cultures are in stark
contrast to the in vivo microbial communities. Additionally, the application of
pure copper surfaces is high in cost and maintenance.

Methods: Hence, in this study we not only tested the antibacterial effectivity
of different copper concentrations against single species, but also against a
reference bacterial community representing the most abundant bacterial genera
in public transport, This allowed a comparison of the antibacterial efficacy of
copper against a bacterial community and against single species. Coatings on
glass, which were composed of full copper (100 at.% Cu) and copper-aluminum
alloys with different Cu contents (79 at.%, 53 at.% and 24 at.%) were tested with
two selected single species {Burkholderia lata DSM 23089T and Staphylococcus
capitis DSM 111179) and those species within the bacterial community.

Results: In general, the survival of the two species within the bacterial
community was higher compared to their respective survival as a single species,
significantly for S. capitis. Surfaces with 100 at.% copper content showed the
greatest antibacterial effect in terms of bacterial survival, with a reduced survival
of up to 10-% The 79 at.% Cu coating only had an inhibitory effect on the
metabolic activity of 8. lata when exposed to the surfaces as single species.

Discussion: Our results highlight the benefits of additional testing of microbial
communities rather than pure cultures. These experiments allow for enhanced
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evaluation of antimicrobial surfaces since they also take complex and diverse
interactions within a surface microbiota into account. Therefore, community
testing might be the more holistic approach for the testing of antibacterial

materials.

KEYWORDS

antimicrobial materials, copper coating, bacterial community, copper gradient,

microbial load

1 Introduction

Microbial dispersion naturally accompanies } p e
Through breathing, bioaerosols are spread, and direct contact
to the environment causes the distribution of microbes that are
harboring the skin. While most microorganisms are harmless
or even beneficial, caution is needed when it comes to the
spread of (opportunistic) pathogens. The currently ongoing silent
pandemic of antimicrobial r ¢ (AMR) which includes
multidrug-resistant bacteria (MDR), is already affecting millions of
patients, resulting in limited or no treatment option of infections
(Mahoney et al, 2021; Naghavi et al, 2024). Public surfaces
play a vital role in the spread of pathogens (Xiao et al, 2019).
Therefore, counter es to reduce infection transmission
are needed. Transmission of pathogens and microorganisms
in general is facilitated by many factors. Especially crowded
fined spaces lacking proper ventilation
are hotspots of antimicrobial spread. Public transportation in
large cities with millions of daily commuters combines both of
the aforementioned features. Hence, it is a key environment for
microbial tr Itaneously also highlighting the need
for effective countermeasures.

Different counter ilable to reduce the microbial
spread. In terms of air cleaning, disinfection can be performed
using fumigation of e.g., hydrogen peroxide (Morctro et al, 2019).
For material disinfection, UV-disinfection, is common in hospital
settings (Gueltari et al,, 2021; Ghosh et al,, 2022). Antimicrobial
materials are another approach to reduce the bacterial load on
fomites. A great variation of antimicrobial materials and surfaces
are available and have different antimicrobial mechanisms. For
instance, some anti-biofouling surfaces reduce the attachment
of microorganisms to the surfaces (Linklater ct al., 2021), while
others have biocidal species that inactivate microorganisms, like
biocidal nanocomposites (Tamayo et al, 2016). Besides biocidal
reactives, some surfaces rupture bacterial cells (Luan et al,, 2018).
Other commonly used antimicrobial materials are metals, So-called
“metalloantibiotics” can cause toxicity for cells (Frei et al, 2023).
However, while some metals exhibit antimicrobial properties,
certain bacteria possess or have developed resistance to high metal
ion concentrations (Hobman and Crossman, 2015). Therefore,
deliberate and strategic application of these materials is essential.

One of the best-known antimicrobial metals is copper.
Although copper is essential for the cells of all aerobic organisms
(Festa and Thiele, 2011), toxic concentrations damage cells in
various ways. Hence, while copper ultimately results in cell
inactivation or death, the point of attack can vary between different
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types of microorganisms. For instance, viruses are affected by RNA
degradation and b damage (in enveloped viruses) caused
by copper ions. In fungi, on the other hand, copper ions cause
physical damage of the cell membranes (Salah et al, 2021). In
bacteria, copper not only damages the cell membrane, but also the
DNA, due to the intrusion of copper ions and resulting oxidative
stress (Grass et al, 2011; Santo et al, 2011; Pramanik et al,
2012). Oxidative stress involves reactive oxygen species (ROS),
which are generated by both Fenton-like and Fenton-independent
reactions, which cause oxidative damage of the cells through lipid
peroxidation, protein oxidation, the above mentioned DNA and
ly leading to cell death (Barnham etal,
2004; Pham et al,, 2013; Salah et al., 2021).

Since copper functions as a cofactor, which catalyzes many
redox reactions, high concentrations pose an issue with the
copper homeostasis within the cells. High concentrations of copper
can become toxic, since it can replace the iron in iron-sulfur
clusters of proteins and damage or inactivate those proteins
(Chillappagari et al., 2010).

Interestingly, the mechanism behind the antimicrobial copper
surfaces is different between wet- and dry-contact killing (Ramos
Zuniga etal, 2023). While it is not yet fully understood how copper
inactivates cells in a wet contact killing setting, even less is known
about the mechanism behind dry contact killing (Grass et a1, 2011).
However, it has been observed, that cells accumulate copper ions
much faster during dry contact killing compared to wet contact
killing, leading to damage especially of the cell membrane (Santo
etal, 2011).

The application of copper as an antimicrobial element dates
back to ancient times and has been studied extensively. Nowadays,
it is used or tested in different settings, such as in hospitals
(Mikolay et al, 2010) or in public transport (Williams et al., 2024).
Nevertheless, copper is not a cost-effective element for processing
and long-term use. It corrodes easily, and it is therefore not favored
to be applied in its pure state. A promising method of enhancing
the durability while maintaining cost efficiency is the use of copper
alloys. In a past study, the effective antimicrobial copper content
was tested by using materials with different copper contents in
a hospital setting (Karpanen et al., 2012). In the described study
by Karpanen et al. (2012), copper alloys with = 58% copper
content resulted in a microbial reduction on surfaces. Another
study by Mehtar et al. (2008) tested different surfaces against
nosocomial pathogens and a minimum copper content of > 55%
was determined.

In this study, glass slides were used since glass is not
antimicrobial and therefore does not influence the effect of the
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coatings, Further, the used glass substrates support reproducibility
due to their standardized roughness, which could otherwise
influence the settling and behavior of the tested bacteria.
Nevertheless, this approach can be applied to various materials.
Another benefit of the used coatings is that aluminum is used in the
alloy, which is more cost effective than zinc in brass (Westmetall,
2024)* which is also the subject of investigations into antimicrobial
materials (Timofeev et al, 2025). Further, pure copper oxidizes
quickly, which creates a colored surface making the material less
user-friendly. Hence, copper-aluminum (Cu-Al) alloy coatings are
considered to be highly suitable for real-setting applications.

To test the effectivity of such materials, many studies use
microbial model organisms. A common issue of many studies is
not the microbial selection for testing, but rather the applicability
to real-world settings. A natural microbial environment is
shaped by a variation of microorganisms, and the species within
a microbial community interact. Microbial communities are
complex, therefore studying the effects and the interactions within
a microbial community is challenging (Pierce and Dutton, 2022).
Many studies exist, that investigate the effect of heavy metals,
such as copper, on soil microbial communities (Corcoll et al,
2019; Sutcliffe et al,, 2019; Shaw et al,, 2020), but the investigation
of the surface microbiome of highly touched surfaces is still
limited. Yet, especially in hospital settings with an already high
selection pressure due to antibiotics and regular disinfection, the
risk of giving multi-drug resistance bacteria a further ad ge by

10.3389/fmicb.2025.1659828

TABLE 1 List of strains within the standardized bacterial ¢ ity,

growth conditions and references.
Strain Growth References

conditions

Burkholderia lata DSM R2A37°C Vanlacre et al., 2009
230897
Corynebactesium halotolerans — TSB/TSA 37 °C Chien et al,, 2004
DSM 44683
Enterococous vitkkiensis DSM BHI37°C Kahkila et al 2011
240437
Flavobacterium frigoris DSM R2A20°C Vi o,
15719¢
Propianibacterium BHI 37°C Kusano et al , 199
oyclohexanicum DSM 168597
Pseudomonas antarctica DSM - TSBITSA 20°C Reddy ot al., 2004
153187
Sphingomonas risbra DSM R2A20°C Muo eral. 2011
261357
Stuphylococcus capitis DSM R2A37°C Sobiach et al, 2019
111179
Streptococcus halotolerans BHI37°C Niw et al, 2016
DSM 101996

R2A, Reasoner’s 2A4; TSB, tryptic soy broth; TSA, tryptic soy agar; BHI, brain heart infusion.

reducing the total bacterial load of surfaces, has to be considered.

During this study, not only single species, but also a defined
bacterial cc ity which 1 the microbiome of public
transport was used. This particular bacterial community (Ly et al,,
2024) has already been successfully applied as a reference for other
experimental settings (Kohl et al., 2024). This approach allows the
investigation of differences between single species and a bacterial
community after the exposure to copper and copper alloy surface
coatings with different copper contents (24 at.%, 53 at.%, 79 at.%,
100 at.%). It enhances our understanding of the antimicrobial effect
of copper and deepens the knowledge on what parameters may
affect such experimental setups.

The findings of this study aim to contribute to research focused
on reducing microbial spread while I yusly izing
material costs (full copper vs. copper alloy) and the economic
impact of multidrug-resistant (MDR) bacteria.

2 Materials and methods

2.1 Used organisms and preparation of
bacterial suspensions

The human skin associated bacterium S. capitis was selected
for this study, as it is one of the most common genera found in
indoor environments. The used strain of S. capitis DSM 111179
(S. capitis) harbors an antibiotic resistance against rifampicin,
which allows selective determination of survival within the

[Online].  Available
ed 23.09.2024).
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d bacterial cc ity. Another tested bacterial strain was
B. lata DSM 230897, as a biosafety level 1 strain of Burkholderia,
allowing straightforward handling. The genus Burkholderia is
also commonly found in public transport environments. One
characteristic of B. lata DSM 23089 (B. lata) is its resistance against
streptomycin and therefore allowing selective growth. Both strains
of S. capitis and B. lata were purposely chosen for testing, since their
morphological composition and therefore the expected reaction to
copper surfaces differed. S. capitis is gram-positive and coccoid,
while B. Jata is gram-negative and has rod-shaped cells.

The species and growth conditions of the bacterial community
are listed in Table 1 and are described in greater detail in Ly et al,
(2024).

Bacterial strains were grown for 18 h at the respective growth
conditions listed in Table 1. The bacterial cells were then harvested
in the stationary growth phase. Afterward, the bacterial cultures
were centrifuged at 323 g for 10 min, and the supernatant was
discarded. The cell pellet was resuspended in 50 mL in phosphate
buffered saline (PBS; Na;HPOy 7.0 g, KH;POy4 3.0 g, NaCl 4.0 g,
per Liter, pH 7.5). The washing step was repeated once. The cell
solutions were set to a concentration of 107 cells/60 jLL after ODggq
»m Measurement. These steps were followed by colony forming unit
(CFU) determination on the respective media given in Table 1 to
confirm the cell concentration. For the bacterial community, all
nine bacterial strains were mixed in equal cell counts with a final
concentration of 107 cells/mL.

2.2 Copper and aluminum coatings on
glass surfaces

The coatings were applied to microscopy slides as substrate
material (Labsolute, Th. Geyer) with sample dimensions of 76:
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1) Covering the surface with cut-lo-size
tape prios to sterilization

60 pl, 107 cetls

J) Placement of samples according Lo time points to prevent

neighboring drops from merging:
< 1.0 min @ |5 min
@25min - 30 min
@50min - o 60min

FIGURE 1
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$) Use sample for survival and
copper jon determination

4) Removement of samples afler cach time point with prior
mixing

Experimental precedure of wet contact killing assay. (1) First, the surfaces were covered with cut-to-size tape with 18 cut-outs with a diameter of
& mm each. (2) The surface was then disinfected with 99% ethanct and iradiated with germicidal UV-C (254 nm) for 30 min. (3) Then, 60 uL (107
cells) of the prepared bacterial solution was applied with a certain time delay to ensure efficient work without the samples merging due to
insufficient distance between them. (4} After each time point. the samples were mixed before being transferred to tubes. {5) The obtained samples
were then used to determine the survival rate, perform the metabotic activity assay, and ICP-MS measurements.

76: 1 mm. Batch magnetron sputtering (Z400, Systec SVS vacuum
coatings, Karlstadt, Germany) was applied for deposition of the
coatings. Prior to deposition, one side of the glass substrate was
subjected to Ar’ ion etching for sample surface cleaning and
activation. The target material used were dense polycrystalline
targets of Cu and Al with a diameter of 100 mm. In order to
obtain coatings with different Cu contents, DC co-sputtering was
performed at different target powers. The total pressure during
deposition was 0.4 Pa in an Ar atmosphere with a constant flow
rate of 20 sccm. The coating thickness was 0.8-2.0 jum.

The sputtered coatings were analyzed using an X-ray diffraction
(Bruker D8 Advance, Cu Ka radiation, EVA/Topas 4.2 software
package, Bruker AXS, Karlsruhe, Germany), which revealed the
phases within the deposited coatings. In order to determine
the coating thickness, cross sections were analyzed using a
scanning electron microscope (SEM) (DSM Ultra 55, Carl
Zeiss NTS, Wetzlar, Germany). Additionally, energy-dispersive
X-ray spectroscopy (EDS) (Aztec, Oxford Instruments, Abingdon,
United Kingdom) was executed at 5 kV to determine the coating
content of Cuand AL

2.3 Wet contact killing

An overview of the experimental procedure is displayed in
Figure 1. To prepare the surfaces for the wet contact killing assay,
adhesive PVC tape was cut out to defined spots of 6 mm diameter
for each bacterial sample, and the surfaces were disinfected with
99% ethanol and subsequent UV-C (254 nm) treatment for 30 min.
The microbial samples were prepared in PBS, and 60 pL (107
cells/60 L) were applied on each surface spot for 1, 2.5, and 5 min
for B. lata, and 15, 30, and 60 min for S. capitis. Time points were
selected based on survival results of preliminary experiments and
allowed the detection of survival within the tested time scale. Of
the retrieved samples, 10 L were used for the determination of
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bacterial survival, 10 L for metabolic activity assay, and 10 L for
ICP-MS analysis. The wet contact killing assay was conducted using
a minimum of three biological replicates. The experimental setup
during the experiment is displayed in Figure 2.

2.4 Determination of bacterial survival

To determine the bacterial survival, a 10-fold serial dilution of
each sample was prepared from 10~! to 10~% in PBS and 20 pL
of each dilution was plated on respective media plates. For single
species testing, R2A agar plates were used. For samples of the
bacterial community, selective growth of B. lata was performed on
R2A containing streptomycin (150 pg/mL), and for S. capitis R2A
with rifampicin (5 pg/mL) was used. Agar plates were incubated at
37 °C for 48 h. Colony forming units (CFU) were counted afterward
to determine the CFU/mL. The survival fraction N/Ng was then
calculated by dividing the CFU/mL of the treatment conditions by
the CFU/mL of the initial cell solution.

2.5 Copper ion content detection via
ICP-MS

One method of analysis after wet contact killing experiment was
the determination of the Cu 63 isotope with Inductively Coupled
Plasma - Mass Spectrometry (ICP-MS) analysis, using a NexION®
2000 ICP-MS (Perkin Elmer, Massachusetts, United States).
Measurements were performed in the kinetic energy discrimination
(KED) mode using Ar (99.999 vol%) as the nebulizer gas and He
(99.9999 vol%) as the collision gas. The cell solution was diluted
by a factor of 600, using 10 L of the solution and diluting it in
5,990 pL of 0.69% HNOj;. PBS was used as control sample. For
ICP-MS, triplicate samples were used (n = 3).
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FIGURE 2

Experimental setup during wet contact killing, exemplary on a copper {100 at.%} and atuminum (100 at %) surface. During the experiment (after step
3 of Figure 1), the surfaces were positioned in petri dishes packed with wet paper towels to maintain constant high humidity. This reduced

evaporation of the samples.

2.6 Determination of metabolic activity
via resazurin reduction

To investigate the metabolic activity of the bacterial cells after
exposure to the tested surface materials, the reduction of resazurin
was used as indicator (alamarBlue” Cell Viability Reagent, Thermo
Fisher™). This method was used already by Cortesio et al, (2021)
with fungal spores. The assay was conducted in a 96-well plate, with
a total volume of 200 pL reaction mix per well. The reaction mix
consisted of 170 pL culture media with and without antibiotics,

To examine the surfaces after wet contact killing, a scanning
electron microscope (SEM) (DSM Ultra 55, Carl Zeiss NTS,
Wetzlar, Germany) was used with the SE detector with a voltage
of 5 kV. Prior to the investigations the surfaces were Pt-coated for
80 s to create a conductive surface.

2.8 Sequencing of B. lata DSM 230897

To identify genes which are potentially related to copper

defense or tolerance within the genomes of B. lata and S. capitis,

as described in see section “2.1 Used organi and preparation
of bacterial suspensions,” 10 pL bacterial solution, and 20 pL
of alamarBlue. The 96-well plate was incubated at 37 °C for
24 h. The ODggonm and ODszoyy, were measured every 30 min
using a Multi-Detection Microplate Reader (Infinite M200 PRO,
Tecan). Before each the samples were subjected to
orbital shaking. To calculate the percentage of resazurin reduction,
the standard protocol of the manufacturer was used (Thermo
Fisher Scientific, United States)?. Each reaction was conducted in

biological triplicates (n = 3).

2.7 Scanning electron microscopy (SEM)

For the phenotypical analysis of the cells after wet contact
killing, scanning clectron microscopy was conducted. Sample
preparation included the wet contact killing procedure with
coatings of 100 at.% Cu and Al, as described in see section 2.3
Wet contact killing,” except for the recovery of the samples. The
cell solutions were dried on the surfaces for 2 b, followed by fixation
using 2% paraformaldehyde (PFA; Merck 104005) in 0.05 M HEPES
buffer (pH 7.2) for 1 h (30 min at 25 °C + 30 min at 37 °C).
One exception was made for the Cu surface with the bacterial
community. Here, the contact time was 1 h and after fixation, the
surface was washed three times with PBS and one time with sterile,
deionized water.

2 Thermofisher Scientific (2025). alamarBlue Assays for Cell Viability
Protocol, for Microplates [Online]. Available: https:/iwwew. ofisher
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the following process was conducted. The genome of S. capitis DSM
111179 was already submitted by the German Aerospace Center
and is accessible as NCBI RefSeq assembly GCF_025272695.1 on
NCBI. For B. lata DSM 23089", no whole genome sequence data
was available. We conducted nanopore sequencing as well as whole
genome sequencing prior to hybrid assembly. For whole genome
sequencing, DNA was extracted using the QIAGEN Genomic-tip
20/G in combination with the Genomic DNA buffer Set, according
to the manufacturer’s instructions (QIAGEN, Hilden, Germany).
Further processing for Illumina sequencing was performed by
the Cologne Center for Genomics as described in the following.
Libraries were prepared with the TruSeq DNA Nano library
preparation kit (Illumina)® without PCR, starting with 1 jug gDNA
input. Library preparation was followed by clean up and size
selection using SPRI beads (Beckman Coulter Genomics) aiming
for an insert size of 350 bp. After library quantification (Qubit, Life
Technologies) and validation (Tape Station, Agilent), equimolar
amounts of library were pooled. The library pool was quantified by
real-time PCR using the Peglab KAPA Library Quantification Kit
and the Applied Biosystems 7900HT Sequence Detection System
and then sequenced on an Illumina NovaSeq6000 sequencing
instrument with a paired-end 2 x 150 bp.

Nanopore sequencing was conducted by Noscendo GmbH,
Germany. DNA isolation, library preparation, and sequencing on
the MinION benchtop sequencer were carried out as described in
Neidhofer et al. (2022). All genomes were assembled following a
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hybrid long-read-first assembly approach using Hybracter v0.11.0
(Bouras et al, 2024). Resulting genomes were annotated using
Bakta v1.11.0 (Schwengers et al. 2021) via Bakta Web (Beyvers
et al., 2025),

2.9 Statistical analysis

Student’s f-tests were performed to calculate the level of
significance between treated and untreated samples. Untreated
samples were not exposed to any wet contact killing and treated
samples were exposed to wet contact killing. If the equal variance
test (Brown-Forsythe) failed between the two data sets, Welch's
t-test were performed instead of Student’s f-test, since the latter
assumes that the variances of the two samples are equal. If the
data of both data sets were not normally distributed, the Mann-
Whitney Rank Sum test was performed instead, as this test makes
no assumptions about the distribution of the data. To calculate
the significant differences within the alamarBlue data sets, two-
way Repeated Measures (RM) ANOVA was performed to compare
the positive control to respective bacterial samples. The control
samples (PBS) of the ICP-MS P
to the bacterial samples by paired t-test. Significant differences
were defined with p = 0.05 (*), p = 0.01 (**) and p = 0.001
(***). All statistical analyses were executed with SigmaPlot 14.5
(Systat Software Inc).

q

s were <« a

3 Results

3.1 Analysis of coating

The deposited coatings were crystallin after deposition. The
phases of the coatings formed during processing were determined
using X-Ray measurements. The 100 at.% Cu coating and the 100
at.% Al coating consisted of only one phase of Cu or Al For the
alloy coatings with variation of Cu content intermetallic phases of
Cu and Al were analyzed.

In order to determine the thickness of cach coating type,
cross sections were investigated in the SEM. Table 2 shows the
coating thicknesses. Due to its ductility, Cu is difficult to prepare
by metallographic preparation methods, therefore the coatings had
a slight difference in thickness as a sputtering rate could not be
determined without intensive preparation methods. However, this
subtle variation in thickness was not expected to play any role in
the antimicrobial behavior.

3.2 Bacterial survival on surfaces with
different copper contents

The bacterial community and the single species S. capitis and
B. lata were exposed to a variation of surfaces for different time
periods and their survival was determined. Results of the survival,

survival fraction N/Ny and significance tests are ized in

10.3389/fmicb.2025.1659828

TABLE 2 Coating thickness of each coating type measured in cross
section via scanning electron microscope (SEM).

Coating (Cu content in

Coating thickness (um)

(p < 0.001) on the 100 at.% copper coating in both tested scenarios
(single vs. within bacterial community, Figures 3a, b). Comparing
the survival of S. capitis as single species and within the bacterial
community, first differences were observed from the second time
point at 30 min. Here, the survival reduction as single species
was 2-log scales (1072), while within the bacterial community, the
survival fraction dropped to less than 107 cells/mL. Contrarily,
after 60 min of exposure, S. capitis showed less reduction within the
bacterial community when compared to its testing in pure culture.
This observation was reflected in a difference of 2-log scales.
The direct comparison of single species and bacterial community
survival on the different surface types was conducted for the last
time point (60 min) (Figure 3¢). On the one hand, no significant
difference was observed between S. capitis as single species and
within the bacterial community after contact killing on 100 at.%
Al and 53 at.% Cu. On the other hand, a significant difference
was observed for the 79 at% Cu (p = 0.021, survival single
42.3%; within bacterial community 161%) and 100 at.% Cu surface
(p=0.013, survival single 6.9 x 10~ %; within bacterial community
8.8 x 107%%). Therefore, S. capitis showed improved survival
within the bacterial community.

The survival fraction of B. lata was determined based on the
exposure of the bacteria for 1, 2.5, and 5 min (see Figures 3d, ¢),
based on preliminary experiments conducted, which showed no
detectable survival of B. lata after 15 min of 100 at.% Cu surface
contact (data not shown). Within (Figure 3d), the survival fraction
is displayed for the testing of B. lata as a single species. Several
similar trends were observed in the survival of B. lata as a single
species as well as within the bacterial community when compared
to §. capitis. For one, they were both significantly affected in the
survival by the 100 at.% Cu coatings (p < 0.001, survival fraction
B. lata single 3.74 x 10~ %), This was also the case for B. lata within
the bacterial community (p < 0.001, survival fraction 5.33 x 102,
Figure 3e¢). Focusing on the last time point (5 min), a 2.5-log
discrepancy was shown between survival as single species and
within the bacterial community. Another akin tendency between
S. capitis and B. lata was that single strains and the strains within
the community were affected similarly at the first time point after
1.0 min. The last time point (60 and 5 min) showed better survival
of the bacteria within the community, also for both selected species
(Figures 3b, ¢). However, as displayed in Figure 3f, there was no
significant difference in survival after 5 min of contact killing
between B. lata as singles species and B. lata within the bacterial

Supplementary Tables 1-7, Over the maximum time tested of
60 min, the survival fraction of S. capitis was significantly reduced
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Overall, B. lata showed a higher susceptibility to the copper
coated surfaces compared to S. capitis. Our results showed that
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FIGURE 3

Survival fraction (N/Ng) of the species §. capitis and 8. lata after exposure to glass slides coated with copper gradients of 100 at.%; 79 at.%, 53 at.%,
and 24 at ¥, or coated with 100 at % aluminum as negative control. Survival fraction of S. capitis as (a) single species and (b) within the bacterial

community, survival {c) after 60 min of contact killing. 8. lata as (d) single

species and (e) within the bacterial community, and (f) survival after 5 min

of contact killing. Results shown are mean and standard deviation of three biological replicates. Statistically significant differences in survival fraction
relative to the 100 at % Al control (a,b,d,e), and the differences in survival between single species and respective species within the bacterial
community {c.f) are displayed. Significant differences were defined with p < 0.05(*), p < 0.01 (**) and p < 0.001 [**¥)

both B. lata and S. capitis survived a longer exposure to copper
surfaces better within a bacterial community compared to exposure
as a single species. However, we only saw significant differences for
S. capitis.

3.3 Metabolic activity after wet contact
killing

To evaluate the metabolic activity of S, capitis and B. lata after
exposure to the coated surfaces as single species and within the
bacterial community, an alamarBlue assay was performed over 20 h.

Figure 4 displays the measured metabolic activity via
alamarBlue assay of the single species S. capitis (Figure 4a)
and B. lata (Figure 4¢) and the species within the bacterial
community after exposure to the surfaces and settings as described
earlier. Significance was tested and p-values were summarized in
Supplementary Tables 8, 9. In the alamarBlue assay for samples
of the bacterial ¢ ity, rifampicin was suppl ted in
the media in samples which were exposed to 60 min of wet
contact killing for selective growth and measurement of S. capitis
(Figure 4b). Streptomycin was added into the media of samples that
were prolonged 5 min of wet contact killing to select for B. lata
(Figure 4d).

Pure cultures of S. capitis (Figure 4a) that were exposed to
either the control material 100 at% Al, 53 at.% Cu, 24 at.%
Cu, as well as the positive control (untreated bacteria) increased
their metabolic activity exp ially during the early phase: The

Frontiers in Microbiotogy

07

alamarBlue reduction for those samples reached nearly 100% after
~7 h into measurement. Interestingly, the S. capitis single species
79 at.% Cu sample showed a delayed bolic activity (8.5 h until
maximum alamarBlue reduction). The greatest affected samples
were those after exposure to the 100 at.% Cu coated surface, which,
for the S. capitis single species only showed slight increase up
to ~22% after 20 h of incubation and displayed very significant
(p = 0.003) differences compared to the positive control.

In contrast, S. capitis within bacterial community (Figure 4b)
exposed to 79 at% Cu and 53 at% Cu reached a maximum
alamarBlue reduction of 84.8% and 87.6%, respectively, only after
9-10 h of measurement. The positive control showed an even
stronger alamarBlue reduction after 8 h. As for the 100 at%
Cu samples, the reduction started after approximately 15 h of
incubation.

Figure 4c displays the metabolic activity of B. lata after 5 min
of wet contact killing on all tested surface types, while (Figure 4d)
shows it for B. lata within the bacterial community on 100 at.% Cu,
79 at.% Cu, and 53 at.% Cu. A maximum alamarBlue reduction
was reached by the B. lata single species samples after ~8 h
into measurement for the positive control, 53 at.% Cu, 24 at.%
Cu, and 100 at.% Al treated samples. For B. lata, pure cultures
that were exposed to 79 at.% Cu surface, a linear increase of the
metabolic activity was followed by an exponential rise after 18 h of
incubation, resulting in a highly significant (p < 0.001; 20 h into
alamarBlue: 79 at.% Cu 58%; PC 113%) difference compared to
the positive control. Minimal increase of the alamarBlue reduction
was observed for the 100 at.% Cu coated samples, resulting in a
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Metabolic activity of B. lata and 5. capitis as single species and within the bacterial community after wet contact killing assay. The species (a)

S, capitis and (b) S, capitis within the bacterial community (medium supplemented with rifampicin) were treated on the surfaces for 60 min, The
species (¢) 8 lata and (d) B. (ata within the bacterial community (medium supplemented with streptomycin) were tested for 5 min to the surfaces
price to the metabolic activity measurement. The contact Killing was performed with coatings with varying copper content, aluminum and positive
contral (= untreated bacterial sample with no wet contact killing), The data is displayved as mean and standard error (n = 3)

reduction of approximately 14% after 20 h of incubation and a
very significant difference (p = 0.002; 20 h into alamarBlue: 100
at.% Cu 14%; PC 113%) compared to the positive control. Similar
to the positive control, other samples, such as 53 at.% Cu and 24
at.% Cu, showed an alamarBlue reduction of over 100%. This was
also observed in the advanced measurement times in Figure 4d,
This oversaturation can be traced back to different reasons. For
instance, accumulation of the reduced product resorufin, or the
over-reduction of alamarBlue to hydroresorufin, which can be
avoided by a shorter incubation time (O Brien et al,, 2000).

For the samples of B. lata within the bacterial community, the
maximum metabolic activity was reached two hours later compared
to the pure culture, after ~10-11 h, for the positive control and 53
at.% Cu surface samples. A great difference between single species
and bacterial community samples was displayed for the 79 at.%
Cu and 100 at.% Cu surfaces. In contrast to the single species
exposed to 100 at.% Cu with 14% maximum alamarBlue reduction,
B. lata within the bacterial community resulted in a linear increase
of alamarBlue reduction, with a final reduction of approximately
60% after 20 h of incubation. Further, the results of the 79 at.%
Cu sample of the bacterial ¢ ity were comparable to the 53
at.% Cu sample with increased metabolic activity, whereas as pure
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culture, the sample exposed to 79 at.% Cu showed significantly
reduced metabolic activity.

To rule out any effects of the addition of the antibiotics, the
metabolic activity assay was conducted without antibiotics too. The
results showed no significant difference between the trend of the
alamarBlue reduction (Supplementary Figure 3). However, other
bacteria within the bacterial community could have contributed to
the alamarBlue reduction in this case.

The metabolic activity of both S. capitis and B. lata reduced with
increasing copper content, as indicated by decreased reduction of
resazurin, The metabolic activity was also measured for each time
point that was tested in section 3.1 (1 min, 2.5 min for B. lata and
15 min, 30 min for S, capitis), showing mostly similar behavior of
the resazurin reduction (Supplementary Figures 1, 2).

To conclude this section, the metabolic activity assay showed
that the 100 at% Cu surface treatment led to a decreased
alamarBlue reduction for all single species and bacterial community
when compared to the positive controls. As for S. capitis single
species, the maximum metabolic activity was 22% after 20 h into
the assay. The samples exposed to the other materials showed high
resazurin reduction after only 7.0-8.5 h. These results were similar
for S. capitis within the bacterial community.
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100 at.% Al

B. lata S. capitis

Bacterial community

For the single species B. lata, a maximum alamarBlue reduction
of 14% was reached after 20 h of measurement after wet contact
killing on 100 at.% Cu. The sample treated with 79 at.% Cu surface
also exhibited a significantly reduced metabolic activity with a
maximum of 58% after 20 h of measurement. The other materials
and the positive control showed peak reduction only after 10-
11 h of measurement. Compared to the single species, the bacterial
community samples showed higher metabolic activity for the 100
at.% Cu and 79 at.% Cu samples.

Lastly, the bacterial community samples (5 min and 60 min wet
contact killing) treated with 100 at.% Cu surface coating, showed
a maximum alamarBlue reduction of 40% and 60%, respectively.
In contrast, the single species S. capitis and B. lata exhibited a
maximum alamarBlue reduction of only 22% and 14%, respectively.
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100 at.% Cu

3.4 SEM imaging of bacterial cells on
copper and aluminum containing
coatings

While the results above present an overview of what effect
the copper containing surfaces have on the survival and metabolic
activity of the cells, SEM imaging of selected samples was conducted
to gain further insights. Cell suspensions of S. capitis, B. lata and
the bacterial community were applied on 100 at.% Cu and 100
at.% Al surface coatings, respectively (Figure 5). A contact time of
approximately 2 h was selected for full evaporation of the sample
prior to sample fixation for SEM. Only for the bacterial community
sample on 100 at.% Cu, the contact time was limited to 1 h due to
protocol optimization. This difference in time has to be taken into
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account for the following observations and consecutive comparison
of the samples.

The exposure of S. capitis on surfaces containing aluminum and
copper showed distinct differences: First, only little damage of the
cells or products of the cells were observed for S. capitis on 100
at.% Al (I, II). In contrast, on 100 at.% Cu surface, cells of S. capitis
were found surrounded or completely covered by potential cellular
debris or other organic material (IV, V). However, the cells showed
no striking anomalies when compared to the cells that were exposed
to 100 at.% Al surface coatings. It was noticeable that degradation
of the copper coatings occurred, leaving holes of varying diameters
within the coatings (III).

For B. lata, which was observed to be the more susceptible
species according to the survival after exposure on copper
surfaces, morphological damage was visible for both surface types,
aluminum (VI, VII) and copper (VIII). Interestingly, most cells
secemed to be phenotypically intact. Similar to S. capitis, some
extracellular debris was observed next to or on the cells on the
copper coating. Additionally, signs of degradation in the surface
coating were also observed (IX).

The last tested condition was the bacterial community. The
different cell types and morphologies were observed (X, XI, XII),
showing no morphological impact or damage on 100 at.% Al
surface coating. Again, as with the two tested pure cultures, the
surface of the 100 at.% Cu coating showed characteristics of
degradation (XIII). Comparable to the aluminum surface image
of the two strains, both, damaged and dead cells (XIV), as well as
seemingly intact cells (XV) were observed.

3.5 Copper tolerance and defense
related genes in S. capitis and B. lata

To explain the higher susceptibility of B. lata for copper related
stress compared to S. capitis, genes that are related to copper
tolerance or defense, and genes known for coping with oxidative
stress were identified in both strains’ genomes (Table ). Multiple
genes were detected in both strains. Surprisingly, more potential
copper and oxidative stress response genes were detected in B. lata
than in S. capitis. It should be noted, that the presence of genes
in the genome alone does not guarantee their expression. It is,
therefore, difficult to make strong interpretations based on this
information. Nevertheless, as for S. capitis, the copper-sensing
transcriptional operon repressor gene csoR, has been identified.
This gene represents one of the main copper regulators in Gram-
positive bacteria (Baker et al., 2011),

3.6 Copper ion content in the cell
solution after wet contact killing

The copper ion release is relevant for the contact killing
effectivity. The results of the copper ion release after different
time periods of wet contact killing on the 100 at.% Cu surface
coating is displayed in Figure 6. Overall, the highest copper ion
concentrations were reached in the control samples, containing no
bacteria and only PBS (buffer), with 21.22 mg/L after 60 min on the
surface.
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The copper ion release after wet contact killing with S. capitis
over a course of 60 min showed overall high standard deviations.
The first time point of 15 min pended slightly lower than 5 mg/L,
and increased to a similar copper-ion concentration compared to
the buffer control to 10 mg/L at 30 min. After 60 min, the copper
ion concentration reached ~13 mg/L.

For B. lata samples, only a slight increase of copper-
ions was observed after 5 min of wet contact killing, but no
significance was determined.

The copper ion release of the surfaces after exposure of the
bacterial community to the surfaces over 60 min showed similar
concentrations compared to the control, while exhibiting high
standard deviations.

The results showed that highest copper ion release was detected
in the control solution, PBS. PBS is a salt containing solution, which
leads to a corrosion effect, triggering an increased ion release (Luo
etal, 2019). Although the copper ion concentration was highest for
the PBS control, no significant difference was determined by paired
t-test compared to the bacterial samples.

4 Discussion

In this study, bacterial species were exposed to surface
coatings which contained different copper concentrations and
aluminum as control element. The tested microorganisms were
S. capitis DSM 111179, B. lata DSM 230897 and a bacterial
community containing the two strains mentioned above and
seven other species whose genera are most abundant in public
transport environments. These species were selected due to the
relevance of reducing microbial spread in public transportation
environments, where many people come into contact with and
tr: Since | shape an envi
microbiome, indoor environments have many similarities, as
typical skin microorganisms. The microbial composition of an
envi can be influenced by surface materials, (Hsu et al,
2016) as well as temperature, relative humidity, and ventilation

MICroorg;
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TABLE 3 Copper tolerance and oxide stress related genes and functions found in the genomes of S. capitis and B. lata.

Gene Protein function S. capitis B, lata
copC copper resistance protein; copper homeostasis periplasmic binding protein | * *
7me . ﬂmp;r resistance protein D V V o x
i copld - located in the inner membrane together with peol) with yet unclear function - *
copZ . copper chaperone; copper chaperane & heavy metal transport/detoxification protein x x
ool Hemelcopper-type cytochrome/quinol oxidase subunit 3-like - *
ard TonB-dependent copper receptor - x
[ ompR Two-component system copper resistance phosphate regulon response regulator - x
cuelt Culll-responsive transcrip | regul - P
saxR redox-sensitive transcriptional activator SoxR - x
csoft copp g transcrip | rep X -
50l putative copper chaperone | x -
Copper binding protein - ®
i Copper transporter - *
sufl [ M;;i;'o’vptr ;xidase. type 3 - ®
s0dC superoxide dismutase [Cu-Zn| x x
caalase ' . x
} katG, katE, btuk | Glutathione peroxidase \ x
- Glutathione peroxidase l x -
j A, ofel o e " ‘ 5 X

(Rai et al, 2021). Although the microbial communities vary
within different environments, such as public transportation, a core
microbiome of the public transport exists which differs to other
distinct environments ([2anko et al,, 2021). Indoor settings such as
offices are more likely to have a lower outdoor/indoor exchange
compared to mass transit, where doors open every few minutes.
Commuters lead to a higher number of people and more variable
composition in the cabin environment compared to other indoor
settings.

The investigation of the public transport microbiome and the
microbial reduction in these settings is relevant for groups of
the population that are susceptible to (opportunistic) pathogens,
such as elderly and other immune compromised patients. The
performed experimental design was carried out to test the
difference between the effectiveness of antimicrobial properties

gai single org and org within a bacterial
community, with the latter closely mimicking real environments.
The second aim of the study was to investigate the effectivity of
novel surface coatings as a sustainable alternative to full copper
materials to investigate the minimal copper concentration for
antibacterial effects for more economical and efficient usage.

4.1 100 at.% Cu coatings show highest
antibacterial activity

The results of the bacterial survival after wet contact killing
showed, that only the 100 at% Cu coating had significant
antibacterial effect on both tested strains, as single species and in
the bacterial community. The 79 at.% Cu coating only affected
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the S. capitis as single species significantly more than within the
bacterial community, but not compared to the control 100 at.%
Al In contrast, previous studies showed that copper alloys with
= 58% copper content showed microbial reduction on surfaces
(Karpanen etal,, 2012). However, the tested surfaces in the study by
Karpanen et al. (2012} were investigated over a course of 12 weeks
in a real setting with no defined bacterial inoculum, and the overall
study design and aims differed. Therefore, it would be of interest
to expose cells on the different surfaces used in our study over
a longer time period. Another approach to test the antibacterial
activity of the surfaces would be dry contact killing, which is closer
to real environment settings and has shown to be more effective
(Santo et al,, 2011). This could be explained by fast copper intake
which leads to high copper susceptibility. Furthermore, the bacteria
within our study were harvested at the stationary growth phase.
Consequently, it would be of interest to perform the wet contact
killing experiments with bacteria within the exponential growth
phase, since a higher level of sensitivity is expected (Battesti ot al,
2011).

In a study by Fowler et al. (2019), the minimum inhibitory
(MIC) of Cu
Staphylococcus  epidermidis, showing an inhibitory effect after
5 h of exposure to 90 mg/L Cu ions within the sample solution.
This result was not observed within the experimental setup of our
study. However, both study designs differed. Fowler et al. (2019)
conducted direct treatment of Cu ions in culture media, while
the bacteria in our study were in PBS, aggravating the Cu ion
stress tolerance. We measured Cu ion concentrations between ~1
and 21 mg/L with bacterial exposure times of 1.0-60 min on 100
at.% Cu. It is noticeable, that the measured Cu ion concentrations

concentrations ions were investigated on
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were higher compared to other wet contact killing studies, which
measured maximum Cu ion concentrations of ~20 pg/L after
60 min of wet contact killing range (Timofeev et al, 2025).
Whereas in our study, Cu ion concentrations reached 21 mg/L.
The sample preparation was similar, although different organisms
and materials (full copper, no coatings) were used in the study
by Timofeev et al. (2025). Interestingly, the detected Cu ion
concentrations are more comparable to a wet contact killing study,
which was conducted with Escherichia coli K12 (Luo et al., 2017).

It shows, that Cu ions seem to have a different weight of effect
on the different bacterial species, which can be attributed to the
variability of copper defense mechanisms and their effectivity, as
described in following discussion (Solioz et al, 2010; Bondarczuk
and Piotrowska-Seget, 2013; Giachino and Waldrom, 2020; Lima
et al, 2022).

The decreased antibacterial effect of the Cu-Al alloy coatings
could be traced back to the significantly lower Cu ion release of
the alloys compared to the 100 at.% Cu coatings (Supplementary
Figure 4). The reason for the lower Cu ion release could be
related to the intermetallic phases between Cu and Al, which are
strongly bound and allows for only reduced Cu ion release (Shi
el al, 2020). For more detailed investigation of the antibacterial
properties of the surfaces, a closer look to oxidative stress caused
by ROS will be helpful. This could be performed indirectly by
the investigation of possible protein oxidation or DNA damage
using gel electrophoresis, or membrane damage could be observed
by fluorescence microscopy and LIVE/DEAD staining (Ferndndez
etal, 20115 Berney et al,, 2007). A direct detection of ROS could be
conducted using oxidative stress markers (Li et al, 2016).

4.2 Different genotypes result in different
survival

The wet contact killing experiments showed that both tested
bacterial strains were not similar in their susceptibility to copper.
Although B. lata was exposed to an overall low copper ion
concentration of 5 mg/L after 5 min, its susceptibility to the 100
at.% copper containing surface was significantly higher with a > 4-
log reduction in survival, compared to S. capitis, which was exposed
to ~13 mg/L after 60 min. The survival of S. capitis after 15 min
of wet contact killing was similar to the survival of B. lata after
only 2.5 min of wet contact killing on 100 at.% copper content
surface. The high susceptibility of B. lata to copper was already
observed in preliminary tests, exhibiting a 100% reduction after
only 15 min of exposure (data not shown). This observation is not

10.3389/fmicb.2025.1659828

of genes. Additionally, the genome sizes of B. glumae LMG 2196
with 6.8 Mbp and B. glumae AU6208 with 6.1 Mbp are smaller
compared to B. lata with 8.6 Mbp allowing a greater gene number.
While the authors found copC in the tested strains of B. glumae,
we found multiple genes related to copper tolerance and defense
in B. lata and S. capitis. Nevertheless, B. glumae equipped with
only copC lead to a higher copper tolerance compared to B. lata.
It is remarkable, that more copper resistance-related genes are
encoded in B. lata compared to B. glumae and S. capitis despite
its decreased survival after copper contact. The genes found in
B. lata were e.g. copC, copD, copZ, pcoD, sufl, and cirA and in
S. capitis, relevant genes such as copC, csoZ, copZ, and csoR were
found. However, the actual expression of those genes is unclear and
needs to be investigated in future studies. Further, the function of
these genes can differ between genera. Consequently, the function
of those genes can only be assumed based on available findings
that investigated other bacterial species and genera. The occurrence
of copper- and oxidative stress related genes in both B. lata and
S. capitis was compared with existing data on similar species, il
information was available. For B. lata, the gene copC, coding for
the copper resistance protein or copper homeostasis periplasmic
binding protein was detected. It has been shown on Burkholderia
cenocepacia, that copC functions as a Cu ion binding protein,
allowing copper detoxification (Higgins et al, 2020). copC was also
detected in Staphylococcus aureus, acting as a copper transport gene
(Kinnevey etal,, 2013). Other genes that were detected in the tested
S. capitis such as csoZ, copZ, and csoR were found in S. aureus before
(Baker etal, 2011). The csoR gene, encoding for the copper-sensing
transcriptional repressor, is considered as one of the main copper
regulators in Gram-positive bacteria (Baker et al,, 2011), which we
assume to be significant in the great survival of S. capitis compared
to B. lata.

4.3 Gram-negative vs. gram-positive
bacteria in their copper defense

As shown above, even species of one genus can differ in
their survivability against antibacterial copper surfaces. What
distinguishes B. lata from S. capitis, is their gram stain and
therefore their bacterial structure. S. capitis is gram-positive and
B. lata is gram-negative. Other gram-negative strains such as
the model organism Escherichia coli or Pseudomonas aeruginosa
have been tested in previous studies on surfaces with different
copper contents. E. coli showed total inactivation varying between
15 and 180 min (Wilks et al, 2005 Rézanska et al, 2017).

reflected in studies that have tested different strains of Burkholderia
glumae. In a study which conducted contact killing assay with
strains of Burkholderia glumae, survival was still detectable after 4 h
of contact time (Cui et al,, 2014). However, membrane damage was
already observed after 1 min of contact, visualized by LIVE/DEAD
staining. This was not clearly shown in our study by SEM of
B. lata after 5 min of contact, indicating a high variability of
behavior even among the same genus. A reason for this discrepancy
related to copper tolerance could be manifold. Different species can
differ drastically due to their different isolation and genotypes. The
isolation sides differ between B. glumae (rice seeds) and B. lata
(forest soil) and therefore selective pressure led to a different set
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P. aerugi showed an inhibition of 99.9% when treated with
800 pg/mL of copper nanoparticles, while S. capitis could endure
this concentration (Betancourt-Galindo et al,, 2014). The difficulty
of comparing study designs and model organisms is highlighted
by the observed differences in antimicrobial effectivity of surfaces
across studies. The high survival of S. capitis was anticipated due to
a thick layer of peptidoglycan, which has been suggested to be the
reason for better survival compared to gram-negative Psewdomonas
aeruginosa after treatment with copper nanoparticles (Betancourt-
Galindo et al, 2014). Studies such as Rézanska et al. (2017)
showed, similar to our results, that Staphylococcus survived on
surfaces for long periods of time, ranging from ~45 to ~220 min,
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depending on the copper alloys tested. Although both gram-
positive (S. capitis) and gram-negative (B. lata) bacteria were
susceptible to copper toxicity, the gram-negative strain used in
our study showed significantly higher susceptibility, which may be
due to increased lipid peroxidation, leading to membrane damage,
DNA damage and cell death (San t al, 2015). Further, the above-
mentioned genes related to copper tolerance and defense could be
higher regulated in S. capitis compared to B. lata. This has to be
investigated in future studies. Nevertheless, gram-negative bacteria
are not expected to be more susceptible to copper stress compared
to gram-positive in general. Gram-negative bacteria are able to
provide active control through the outer- and inner membrane
and are equipped with a strong efflux pump system (Bondarczuk
and Piotrowska-Seget, 2013). Under consideration of the cell sizes
(. capitis 1 um, coccoid; B. lata 2 jum, rod-shaped), 83.4% of 107
cells of S. capitis were expected to occur as a monolayer on the
6 mm diameter surface contact area, while 89.4% were calculated
for B. lata. This could enhance the higher susceptibility of B. lata
to copper compared to S, capitis, but only to some extent, since the
calculations are based on one selected size and without taking the
cell shape into account. However, the cell size varies, e.g., it can be
between 0.5 and 1.0 pm for S. capitis.

4.4 Bacterial survival after long exposure
times is higher within a bacterial
community

As shown by Salah et al. (2021), many studies have tested
the antimicrobial effectiveness of different copper and copper
alloy materials and surfaces. However, while most studies were
conducted with strains of E. coli or S. aureus, none of them tested
the effectiveness against microbial cc ities. In this study, we
tested a bacterial consortium of nine bacterial strains with different
genera, based on Ly et al. (2024). The results of this work showed
the reduced antibacterial effectivity of the test surfaces on the
bacterial community in comparison to single species.

With long term use of antimicrobial materials, it should be
noted that the microbiome of surfaces change. The composition
can change and the diversity has been observed to lower within
microbial communities that have been exposed to increased copper
concentrations (Schmidt et al., 2012; Sutcliffe et al, 2019; Shaw

etal, 2020), Occurring species that were copper sensitive decreased,
and copper tolerant species occurred to be more dominant
in the microbiome (Gustavson et zl., 1999; Serra et al, 2009;
Ancion et al,, 2010; Corcoll et al., 2019). These studies did not
investigate associated resistance to antibiotics, although it displays
an important aspect that was shown in a study by Arndt et al (2025,
unpublished manuscript). The authors demonstrated the risk of
antibiotic resistance enhancing the copper tolerance in strains
of Enterococcus faecium, highlighting the conscious application
of countermeasures and drug use. This specific combination of
antibiotic resistance and surface transmission has been subject of
many studies within the clinical environment (Stephens etal,, 2019;
Xiao et al, 2019). However, the transmission of (opportunistic)
pathogens is not limited to the clinical environment, but is relevant
for all public environments, where the spread and emergence of
antibiotic resistances needs to be reduced.
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Within our used study design, cell layering on the surface
was expected and intended for a more realistic approach. The
determination of the actual multilayer was a challenge within this
study, since the different cell sizes and shapes vary enormously and
therefore error would be expected. One hypothesis for the increased
survival of the selected species B. lata and especially S. capitis within
the bacterial community is the cell layering and reduced contact
to the surfaces. Due to varying cell morphologies of the different
used bacterial species (as shown in see section “3.4 SEM imaging
of bacterial cells on copper and aluminum containing coatings”),
layers could be thicker than those resulting from layering of single
species. Thus, less cells of S. capitis and B. lata were exposed to the
surfaces when the bacterial community was tested. As a result, less
cells could be damaged.

Another hypothesis is based on the metabolic interaction
between the bacterial species. Metabolic interaction can lead to the
spread and use of metabolic compounds that help cells which are
normally more susceptible to copper (Williams et al., 2016). Copper
defense mechanisms by bacteria within the bacterial community,
such as the production of extracellular vesicles to secrete copper out
of cells, could also benefit other bacterial species due to a lower toxic
copper concentration in the environment (Lima et al., 2022). Inter-
bacterial interactions and metabolic changes are already known
among bacteria against toxic compounds (Hong et al, 2018; Dai
et al, 2024). Since the survival of B. lata within the bacterial
community was higher compared to the single exposure of B. lata
to copper even after only 5 min of contact, rapid metabolic changes
and inter-bacterial interactions could have impacted the increased
survival besides the cell layering as described in the previous
section.

The formation of biofilms is a common structure which leads
to the resistance of bacterial cells against antibacterial compounds.
However, this is not expected for the experiments, since the cells
were present in PBS, a low nutrient solution. Therefore, potential
biofilm formation by e.g., biofilm forming species S. capitis was
not expected for the copper exposure times of up to 5 and
60 min, respectively.

4.5 Metabolic activity after surface
exposure corresponds with bacterial
survival

After wet contact killing on 100 at% copper surface, the
metabolism of both species §. capitis and B. lata showed
significantly reduced and delayed activity in both scenarios as
single species and within the bacterial community corresponding
with results of their respective bacterial survival. The single
species testing showed reduced metabolic activity compared to
the bacterial community, especially for B. lata. Here, even the
79 at% copper surface caused a delayed metabolic activity of
the cells, although it was not reflected in the survival data. This
could be explained by the strategic metabolic downregulation to
preserve important functions for survival while minimizing cell
damage (Traxler et al,, 2011; Qi et al,, 2023). However, a decrease
would also be observed in the survival, which was not the case
in our study. Another mechanism which maintains survivability
and simultaneously alters the metabolic activity of bacterial cells is
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antioxidant response, The oxidative stress that is induced by copper
might have caused a temporary metabolic downregulation and,
therefore, delay of the alamarBlue metabolization. Simultaneously,
oxidative stress response would activate the production of
antioxidants, such as glutathione peroxidase, superoxide dismutase
and catalase, which are genes found in S. capitis and B. lata. Beside
the oxidative stress response, multiple genes related to copper
defense that were found in both genomes, such as copC and copZ
are assumed to be upregulated during copper stress, as well as
active copper transport (Teitzel et al,, 2006). The cirA gene was
found in B. lata, and is evidently downregulated in Acidithiobacillus
ferrooxidans D2 during copper stress. ¢irA is a TonB-dependent
copper receptor, which restricts copper uptake by the regulation of
transporters (Salazar et al,, 2013).

A clear determination and overview of genes, which are up- and
downregulated during copper stress in the tested species within this
study is not given and, therefore, poses a limitation of this study.
Nevertheless, we assume that the metabolic upregulation of genes
related to copper stress was not significant, especially in B. lata
due to its high susceptibility to the wet contact killing assay, which
was reflected in the reduced metabolic activity on the 79 at.% Cu
and 100 at.% Cu surfaces. In general, the metabolic activity assay
confirmed the survival data, and showed additional susceptibility
of the tested strains toward exposure to copper surfaces that was
not visible by bacterial survival alone.

4.6 Intact cell morphology after copper
exposure

The SEM imaging of the 100 at.% copper and 100 at.%
aluminum coatings after contact killing, showed a slight increase
of extracellular products and other organic matrix surrounding the
cells on copper surfaces. Those accumulations could be determined
as extracellular vesicles, which form after stress response and
have been observed both in gram-positive and gram-negative
bacteria (Kim et al,, 2015; Bose et al., 2020; Briaud and Carroll,
2020). Such structures have been shown in a cyanobacterial
strain and were identified as a copper-secretion mechanism (Lima
el al, 2022). Especially for S. capitis, the accumulation of the
vesicles was increased on the copper surfaces, indicating the stress
response. EDS analysis of the material showed occurrence of sulfur
(Supplementary Figure 5), which has been observed in extracellular
vesicles before (Noundou et al,, 2024). However, sulfur containing
extracellular vesicles are rare. Therefore, a likely possibility would
be that the accumulations are copper oxides, as shown in Akintelu
et al. (2020).

The cell morphology showed only little visual damage, or no
significant damage compared to the cells observed on the 100 at.%
Al coated surface, which may be attributed to the multilayer of
cells on the surface. This observation should be deeper investigated
in future studies. Contrary to these results, cell disruption was
clearly observed in a study by Gopinath et al. (2016) after 60 min
exposure to CuQ nanoparticles. A reason for the observed cell
disruption could be due to the exposure to the bacterial species MIC
concentrations of the CuO nanoparticles, whereas in our study,
no defined copper concentration but rather time was set. Further,
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the authors study conducted experiments in CuQO nanoparticle
solution, in contrast to our study on surfaces.

4.7 Potential for further enhancements
of copper coatings

So far, various studies have been conducted with copper alloys.
We created and tested Cu-Al-coatings as a feasible but more
sustainable approach. To our dissatisfaction, only 100 at.% Cu
coatings were sufficient for bacterial reduction. However, we were
able to identify options for imp ts: Firstly, another metal
than aluminum could be used to create copper alloys, since it is a
rather soft material.

Next, the coatings were generated by magnetron sputtering.
This is a well-established method for creating coatings, such as
implant coatings (Tian et al,, 2007; Ferraris and Spriano, 2016).
However, intermetallic phases formed during the deposition of
the Cu-Al alloys. Since Cu-atoms are rigidly situated within these
structures, Cu ions are less likely to be released (5hi et al,, 2020).
This is in accordance with our Cu ion content measurement of
the PBS and bacterial solution after wet contact killing on Cu-
Al alloy samples (Supplementary Figure 4), which is most likely
contributing to the lower antibacterial effect, as described in see
section “4.4 Bacterial survival after long exposure times is higher
within a bacterial community.” Another alloy of interest would be
Al-Ag-Cu, which has shown to have a greater antibacterial effect
compared to Cu-Al alloys on strains of E. coli, explained by the
higher proportion of antimicrobial metals within the Al phase
(Hahn et al,, 2018). However, since aluminum proposes a rather
soft material which is prone to damage, other metals such as zinc
(Almoudi et al,, 2018) could be used.

The durability and stability under real-life conditions of the
coatings have to be addressed in future studies, as the focus of this
study was on the antibacterial activity and effectivity. Glass slides
were purposely selected as substrate material, since they compose
of standardized roughness and therefore support reproducibility of
the results, Therefore, the mechanical and tribological properties of
the coatings should be studied as well as corrosion under conditions
involving cleaning agents, operational environments, and microbial

biofilms.

5 Conclusion and outlook

In this study, the bacterial community showed greater survival
after exposure to the Cu and Cu-Al coatings, demonstrating
the importance of testing not only single species. The coatings
showed highest antibacterial activity when the Cu content
was 100 at.%. Metabolic activity measurements supported the
bacterial survival data.

Scanning electron microscope imaging revealed that cells
exhibited morphological damage on the 100 at.% Cu coatings,
although this damage was not differing significantly from the 100
at% Al coatings after 1-2 h of contact time. While more genes
related to copper and oxidative stress defense were found in B. lata,
survival of S. capitis was significantly higher. This observation will
be focused on in future studies by investigating the gene expression.
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The copper ion content following wet contact killing on 100
at% Cu coatings was comparatively high compared to other
studies, but could be explained by the coatings showing early
degradation under the SEM. However, Cu-Al alloy coatings
exhibited significantly reduced copper ion release compared to the
100 at.% Cu coating. This phenomenon can be attributed to the
formation of a robust intermetallic phase between Cu and Al, which
hinders ion release, explaining the weak antibacterial activity of
these alloy coatings.

In subsequent studies, a more thorough examination of the wet
contact killing process, as well as the dry contact killing process,
could provide additional information about the test materials and
their antibacterial activity. An additional approach would be to
investigate the expression of copper tolerance or copper defense
related genes to better understand the differential survival of species
within the bacterial community. These approaches can be evaluated
using current methodologies and also with new synthesized surface
coatings incorporating other metals,

To conclude, this study provided new findings on wet contact
killing effects on bacteria, both as pure culture and as bacterial
community. Additionally, novel copper-based surface coatings
were tested and will be improved in future investigations. Qur
study on this topic contributes to the understanding of copper
as an antibacterial countermeasure, with the aim to combat the
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Short-time thermal inactivation of
surrogates of the public transport
microbiome with a low-cost
thermoresistometer

Henrik Grilbbel* *, Yen Ly-Sauerbrey?, Franca Arndt?, Bruno Pavleti¢?, Stefan Leuko? &
Frank Rinderknecht

In this study, the thermal inactivation of the bacterial genera Staphylococcus, Enterococcus and
Burkholderia, which can be found in public transportation environments, as well as the bacteriophage
MS2 as a surrogate for potential viral pathogens are investigated. To quantify the thermal inactivation
characteristic, an automated and inexpensive thermoresistometer is constructed and set up, which
enables the microorganisms to be exposed to short-term thermal shocks. The time dependent
temperature curves were measured to account for heat-up and cooling times. Afterwards, the
microorganisms were exposed to temperatures in the range of 50 °C to 85 °C for durations of 2 s up to
10 s and the thermal inactivation of the respective microorganisms was measured by counting colony
forming units (CFU) and plague forming units (PFU). The data was visualized and fitted to an analytical
thermodynamic model based on a first-order reaction and the Arrhenius equation to predict thermal
inactivation times. This study reports the first measured thermal inactivation values for E. viikkiensis
and B. lata, which have not been studied before. The results for MS2 and S. capitis show significantly
shorter inactivation times than previous experiments. After exposure to 85 °C for 2 s there was no
measurable survival of all tested microorganisms. The semi-automated test setup used allows for
consistent measurements and can be adapted by other research groups.

Keywords Thermal inactivation, Microorganims, Microbiome, Thermoresistometer, Short-time, Public
transport

Human passengers are the primary source of airborne and surface-bound microorganisms in public transport
environments, which are introduced through skin contact, respiratory droplets or aerosols. In addition
to known pathogens such as SARS-CoV-2, several studies have characterized the microbiomes of indoor
air and surfaces in transport systems, frequently identifying genera such as Staphylococcus, Enterococcus,
Sphingomonas, and Streptococcus®*. Of particular concern are the so-called ESKAPE pathogens: Enferococcus
faecium, Staphylococcus aureus, Kiebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa
and Enterobacter species. These bacteria are known for their ability to develop multidrug resistances and are
primarily associated with hospital settings, but have also been found in public transport environments, likely
due to frequent use by healthcare workers and patients’-”. To mitigate aerosol-based transmission in public
transport, several countermeasures have been proposed, such as the use of high-efficiency particulate air (HEPA)
filters®, increasing the fresh air supply®, or requiring passengers to wear masks'®. An alternative approach is the
thermal inactivation of potentially infectious aerosols. Heat can damage cell membranes, denature enzymes or
degrade DNA/RNA, leading to microbial inactivation. This principle is already widely applied in food safety (e.g.
pasteurization) and in sterilization processes in laboratories and medical facilities. While thermal inactivation
is not yet established for aerosol disinfection, it has been proposed by various authors!!-*%, One of the main
challenges of thermal inactivation is its high energy demand. However, in winter conditions, when cabin
heating is already required, the existing thermal energy could be harnessed for microbial inactivation without
significantly increasing energy consumption. Despite their small interior volumes, battery-electric public
transport vehicles require high heating capacities, leading to significant energy consumption for climate control

*German Aerospace Center (DLR), Institute of Vehicle Concepts, Stuttgart, Germany. *German Aerospace Center
(DLR), Institute of Aerospace Medicine, Cologne, Germany. email: henrik.gruebbel @dlr.de
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and reduced driving range in winter’$. Compared to buildings, this makes thermal inactivation particularly
promising for public transport environments.

To implement thermal inactivation effectively, a comprehensive understanding of the temperature-dependent
inactivation kinetics of the target microorganisms is required. Microbial inactivation typically follows first-order
reaction kinetics', which can be described by:

In(g-:;) =—kt (1)

where C is the microbial concentration at time t, Cp is the initial concentration, and k is the reaction rate
constant. While the natural logarithm (In) is used here, the term “log-linear model” in microbiology often refers
to the same first-order behavior expressed with base- 10 logarithms. The two forms differ only by a constant factor
(In 10). This model has been widely applied to describe the thermal inactivation behavior of both viruses'® and
bacteria'’. First-order reaction kinetics are commonly employed to model thermal inactivation, but they ma
fail to capture complex patterns such as shoulder and tailing effects or variability within microbial populations®®.
The temperature dependency of k can be modeled using the Arrhenius equation'®. Here, A is the frequency
factor, £, the activation energy, R the universal gas constant, and T the absolute temperature:

Eﬂ
k=Aexp (_ m,) @
Accurate modeling of microbial inactivation requires experimental data regarding the thermal resistance of
microorganisms commonly encountered in public transport environments. While previous studies have applied
sttch models to experimental data, for example, on SARS-CoV-2*%, data remain scarce for most microor|
particularly regarding short-term exposure to thermal shocks. For disinfection of vehicle cabin air, as well as
for other applications such as fluid treatment, only short exposure times are available for microbial inactivation
due to spatial and thermal constraints. A system capable of applying rapid, near-isothermal thermal shocks is
required to assess microbial inactivation at discrete temperatures while avoiding bias from slow temperature
transitions. Previous studies have employed various methods to investigate short-duration thermal inactivation.
These include manually immersing glass capillaries into hot water baths®, using computer-controlled
thermoresistometers with steam heating®, or mixing microbial solutions with pre-heatedliquids and sampling at
intervals**®, Another approach involves flowing microbial suspensions through heated and cooled capillaries to
simulate controlled thermal shocks. Manual immersion is the simplest method for testing microbial resistance
to thermal shock and has the advantage of requiring only relatively small quantities of microorganisms. However,
its reproducibility is limited, particularly for short exposure times. In this study, we present a semi-automated
thermoresistometer that retains the simplicity of manual immersion while significantly improving repeatability.
This enables the systematic investigation of short-term thermal inactivation. Sealed glass capillaries filled with
microbial suspensions are automatically immersed into a heated water bath and subsequently coaled by forced
convection using ambient air. The proposed thermoresistometer can be easily constructed and operated by other
research groups. Microbial reduction is quantified via dilution series and the plate count method. The organisms
used in this study-Enferococcus viikkiensis DSM 240437, Staphylococcus capitis DSM 111179, Burkholderia lata
DSM 230897, and the Escherichia bacteriophage MS2 DSM 13767-are all classified as Biosafety Level 1 (BSL-1)
according to German regulations, allowing experiments to be conducted in a BSL-1 laboratory.

The experimental setup of the thermoresistometer is not directly applicable for use in public transportation
environments but it provides a crucial data baseline of the thermal inactivation kinetics of relevant
microorganisms, addressing current gaps in literature. Additional studies are needed to discuss the potential
integration in public transport vehiclesand to compare its benefits and limitations to currently used technologies
like HEPA-filters. The findings are not limited to applications in public transportation and can be extended to
estimate thermal inactivation in a variety of systems, including water and wastewater treatment processes and
thermal disinfection strategies used in medical and healthcare environments.

To the best of our knowledge, this study is the first to examine the short-term thermal inactivation of B. lata,
E. vikkiensis, and S. capitis. Tt also introduces a low-cost, semi-automated thermoresistometer designed to
improve experimental accuracy compared to manual immersion approaches.

Methods

Microorganisms and growth media

As previously discussed, the following microorganisms in Table 1 were used in the experiment. The
microorganisms were obtained from the Leibniz Institute DSMZ German Collection of Microorganisms and

Buriholderia h- DSM 7301;97: RASTC
Enterococcus vilkidensis DSM 240437 | BHI 37 °C Rahkila et al, 2011%°
‘snpm«ommqmosumm 'RaAs7TeC Sobisch et al., 2019%
Escherichia Phage MS2 DSM 13767  NZCYM 37 °C | Emslander et al,, 2022*%

Table 1. Microorganisms used in the experiment.
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Cell Cultures (Braunschweig, Germany). The strain Enterococcus viikkiensis DSM 240437 was isolated from the
air of a broiler processing facility in Finland. The strain Staphylococcus capitis DSM 111179 was isolated from
surfaces on the International Space Station. They serve as surrogates for more pathogenic Enterococci, such
as Enterococcus faecium, and Staphylococci, such as Staphylococcus aureus, both of which are members of the
ESKAPE pathogens. The strain Burkholderia lata DSM 230897 was isolated from forest soil and represents the
genus Burkholderia, which has also been detected in public transport environments'#, The isolation place of the
bacteriophage MS2 remains unknown. However, MS2 is a commonly used surrogate for more dangerous viruses
stichas SARS-CoV-2% or the Norovirus”. The bacterial species (E. viikkiensis, S. capitis, B. lata) were grown for
18 h under constant shaking at 200 revolutions per minute (rpm) at 37 °C on 2x Reasoner’s 2A (TEKnova) and
Brain Heart Infusion medium (Sigma-Aldrich) as shown in Table 1. The MS2 phages were grown in the presence
of host Escherichia coli DSM 5695 in NZCYM medium (Sigma-Aldrich). The host was allowed to grow until the
exponential phase for two hours, when the infection started. After 18 hours of growth in liquid culture shaking
at 125 rpm, the phages were precipitated with polyethylene glycol (PEG) and diluted in phosphate buffered
saline (PBS) buffer (PBS: NagHPO, 7.0 g, KHa POy 3.0 g, NaCl 4.0 g, per Liter, pH 7.5). To determine the phage
titer, a double-layered agar method with NZCYM was utilized as described by Kropinski et. al. 2009%. The
cell number was adjusted to 10% — 10° colony forming units (CFU)/plaque forming units (PFU) in phosphate
buffered saline.

Thermoresistometer and determination of thermal resistance

To expose the microorganisms to thermal shocks, glass capillaries were immersed in a temperature-controlled
heating bath. Compared to conventional plastic test tubes, glass capillaries offer the advantages of lower wall
thickness and reduced thermal mass, enabling faster and more uniform heat transfer. The capillaries were
secured within a clamping block, which could be precisely lowered into and withdrawn from the heating bath
via a linear guide mechanism. A schematic representation of the mode of operation is shown in Fig. 1.

To determine the thermal resistance in the experiment, the glass capillaries (a; HIRSCHMANN ringcaps
REF 9600150, Germany) were filled with 50 uL of microbial solution with an initial CFU/PFU of 10° — 10°
using a pipette controller for capillaries (BRAND pipette controller micro, Germany). The glass capillaries were
sealed using a flame and it was verified that the sealing had no significant influence on the viable count of
the microorganisms. As a control, two samples of each microorganism were sealed in a glass capillary, stored
in it during the experiments and then analysed together with the thermally treated samples via plate count.
Heat treatment was done by submerging the class capillaries in a temperature controlled water bath (b) using a
magnethotplate stirrer (¢; IKA rct basic, Germany) with a PT100 probe. The magnetic stirrer was set to 160 rpm
to improve heat transfer and prevent thermal stratification of the water. By using a solenoid (d; Intertec ITS-
15-4035, Germany) and a digital timing relays (¢; Crouzet DZIR, France) operated with an 24 V laboratory
power supply the submerging was automated for repeatability. The solenoid is connected to a rocker arm with
a linear guide (f), which in turn is linked to a 3D-printed holder (g) that clamps the capillaries at their upper
end. After the programmed exposure time, the glass capillaries are retracted to their original position by spring
force and removed from the water bath. The full submerging of the glass capillaries takes approximately 023 s
and the removal takes approximately 0.16 s, both measured by frame by frame analysis of a 30 fps video. When
not submerged, the glass capillaries are constantly cooled with ambient air by a 24 V fan (h; ebmpapst 8414 NH,
Germany). The temperature of the water bath is constantly monitored during the experiments by a datalogger
(i; Ahlborn Almemo 710, Germany) and a type N thermocouple (j; Electronic Sensor, Germany). Compared
to manual immersion of the glass capillaries, this experimental setup allows greater repeatability. Due to the
standard components used, the setup is simple and inexpensive. The actual setup used in the experiments is
shown in Fig. 2.

Capillaries bolde

‘Water bath

Fig. 1. Functional principle of the thermoresistometer.
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Fig. 2. Experimental setup of the thermoresistometer for controlled thermal exposure; a 50 u L capillary;
b water bath; c hotplate stirrer; d solenoid; e timing relays; f capillary holder; g rocker arm; k cooling fan; ¢
datalogger.

Fig. 3. Type N thermocouple in glass capillary for temperature curve measurement.

In order to quantify and verify the thermal stress to which the microorganisms were exposed, the temperature
curve was measured using a 0.5 mm thermocouple type N, which was inserted into a glass capillary filled with
water. The temporal resolution of the measurement was 0.1 s. The thermocouple inside the glass capillary is
shown in Fig. 3.

After the heat exposure, the glass capillaries were opened with a diamond needle file and the samples were
retrieved. To determine the survival, a 10-fold dilution series from 10—! to 10—# was prepared and plated on
respective media plates. After incubation at 37 °C for 48 h, colonies were counted and CFU/ml or PFU/ml were
calculated. To determine the phage titer, a double-layered agar method with NZCYM was utilized as described
before.

All experiments were done in technical triplicates. The decimal reduction times (D-value) were calculated
according to the following equation:

t
B gt
logioNo — logioN

Where f is the exposure time, logNo the logarithmic initial cell concentration and fogN the logarithmic final
population. The D-value represents the time required to achieve a one-log (10-fold) reduction in the number
of viable microorganisms under specified conditions.The results were analyzed using Microsoft Excel 2019 for

(3)
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25,3548

Esterococcus vilkkdensts - 45,6588

25,3548
Stapiylococcus capttis K1 | - 65,85,105 | 253545,66 | 2535, 45
Burkhaideria lata - (25,4565 (253545 |2535ds
MS2 133,55,75 3sds 253545 |25354s

Table 2. Temperatures and time intervals investigated in the experiments.
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Flg. 4. Temperature of the water bath (blue) and the buffer medium in the glass capillary

(grey) when
submerged in water bath with the set temperature of 60°C for 2s (a1) and 4 5 (a2), 70°Cfor 25 (b1) and 3 s
(b2) and 85°C for 25 (c1) and 3 s ().

general data handling and R 4.5.1 for statistical evaluation. To assess the e of the findings, an analysis
of variance (ANOVA) was conducted, followed by a Tukey HSD post hoc test, using a significance level of 5 %.

Experimental procedure

First, the thermal load on the samples was assessed by measuring the temperature inside the capillary, as
previously described. Three target temperatures 60 °C, 70 °C, and 85 ° C were selected for analysis. Subsequently,
the thermal shock resistance of the microorganisms E. viikkiensis, B. lata, S. capitis, and MS2 was evaluated at
varying exposure times and temperatures, as outlined in Table 2. Additionally, the temperature of 50 °C was
tested for MS2.

Results

Temperature measurements

Figure 4 presents the results of the temperature measurements. The blue curve shows the measured temperature
of the water bath and the grey curve the measured temperature of the buffer medium in the capillary submerged
and extracted from the water bath. The graph starts at ¢ = 0 s with the submersion of the capillary. The data
obtained at 60°C (25, 45), 7T0°C (25, 35), and 85°C (2 5, 3 s) demonstrate that the heating and of the
glass capillary are not instant due to the thermal mass. As expected, this prevents the achievement of an ideal
thermal shock. The temperature curves exhibit a rapid initial increase, which gradually levels off before reaching
the target temperature. This behavior is attributed to the decreasing temperature gradient between the heating
medium and the sample. The target temperature is typically reached after approximately 2 s. Cooling occurs
rapidly through forced convection. For example, following 1 s of cooling at a bath temperature of 60 °C, the
sample temperature drops to approximately 40 °C. At a bath temperature of 70 °C, this takes about 1.5 s, while
at 85°C, around 2 s are required.

A thermal tolerance was defined to take into account the heating and cooling time. The tolerance limit was
defined as 5 % of the target temperature in °C, so that only the time during which the sample reached at least
95 % of the target temperature in °C is counted as exposure time. Therefore the exposure time is calculated as
follows:
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10°

Where t..,, is the exposure time of the microorganism after the correction, ¢ .. is the set time of the submersion
in the water bath and At the time correction, which is calulated as follows:

At =t1 (9 > 095050 ) — ta (9 < 0.9505e¢) (5)

Where t isthe time when the probe reached 95 % and ¢ 2 the time when the temperature ¢ falls below 95 % of the
set exposure temperature ¥ ¢¢ in °C. This calculation was carried out for the considered times and temperatures
respectively. The mean value of the time deviation is At = —1.3 5. As this value was derived directly from the
meastred sample temperature, the duration of immersion and removal of the sample are already included.

Thermal inactivation of microorganisms

Enterococcus viikkiensis

Enterococcus viikkiensis was tested at temperatures and set exposure times of 60°C (45, 65,85), 70°C (25,35,
4s)and 85°C (25,35, 45). At 85 °C there was no measurable survival detected. The resulting concentrations in
CFU/ml are displayed as bars in Fig. 5 in dependence of the exp time and temperature. The measurements
were performed in triplicates and the error bars show the standard deviation of each sample (n=3). The initial
CFUs differ as the experiments were conducted on different days. At 60 °C the rate of inactivation increases
with extended exposure time. The calculated D-value at tsee = 45 is Dysg00c = 51.688 and decreased to
Dssgooc = 9.49s with t.ee = 88. The D-values were calculated with the mean of the 3 samples and the
corrected actual exposure time texp. After 8 s of exposure, thermal inactivation reaches approximately 80 %.
According to the ANOVA analysis, this reduction is statistically significant (p = 0.045). At 70°C the rate
of inactivation increases between t,., = 2s and t,. = 3s with with D-Values of Ly, e = 1.28 and
D3, 00 = 0.73s. After 4 5 of set exposure time the inactivation is estimated at 99.9 %. At 70 °C the thermal
inactivation was significant after all durations (pas = 0.00022, pa, = 0.00002, py, = 0.00002). However, the
differences between the thermally treated microorganisms at 70 °C were not significant.

Staphylococcus capitis

Staphylococcus capitis was tested at temperatures and set exposure times of 60°C (65, 85, 105), 70°C (2 5,
35,45,65)and85°C (25, 3 s, 4 5). Compared to the previous tests, the exposure times were adjusted due
to the higher thermal resistance. The concentration results are shown in Fig. 6, using the same format as
previously. Again as with E. viikkiensis at 85 °C, there was no measurable survival detected. The data show some
inconsistencies, with a higher CFU count observed after 8 seconds of exposure at 60 °C than after 6 seconds.
However, the difference was not significant. The calculated D-value at ¢s0: = 65 and tser = 85 where therefore
Dgsgocc =10.77s and Dy, ggec = 16.56 5. All thermal inactivations at 60 °C were statistically significant
(ps s = 0.005,pg , = 0.006, pyp, = 0.001). Similar behaviour is observed after 3 and 4 s of set exposure time
at 70 °C. The thermal inactivation after 2 s of set exposure time was statistically not significant (po, = 0.44).
After 3 sand 4 s the inactivation was significant with (p3 , = 0.01,p4, = 0.01). When treated for 6 seconds of
set exposure time tsee at 70 °C, there was no measurable survival. The differences between all thermally threated
probes were not significant.

D 06 -
Exposure to 60 °C Exposure to 70 °C
' T < il e
Bl @ : B
y i
10
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E =
10° -
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initial 4 6 8 initial 2 3 4
NS tins
Flg. 5. Survival of Enterococcus viikkiensis; a) after exposure to 60 °C for a set exposure time of (45,6 5,8
s); b) after exposure to 70 °C for (2 5,3 s, 4 s). Significance level compared to initial (ANOVA): *p < 0.05;
ep < 0.001,
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Fig. 6. Survival of Staphylococcus capitis; a after to 60 °C for a set exposure time of (6 5,8 s, 10 s);
b after exposure to 70°C for (2, 35,4 s, 6 5). Significance level compared to initial (ANOVA): *p < 0.01;
ep < 0,001,
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Flg. 7. Survival of Burkholderia lata; a after exposure to 60 °C for a set exposure time of (25,4 s, 6 5); b after
exposure to 70 °C for (2 5,3 5, 4 s). Significance level compared to initial (ANOVA): *p < 0.05; ***p < 0.001.

Burkholderia lata

Burkholderia lata was tested at temperatures and set exposure times of 60°C (25,45 65), 70°C (25,3 5,
45)and85°C (2 5,3 5, 4 s). Figure 7 displays the concentration results in the pr used format. As with
both previously tested microorganisms, there was no measurable survival at 85 °C. The initial concentrations
at 60°C and 70°C differ due to the experiments being conducted on separate days. After exposure times of 3s
and 4s at 70 °C there was also no measurable activity. The thermal inactivation after all exposure times at 60 °C
(pas = 0.019,ps» = 0.001, pg, = 0.0001) and 70 °C (pas3s,4s < 0.0001) was significant.

MS2

MS2 was tested at eratures and set e times of 50°C (35,58 75),60°C (35, 45), T0°C (2 s,
35,45s)and 85°C (2 s, 3 s). The results are displayed in Plague Forming Units per ml (PFU/ml) in Fig. 8. No
measurable survival was detected at any given exposure time after heat treatment at 70°C and 85 °C. At 50°C
there was no measurable inactivation after 3 and 5 seconds. After 7 s exposure time at 50 °C the inactivation
was 91.4 % with a calculated D-value of L7 0c = 5.345 and significant (p7, = 0.01). Exposure to 60°C
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Fig. 8. Survival of MS2; a after exposure to 50 °C for a set exposure time of (35,55, 7 s); b after exposure to
60°C for (3 s, 4s). Significance level compared to initial (ANOVA): **p < 0.01; ***p < 0.001.

27.7+200 |05 +0.3
notteted  126+32 (38+1.0
nottested  54+17 |04+01
31.1+294 0.7+02 fully tnactivated

Emterococcus vitkidensis | nottested
| Staphylocaccus capitis
| Burkholderia lata

| Ms2

Table 3. D-Values of the tested microorganisms.

| 00CCHS sis
| Stapiylocaccus capitls
| Burkholderta lata

114257.5 396
2397385 857
335847.6 1229

Table 4. Average activation energy £, and frequency factor in(a) for the tested microorganisms.

resulted in a statistically significant (pa s 45 < 0.0001) inactivation of 99.9 % after 3 and 4 seconds with D-values
of Dasgoec = 0.53sand Dy seocc = 0.89s,

Decimal reduction times and modelling
An average for the decimal reduction time was calculated for the tested temperatures. The results are listed in
Table 3 with the according 95 % confidence intervals (CI). As only short periods of thermal inactivation up
to 10 s were tested, the confidence interval is larger for higher D-values, such as the thermal inactivation of
MS2 at 50 °C or E. viikkiensis at 60 °C, due to the relatively low thermal inactivation and high deviation in the
experiments.

pAmong all tested microorganisms, bacteriophage MS2 exhibited the highest sensitivity to thermal shock.
Due to complete inactivation after the selected exposure periods, it was not possible to determine decimal
reduction times (D-values) at 70 °C. Among the bacterial strains, B. lata was the most susceptible to thermal
treatment at both 60 °Cand 70 °C, exhibiting the lowest D-values. At 60 °C, E. wiikkiensis demonstrated the
highest thermal resistance, while at 70 °C, S. capitis exhibited the highest D-value. To predict the temperature-
dependent inactivation times of the microorganisms, the reaction rate constant was determined and modeled
using the Arrhenius equation (Equation 2). The resulting average activation energy E. and frequency factor
In(a) are summarized in Table 4.

To estimate the required exposure time for a 3-log reduction as a function of temperature, calculations based

on the previously described Arrhenius model were performed. The results for the tested microorganisms are
shown in Fig. 9. At85 °C, all microorganisms except S. capitis reach a 3-log inactivation after ~ 1. or less.
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Fig. 9. Exposure time for a 3-log inactivation of E. viikkiensis, S. capitis, B. lata and MS2 in dependence of the
temperature.
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Fig. 10. Exposure time for a 3-log inactivation of E. viikkiensis in dependence of the temperature with the
according 95 % confidence intervall.

Since experimental data were only available for 60 °C and 70 °C, the predictive accuracy decreases at
temperatures outside this range. Therefore, the 95 % confidence intervall was calculated according to the
experimental results of E. viikkiensis as it had the highest D-value and widest confidence interval at 60°C
and S. capifis as it had he highest D-value and widest confidence interval at 70 °C. The results for the thermal
inactivation of E. viikkiensis including the 95 % confidence interval are shown in Fig. 10. According to the upper
bound of the 95 % confidence interval, an exposure time of less than 0.1 s is required to achieve a 3-log reduction
at100 °C.

The predicted exposure times required fora 3-log reduction of S. capitisincluding the 95 % confidence interval
are presented in Fig 11. Similar to E. viikkiensis, model predictions for S. capitis are based on experimental data
obtained at 60 °C and 70 °C. Consequently, the reliability of the extrapolated values decreases at temperatures
outside this interval. The 95 % confidence intervall is smaller here, as the data showed less variability. Based
on the upper limit of the 95 % confidence interval, an exposure time of approximately 2.7 s is estimated to
be sufficient for a 3-log reduction at 100 °C. However, according to the experimental results no survival was
measrable after exposure to 85°C for 2 s.
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Fig. 11. Exposure time for a 3-log inactivation of S. capitis in dependence of the temperature with the
according 95 % confidence intervall.

Discussion

This study presented an experimental setup for investigating the thermal inactivation of microorganisms
through short-duration thermal shocks. The thermal shock was measured using a thermocouple placed in
the buffer medium. In the conducted experiments, microorganisms were exposed to a thermal shock with an
initial time span of approximately 0.7 s. However, due to non-ideal heat transfer conditions, this duration was
corrected from the actual submersion time in the heating bath as detailed in the methods section. To evaluate
the resistance of microorganisms to thermal shocks, a literature review was conducted for comparison. Our
experimental setup produced significantly shorter exposure times than those typically reported.

For E. vitkkiensis, no literature data were found regarding resistance to thermal shocks. However, Enterococcus
faecium is one of the most studied species in this context. Freeman et al.* exposed E. faecium in broth culture to
65-80 °C, with survival reported up to 20 min at 65-75 °C and 3 min at 80 °C. The method of heating was not
specified. Martinez etal  showed that the D-values of E. fieciton at 70 °C are dependent on growth temperature
and duration. Reported Do values ranged from 0.33 to 1.73 min across growth temperatures of 5-45 °C and
times from 1 to 1200 h. At 37 °C and 24 h growth, a Dro of 0.97 +0.06 min was observed. Heat treatment
was performed using a TR-SC thermoresistometer, where inocula were injected into pre-heated buffer with
neutral pH. Coe et al.®> examined thermal inactivation of E. faecium on mash feed, using a heated air stream
followed by cooling. A L) value of 135.7 s was reported. In contrast, our study revealed much shorter thermal
inactivation times for E. viikkiensis, with a Lo of 0.9 = 0.3 5. This discrepancy may be due to the intense, short-
term thermal shock applied in our experiments, or inherent differences between E. faecium and E. vitkkiensis.

For staphylococci, the potentially vancomycin-resistant Staphylococcus aureus has been widely studied.
Kennedy et al.’® reported D-values between 4.8 and 6.5 min at 60 °C in soy broth. Montanari et al.¥” examined
various staphylococcal strains at 80 °C. Test tubes were submerged in a water bath, reaching target temperature
within 1.5 min. A 6-log reduction in bacterial count occurred within 2-4 min, although survival was observed
up to 20 min. In our study, S. capitis K1 exhibited significantly shorter inactivation times. The D-values were
12.6 £3.2sat 60 °Cand 3.8 & 1.0 s at 70 °C. Complete inactivation was achieved after 2 s treatment time in
the 85 °C water bath. These differences are likely attributable to the shorter, more intense heat exposure in our
setup or species-specific heat resistance.

Only limited data exist regarding thermal inactivation of Burkholderia species. No D-values were found in
the literature. Schroeder and Loparev™ achieved complete inactivation of a high-density suspension (10" CFU/
ml) of Burkholderia cepacia at 95 °C after 45 s using a Denator Stabilizer T1. Perrett and Mawhinney™ studied
inactivation of Burkholderia mallei in equine serum. A suspension (> 10° CFU/ml) was heated to 56 °C for
up to 30 min. Complete inactivation was observed after 20-30 min, while viable colonies were detected after
10 min. In our study, B. /ata was the most susceptible bacterium to thermal shocks. D-values were 5.4 &+ 1.7 sat
60 °Cand 0.4 & 0.1 sat 70 °C. Complete inactivation occurred after 2 s at 85 °C.

The MS2 bacteriophage, commonly used as a surrogate for more dangerous viruses such as SARS-CoV-2%,
was found by Shaffer et al.*” to be significantly more heat-resistant than norovirus. They reported D-values of
3542 min at 50 °C, 51.6 min at 60 °C, and 14.4 min at 70 °C. Heating was performed using a block heater in
which the testing tubes reached the target temperature in approximately 2 min. In contrast, our results showed
D-valuesof 31.1 + 1.7sat 50 °Cand 0.7 & 0.2 s at 60 °C. No viable MS2 particles were detected after 2 sat 70 ©
C. This suggests MS2 may be particularly susceptible to thermal shocks. Furthermore, Dolan et al.%! reported
a D-value of 0.64 s at 60 °C during microwave treatment of frozen strawberries, though the extent to which
microwaves contributed to inactivation is unclear. Grinshpun et al.2 studied MS2 inactivation in an airstream
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and found that exposure times of 0.24-0.33 s at approximately 75 °C reduced virus viability by 1-log. In our
experiments, no viable MS2 particles were detectable after exposure to 70 °C for 2 s.

Compared to literature values, our setup consistently achieved shorter inactivation times across all tested
organisms. This is likely due to the rapid application of thermal energy, as opposed to gradual heating and
cooling phases used in other studies. The described system is both cost-effective and suitable for replication by
other research groups investigating thermal shock inactivation. To test temperatures above 100 °C, the water
could be replaced with a heating bath fluid with a higher boiling point. This change could also improve the
heat-up phase if the fluid has a higher thermal conductivity. However the cool-down phase could be extended
as the evaporation of the water contributes to cooling down the capillary. Furthermore, immersing the glass
capillary horizontally rather than vertically would allow the entire liquid column to be uniformly exposed to the
thermal medium. This orientation helps prevent displacement of the liquid column caused by uneven heating
and the expansion of air bubbles. For improved modeling and understanding of the underlying mechanisms,
further experiments should explore a broader range of temperatures and expostire times. This would also help
verify the appropriateness of the log-linear inactivation model used, or suggest alternatives. Especially at lower
temperatures the decay curve showed a shoulder effect at short exposure times, which cannot be represented
by the model. Extrapolations should be treated with caution, especially outside the tested temperature ranges
(50-60 °C for MS2 and 60-70 °C for other microorganisms), where uncertainty is greater. Nevertheless, results
at 85 °C indicate that all microorganisms tested experienced > log 3 reductions after less than 0.7 s of corrected
or 2 s of actual submersion time.

The collected data can inform the design of public transport vehicle heating systems aimed at achieving
thermal inactivation. Specifically, it enables the estimation of relevant parameters such as air volume, exposure
duration, and the temperatures required to inactivate potential pathogens. The proposed system is primarily
suited for cold climates, where substantial heating capacity is already required. In warmer regions, alternative
approaches such as HEPA filtration are likely to be more advantageous.These questions, however, require
further investigation to determine whether thermal inactivation of indoor air in public transport vehicles is
more energy-efficient or more effective than existing systems. Further research is also necessary to characterize
the behavior and thermal response of microorganisms when exposed to heat in aerosolized form. Furthermore,
relevant pathogens should also be tested to validate the results obtained with their surrogate organisms.
Other potential applications can also be evaluated based on the data obtained. These indude the treatment of
microbiologically contaminated liquids, such as wastewater, and the thermal inactivation of microorganisms
in clinical or healthcare environments. However, the energy efficiency of such approaches must be carefully
assessed, as sufficient waste heat is typically not available and active heating of the medium would be required.

Conclusion

This study investigated thermal inactivation using harmless (BSL-1) surrogates of pathogens and developed
an optimized setup in which thermal shocks achieve rapid inactivation. Our findings confirm that significant
microbial inactivation can be achieved in short time frames, suggesting that integration into heating, ventilation
and air conditioning (HVAC) systems of public transport vehicles is technically viable. At g5 o, all tested
microorganisms exhibited more than a 3-log reduction after less than 0.7 s of corrected exposure time,
corresponding to 2 s of actual submersion. However, the potential integration of such a system, as well as its
advantages and limitations compared to existing technologies, still require further investigation. Compared
to previous literature values, the application of thermal shocks with a very rapid heating and coocling phase
results in faster thermal inactivation. To further assess the applicability of thermal inactivation for aerosolized
microorganisms in the cabin air of public transport vehicles, dedicated experiments using aerosolized
microorganisms should be conducted. These studies are necessary to verify whether the same inactivation
mechanisms and timeframes observed in liquid media also apply under aerosolized conditions. Furthermore
also relevant pathogens should be investigated regarding their thermal inactivation characteristics and should
be compared to their selected surrogates. While the proposed application focuses on public transport, the
findings can be extended to other contexts, such as thermal inactivation in water and wastewater treatment or
disinfection strategies in medical and healthcare environments.

Data Availability
Data is provided within the manuscript. Additional datasets used and analyzed during the current study are
available from the corresponding author on reasonable request.

Received: 12 August 2025; Accepted: 2 January 2026
Published online: (09 January 2026

References

1. Ly Y.-T, Leuko, S. & Moeller, R. An overview of the bacterial microbiome of public transportation systems-risks, detection, and
countermeasures. Front. Public Health12, 1367324, https://dol.org/10.3389/fpubh.2024.1367324 (2024).

2. Gohli, J. et al. The subway microbi l d ics and direct comparison of sir and surface bacterial communities.
Microbiome7, 160. httpsy//dol.org/10.1186/540168-019-0772-9 (2019).

3. Grydaki, N, Calbeck, 1, Mendes, L., Eleftheriadis, K. & Whitby, C. Bioaerosols in the Athens metro: Metagenetic insights into the
PM10 microbiome in a naturally ventilated subway station. Environ. Int. 146, 106186, httpsJ/ /doi.org/10.1016/j.envint.2020.1061 86
(2021).

4. Leung M. H. Y, Wilkins, D,, Li, E. K. T, Kong, F. K. E. & Lee, P K. H. Indoor-air microbiome in an urban subway netwaork: diversity
and dynamics. Appl. Environ. Microbiol 80, 6760-6770. https://doi.org/10.1128/AEM.02244-14 (2014).

5. Miller, W. R. & Arnias, C. A. ESKAPE pathogens: antimicrobial resistance, epidemiology; clinical impact and therapeutics. Nat. Rev.
Microbiol.22, 598-616. https://doi.org/10.1038/541579-024-01054-w (2024).

(2026)16:21316 | https://doi.org/10.1038/541598-026-35087-3 nature portfolio

134



www.nature.com/scientificreports/

Scientific Reports |

6.

Mendes, A. et al. C i of public ports by Stap aurews and its carriage by biomedical students point-
prevalence, related risk factors and molecular d i of methicillin-resi: strains. Public Health129, 1125-1131.
httpsy//dol.org/10.1016/j.puhe 201 5.05.010 (2015).

Luatz, J. K. et al. Methicillin-resistant Staphylococcus awureus in public transportation vehicles (buses): another piece to the
epidemiclogic puzzle. Am. J. by, Comtrold2, 1285-1290, httpsy//doi.org/10.1016/j.gjic. 201 4.08.016 (2014).

Nazarenko, Y. Air filtration and SARS-CoV-2. Epidemiol. Health42, e2020049. hitps://doi.org/10.4178/epih.e2020049 (2020).
Moreno, T. et al. Tracing surface and sirborne SARS-CoV-2 RNA inside public buses and subway trains. Esviron. Int. 147, 106326.
httpsy//doi.org/10.1016/j.envint.2020.106326 (2021).

. Howard, J. et al. An evidence review of face masks against COVID-19. Proc. Natl. Acad. Sci. U §. A. https://doi.org/10.1073/pnas.

2014564118 (2021).

. Vlaskin, M. S. Review of air disinfecti hes and proposal for thermal inactivation of airborne viruses as a life-style and an

instrument to fight pandemics. Appl. Therm. Eng 202, 117855, https://dok.or/10.101 &fj.applthermaleng 2021,117855 (2022).
Canpolat, M. et al. Rapid thermal inactivation of aerosclized SARS-CoV-2. . Virol. Methods301, 114465, httpsy//doi.org/10.1016/

jjviromet.2022,114465 (2022).
. Busto, M, Tarifs, E. E, Cristaldi, M., Badano, J. M. & Vera, C. R. Simulation of thermal of air with heat recovery as
applied to airb Int. |. Environ. Sci. Technol.: IJEST hitpsJ/doi.org/10.1007/s13762-022-03948-9 (2022).

2L

22,

23,
4.

25,
26.

28
20,

30.

3L
32
33,
34,
3

n

38

39,
40.
4L
42,

(2026)16:1316

Vehviliinen, M. etnl. Semng up and operating electric city buses in harsh winter conditions. Appl. Sci.12, 2762. https://dol.org/10
.3390/app12062762 (2022).

Erkamen, O. & Bozoglu, T. F. (eds) Food Microbiology: Principles into Practice (Wiley; 2016).

Price, W. C. Thermal inactivation rates of four plant viruses. Arch. die Gesamite Virusforsch. 1, 373-386. httpsy//doiorg/10.1007/BF
01245548 (1940).

Villa-Rojas, R. et al. Thermal inactivation of salmonella enteritidis pt 30 in almond kemels as influenced by water activity. . Food
Prot.76, 26-32. hm//doi.myxuaxslom,mxmp-n -500 (2013).

Aspridou, Z. & K K. P. Individual cel h geneity as varisbility source in population dynamics of microbial
inactivation. Food Microbiol.45, 216-221. https://doL.org/10.1016/j.fm.2014.04.008 (2015)
Yap, T. E, Liu, Z, Shveda, R. A. & Preston, D. J. A predictive model of the temp pendent inactivation of viruses.

Appl. Phys. Leit.117, 060601, https://dcl.org/10.1063/5.0020782 (2020).
Cednl.A.,Schmidt H & Weiss, A. Identification and evaluation of Escherichia coli strain atcc 8739 as a surrogate for thermal
rrh Escherichia coli in fruit nectars: Impact of applied techniques on the decimal reduction time.

Food Mumbwl 122, 104544, https://doi.org/10.1016/jfm.2024.104544 (2024).

Brown, K. L, Gaze, ]. E, McClement, R, H. & Withers, P. Construction of a comp lled ther it for the

determination of the heat resistance of bacterial spores over the temperature range 100 to 150° ¢ . Int. | Food Sci. Techwol.23,

361-371. hitpsy//doi.org/10.1111/j.1365-2621.1 988. 500590 x (1988).

Condﬂn.SwAmmNen,M.)&Sah.Fl" bial heat resistance d instions by the multipoint system with the
i TR-SCimp of this methodology. . Microbiol. Methods18, 357-366. https://dci.org/10.1016/0167-70

12(93)%0017-C (1993).

Coness, R, Andrew, S, Fernindez, P. §., Esnoz, A. & Palop, A. Nonisoth | heat resi: d inations with the

thermoresistometer Mastia. . Appl. Microbiol. 107, 506-513. httpu.lldol.mylo lllllj 1365-. 267‘2.200904736 X (2009).

Jiang, Y. et al. Sub-second heat inactivation of using a b us model. Biotechnol. Bioeng.118, 2067-2075.

httpsy/doi.org/10.1002/bit.27720 (2021).

Weiss, H. et al. The airplane cabin microbiome. Microb. Ecol.77, 87-95. httpsy//doiorg/10.1007/s00248-018-1191-3 (2019).

Domi J. M. etal. Inhibiti odemdch:arim:Mﬁ.nmgneofSARS-Con,vh ential cils-loaded el

mats: Increasing the multifunctionality of antivirus p Phar ics hitps://doi. oxg/lOJSOO/mrmacmmMm

303 (2022).

Dawson, D. J., Plllh.A. Staffell, L. M., Seymouy, L. ]. & Appleton, H. Survival of viruses on fresh produce, using ms2 as a surrogate

for J. Appl. Microbiol 98, 203-209. https://doi.org/10.1111/j.1365-2672.2004.02439.x (2005).

Kropinski, A. M., Mazzocco, A, Waddel, T. E., Lingohr, E. & Johnson, R. P. Enumeration of bacteriophages by double agar overlay

plaque assay. Methods Mol. Biol. (Clifton, N.J.)501, 69-76. https://doi.org/10.1007/978-1-60327-164-6_7 (2009).

Vanlaere, E. et al. Taxon k, a within the Burkholderia cepacia ises at least two novel species, Burkholderia

sp. nov. and Burkholderia lata sp. nov. Int. J. Syst. Evol. Microbiol. 59, 102-111, https://doi.org/10.1099/ijs.0.001 123-0

(2009).

Rahkils, R, Johansson, P, Sade, E. & Bjorkroth, J. Identification of i from broiler prod and a broiler processing plant
and description of Esterococcus vidkkiensis sp. nov. Appl. Environ. Microbiol.77, 1196-1203. lmpsxlldm.mgllo 1128/AEM.02412-1
0(2011).

Sobisch, L.-Y. et al. Biofilm forming ioti gram-positive path isolated from surfaces on the international space
station. Front. Microbiol. 10, 543, hnch/doi.otleJJBWimthOlS) 00543 (2019).

Emslander, Q. et al. Cell-free production of personalized therapeutic phages targeting multidrug-resistant bacteria. Cell Chem.
Bi0i.29, 1434-1445.¢7. https://doi.org/10.101 6/j.chembiol 2022.06.003 (2022).

Freeman, R, Kearns, A. M. & Lightfoot, N. F. Heat resistance of nosocomial Enterococci. The Lancet344, 64-65. httpsy/ /doi.org/1
0.1016/S0140-6736(94)91091-X (1994).

Martinez, S, Lépez, M. & Bernardo, A. Thermal inactivation of E faecium: effect of growth temperature and
physiclogical state of microbial cells. Lett. Appl Mu'mbwl37, 475-481. https://doiorg/10.1046/).1472-765X.2003.01431.x (2003).
Coe,C. et al. Thermal inactivation of Salmi  faecium, in mash broiler feed pelleted in 8 university pilot

feed mill: Microbiology and food safety section. Poult. . Sci.104, 104998, hittps://doi.ong/10.1016/}.psj.2025.104998 (2025).
Kennedy, J., Blair, L. S., M@owﬂl.D A, & Bolton, D, J. An investigation of the thermal inactivation of Staphylococcus aureus and

the potential for i 1 as a result of chilled storage. J. Appl. Microbiol 99, 1229-1235, https://dei.org/10.1111
£11365-2672.2005,02697.x (2005).
M i, C. et al. New insightsin thermal resi Istrains belonging to the species Staphylococcus epidermidis,
Staphy lugdunensis and Staphyi areus. Food ControlS0, 605612, httpsy//doi.org/10.1016/j foodcont 2014.09.039
(2015).
Schroeder, M. R. & Loparev, V. Rapid i of forming bacterial path by heat stabilization is
with d next-generati cing. Appl. Biosd J. Am, Biol. Saf. Assoc.24, 129-133, https://doi.org/10.117

7/1535676019861261 (2019).
Perrett, L. & Mawh 1. Inactivation of Burkholderia maliei in equine serum for laboratory use. J. Clin. Microbiol.53, 1456
1457. https://doi.org/10.1128/jcm.03141-14 (2015).

Shaffer, M., Huynh, K., Costantini, V., Vinjé, J. & Bibby, K. Heat inactr of aq viable viry d MS2 bac b

1. Appl. Microbiol. https://doi.org/10.1093/jambio/lxae033 (2024).

Dolan, K. D, Miranda, R. & Schaffner, D. W. Estimation of bacteriophage MS2 inactivation parameters during microwave heating
of frozen strawberries. J. Food Prot.86, 100032, hnp:/ldoi.orgllo 1016/jjfp.2022.100032 (2023).

Grii S. A et al. Inactivation of ized viruses in continuous air flow with axial heating, Aerosol Sci. Technol. 44, 1042-
1048, hnpuldm.mg/lo 1080/02786826.2010.509119 (2010).

| https://doi.org/10.1038/541598-026-35087-3 natureportfolio

135



www.nature.com/scientificreports/

Scientific Reports |

Acknowledgements

The authors express their heartfelt gratitude to the deceased Prof. Ralf Méller who was the founder of the grad-
uate school GANDALE. His enthusiasm and curiosity have inspired and guided our work. We miss him, both as
a mentor and supervisor and as a friend.

Author contributions

H.G. conceived the experiment, H.G., Y.L.-S., EA., B.P. prepared the experiment, H.G., Y.L.-S,, EA., B.P. con-
ducted the experiment, H.G., Y.L.-S., EA., B.P. analysed the results, H.G. wrote the manuscript, ER. and S.L.
supervised the study, all authors reviewed and approved the final manuscript

Funding
Open Access funding enabled and organized by Projekt DEAL. This study received funding by the interdiscipli-
nary graduate school GANDALF of the German Aerospace Center (DLR).

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and ts for materials should be addressed to HG.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To viewa copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

r

@ The Author(s) 2026

(2026)16:1316 | https://doi.org/10.1038/s41598-026-35087-3 natureportfolio

136



2.7 Other publications

Co-authored peer-reviewed articles

Ramos-Nascimento, A., Grenga, L., Haange, S. B., Himmelmann, A., Arndt, F. S., Ly,
Y. T., ... & Moeller, R. (2023). Human gut microbiome and metabolite dynamics under

simulated microgravity. Gut microbes, 15(2), 2259033.

Boschert, A. L., Leuko, S., Kramer, C. L., Siems, K., Ly-Sauerbrey, Y. T., Arndt, F.
(2025). Spaceflight and Medical Microbiology: Possible Implications for Standard
Infection Diagnostics and Therapy. MDPI life.

Scientific outreach

Ly, Y. T.*, Arndt, F.*, Boschert, A. L.*, Pavleti¢, B., Webner, F., Kohl, A., ... & Moeller,
R. (2023). Nach der Pandemie ist vor der Pandemie: Und wie interdisziplinare Forschung
hier helfen kann. Flugmedizin- Tropenmedizin- Reisemedizin-FTR, 30(03), 122-130.

(also published 2024 in the journal Laryngo-Rhino-Otologie)

Leuko, S., Ly, Y. T., Timofeev, S. M., Auerhammer, A., Malzacher, G., & Moeller, R.
(2024). Mikrobielle Welt auf Reisen: Die unsichtbare Begleitung im o6ffentlichen

Nahverkehr und ihre Auswirkungen. ZEVrail-Zeitschrift fur das gesamte System Bahn.

*Joint first authorship

137



Scientific conferences
Conference papers

e Koch, S. M.*, Ly, Y. T.*, Arndt, F. S.*, Muller, D., Schmeling, D., & Moeller, R. (2022).
Evaluating decontamination and prevention techniques by establishing standardized broad-
range microbial testing platforms. In 17th International Conference on Indoor Air Quality
and Climate, INDOOR AIR 2022.

e Kohl, A* Ly, Y. T.*, Leuko, S., Schmeling, D., Wagner, C., & Moeller, R. (2024).
Evaluation of bioaerosol propagation through an air curtain. In 18th International
Conference on Indoor Air Quality and Climate, INDOOR AIR 2024.

*Joint first authorship

Poster presentations

e Indoor Air 2022 (online): Evaluating decontamination and prevention techniques by
establishing standardized broad-range microbial testing platforms

e VAAM 2022 (online): Standardized microbial mock community against pandemic threats

e Gordon Research Conference 2022 (Waterville Valley, USA): Development of a
standardized and synthetic public transportation microbial community as a reference tool

e DGLRM 2023 (Cologne, Germany): DLR’s Graduate School GANDALF: Awareness and
fighting pandemic threats

e Indoor Air 2024 (Honolulu, USA): Modeling the public transport microbiome:
Development of a microbial reference community

e VAAM 2025 (Bochum, Germany): Copper vs. Bacteria: Who Wins on the Surface?
Antimicrobial effectiveness across copper content gradients on surfaces against a reference

microbial community

Oral presentation

e Indoor Air 2024 (Honolulu, USA): Evaluation of bioaerosol propagation through an air

curtain

138



3 Discussion

The scientific contributions of this thesis are summarized in Figure 5 and will be discussed,

based on the previously stated research questions.

Counteracting microbial burden in public transport

Investigation of Thesis contribution
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Figure 5: Overview of this thesis’ contributions and discussion points, indicated by dotted
lines. Based on Figure 1. Corresponding publications: *An overview of the bacterial
microbiome of public transportation systems (2.1), 2Microbial communities in local train cabins
remain stable through the seasons during one year of monitoring (2.2), *Modeling the public
transport microbiome (2.3), “Aerosol propagation through an air curtain (2.4), °Testing
antibacterial effectivity of copper coated surfaces (2.5), ®Short-time thermal inactivation of
surrogates of the public transport microbiome (2.6).
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3.1 Microbial surveillance as a preventive measure

Public transport passenger cabins represent an environment, which can facilitate transmission
of infectious diseases. Therefore, the first research question within the frame of this dissertation

focused on the detection of microbes within this environment.

RQ1) What microbiome are we facing in public transport systems, and how can we

reliably detect it?

3.1.1 The public transport microbiome

A passenger cabin is defined by its confined space, human crowds of varying individuals,
fomites, and limited air circulation. Similar confined environments which are important to
monitor with the aim of infection control, safety of humans and products, or resistance tracking,
that already underlie regular microbial monitoring, are e.g. intensive care units (ICUs), clean
rooms, or the ISS, as concluded by Mora et al. (141). Onboard the ISS, health risks are shown
by increased AMR compared to Earth analog, and a changed microbial composition,
highlighting the importance of monitoring (142). This is conducted every 90 days, added by
weekly cleaning, and biweekly disinfection (141). Microbial monitoring is also conducted in

hospitals (143), where strict cleaning protocols, especially in ICUs, exist (141).

Microbiome studies help to detect and understand microbial taxa and dynamics, indicating
potential transmission pathways and guiding the development of targeted countermeasures.
This work conducted microbial monitoring under real-life conditions by sampling train cabins
over the course of one year, every two months. To answer the first part of the research question,
the results revealed, similar to previous studies, human-associated taxa throughout most
sampling locations. This was expected, since humans shape their environmental microbiome,
as shown in Table 1 of the introduction. This observation is highlighted when we compare most
abundant taxa from different studies on a variation of human-shaped environments (see Table
3). Four genera, namely Corynebacterium, Staphylococcus, Streptococcus, and Pseudomonas
are highly abundant in all listed environments. Other highly abundant genera are Micrococcus
and Kocuria. Since Table 3 consists of data from multiple previous studies (and our study,
chapter 2.2), a variation due to sampling substrate (surface, air, dust) and detection (sequencing

technology, data analysis) is present, which influence the outcome of microbiome studies.
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Nevertheless, clear similarities were observed throughout the train cabin, outside the passenger
cabins (subway station), aircraft cabin, and even onboard the ISS.

Table 3: Most abundant taxa in selected human-shaped environments. Green highlights similar

taxa in all categories.

Train cabin Subway station Aircraft cabin ISS

(this work) and cabin

Cutibacterium Staphylococcus Staphylococcus Corynebacterium
Corynebacterium Acinetobacter Pseudomonas Streptococcus
Acinetobacter Corynebacterium Corynebacterium Staphylococcus
Staphylococcus Micrococcus Streptococcus Propionibacterium
Streptococcus Propionibacterium Enterobacteriaceae  Faecalibacterium
JCO017 Pseudomonas Flavobacterium Haemophilus
Pseudomonas Sphingomonas Kocuria Actinomyces
Paracoccus Flavobacterium Micrococcus Pseudomonas
Kocuria Streptococcus Sphingomonas Micrococcus
Prevotella Kocuria Stenotrophomonas Bacillus

References: Subway — Afshinnekoo et al., 2018 (64), Kang et al., 2018 (65), Gohli et al., 2019 (66), Zhao et al., 2019 (67), Hernandez et al.,
2020 (68). Aircraft cabin — Weiss et al., 2019 (62), Liu et al., 2020 (63), Sun et al., 2020 (60). I1SS: Mora et al., 2019 (144), Venkateswaran
etal., 2014 (145), Lang et al., 2017 (146), Avila-Herrera et al., 2020 (147).

To the best of my knowledge, no other longitudinal study similar to our train microbiome study
has been conducted before, since most previous studies focused on the subway station rather
than passenger cabins (66, 148-150). Studies, such as by Hsu et al. (2016) (151), investigated
both train cabins and stations within three samplings (2x May, 1x October). Similar
observations to our study were shown, such as the abundant detection of Propionibacterium
acnes. An advantage of our study was the collection of in total six samplings (1x spring, 2x
summer, 1x fall, 2x winter), allowing for the investigation of influences by temperature and
relative humidity fluctuations. This can be of great relevance, as both factors influence
microbial transmission and infection risk, and can vary between bacterial species, as concluded
by Hiwar et al. (2021) (152). Bacterial strains of Staphylococcus aureus, Pseudomonas
aeruginosa and Acinetobacter baumannii, all species of the ESKAPE pathogens, showed

improved survival on high-touch dry surfaces at low temperature and relative humidity (153),
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favoring outbreaks in cold seasons. This was also observed for two strains of E. coli. In
contrast, E. coli within an aerosol showed higher survival at higher relative humidity (154).
Viruses, such as Influenza survive and transmit better at low relative humidity and temperatures
(155-157). Further, low relative humidity can enhance the susceptibility of the host by drying
out mucous membranes and impairing mucociliary clearance (158, 159). No significant
different seasonal changes in diversity were found within the train cabins. Although the
measured relative humidity highly varied throughout the sampling times, no correlation
between the train cabin air diversity and the relative humidity was observed. Since the indoor
temperature in the cabin was constant, it can be suggested that the detected bacteria were also
less influenced by the relative humidity. Sampling locations showed higher variation compared
to the sampling season. Since sampling took place at midday and cleaning occurs at night,

evening sampling could have affected the results due to higher passenger traffic.

3.1.2 Microbial detection — lack of standards and limited by resources

The second part of RQ1 addresses the detection of the public transport microbiome. The
methodical approach for microbial detection can influence the results of microbiome studies
and is therefore important to discuss. For sampling, swabs are widely used in similar studies
and were also used in this work for surface sampling. The handling of swabs is simple, and only
requires minimal training. Especially for hard-to-reach spots, such as the louvers in the
passenger cabin, swabs are suitable. Compared to swabs, wipes are better suited for sampling
large (nonporous) surfaces and are therefore a good alternative for microbial monitoring.
However, they can be more prone to contamination during sampling, their handling is less
standardized and more laborious, and they can be more expensive than swabs. For air collection,
active air or dust sampling are widely spread, but the selection of the sampling method can
highly influence the outcome of the detected microbiome (160). The same accounts for DNA
extraction, which can influence the yield and diversity (161). As expected, this applies for the
data analysis, too. Within this work, 16S rRNA sequencing of the V1-V2 region was performed.
The selection of the V1-V2 region as target was based on high taxonomic resolution of
respiratory samples (162) and suitability for low-biomass samples (163). Sequencing of
variable regions of the 16S rRNA gene in similar microbiome studies is common, as shown by
Ly et al. (2021) (36). Many studies on the subway microbiome were performing 16S rRNA
sequencing of the V3-V4 (66, 164, 165) or only the V4 region (149, 151, 166). Less frequent
was the investigation of the whole 16S gene or metagenome sequencing. Both, however, allow
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a deeper analysis of the microbiome and are able to reliably identify bacterial species. Although
these methods generate detailed information, high-throughput is bound to high cost and might
not be feasible for regular monitoring. An issue that can overestimate the abundance of bacteria
and affects sequencing, is the intragenomic heterogeneity of 16S rRNA genes (167). The degree
of overestimation differs for phyla, targeted variable region and full length 16S rRNA gene.
Another common approach to investigate the microbiome is cultivation and subsequent
sequencing (for identification). This can be less expensive, but the detection is limited to
cultivable species. Besides the sequencing technigue, data analysis can influence the results,
for example, due to varying bioinformatic pipelines that process raw data differently or due to
multiple available databases for feature assignment (168). It shows, that a comparison between
studies can be difficult at some point due to the variation of used methodologies. Therefore,
standardization for distinct targets is important. Standardized protocols have been developed
within the MetaSUB Consortium (169, 170) and are important for conducting microbial
monitoring studies. However, sample processing within this consortium is conducted in distinct
laboratories and, therefore, bound to a certain capacity. Thus, the standardization cannot be
implemented in every microbiome research study. Besides research-driven standard protocols,

there are no legal guidelines for microbial monitoring in public transport settings.

For targeted detection of distinct pathogenic species, performing gPCR is a good method that
stands in contrast to the general detection of the all-over environmental microbiome. This was
utilized to detect S. capitis and S. aureus in the train cabin, as a low-cost alternative to
sequencing at species level. Low levels of both species were observed, while S. aureus was
found in less sampling locations than S. capitis. Besides species specific targets, markers like
antibiotic resistance genes can additionally be addressed. Although conducting gPCR is less
labor and cost intensive compared to sequencing, only a few species can be targeted due to
limited DNA of the swab samples. Alternatively, selective cultivation of potential pathogens

can be conducted and is aimed for future studies.

Based on the findings, it is not easy to tell if the public transport microbiome poses a human
health threat. It is important to conduct microbial monitoring to control and be aware of the
possible hotspots and behavioral measures that reduce microbial transmission. At which
concentration a pathogen is stated as infectious cannot be answered easily, as it depends on host
and pathogen, and in case of airborne transmission, on factors like exposure time, CO2 levels
and relative humidity (171, 172). Based on that, the infectious dose can range greatly, as shown

in a review on foodborne pathogens with a dose between <10 to over 10° organisms (173). The
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results of our study revealed, that the diversity of the train cabin microbiome was dependent on
the sampling position and not the sampling season. This information can be further targeted to
identify microbial hotspots, for example via targeted detection of potential pathogens. In the
end, obtained data can be used to determine surfaces, that should be considered for
antimicrobial coatings or intensified cleaning protocols. These interventions can be tested using
an in vitro model of the environment, which can help to test and optimize them under controlled

conditions. In this work, this was performed with a variation of countermeasures.

3.2 In vitro bacterial community of the public transport

microbiome

One important element of this work was the establishment and application of the in vitro
bacterial community. Single species from this community as well as the community as a whole
were used in all tested microbial countermeasures (air curtain, thermal inactivation,
antibacterial materials). Learnings and findings based on the created bacterial community are
discussed in the following, pointing out its suitability, applicability and distinct variations

between it and single species experiments.

RQ2) From in vivo to in vitro: Is it possible to recreate and apply a standardized public
transport microbiome as a simplified, yet realistic reference model for experimental

testing?

3.2.1 Suitability & applicability as a reference

As the title of this thesis suggests, one central aim is to improve detection and inspire prevention
measures against bacterial contaminants in public transportation using an in vitro bacterial
community. It was decided to use a community rather than single model organisms, since the
latter are unable to properly reflect the actual response to distinct stressors compared to their
response in a real environmental setting. This is due to community effects, which can be
synergistic or antagonistic interactions, or genotypic and phenotypic diversity (174). Therefore,
an approach closer to real-life settings was introduced in order to investigate and test the
effectivity of potential microbial countermeasures. The idea is not new, as in vitro microbiomes

exist, based on the gut (70, 175) or soil (176) microbiome. However, this is the first time that
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such a bacterial community has been developed in regards to the public transport environment
(177). The in vitro bacterial community resembles abundant and relevant bacterial taxa of
known public transport microbiomes. Its composition is based on previously conducted studies
presented in this work (see chapter 1.3, 2.1). Those include genera like Pseudomonas,
Staphylococcus, Propionibacterium, Streptococcus, Sphingomonas, and Corynebacterium.
Representatives such as Enterococcus and Flavobacterium are not the most abundant according
to literature, but are nevertheless considered as relevant. For instance, Flavobacterium and
Burkholderia were found to be abundant in a distinct publication on the aircraft cabin
microbiome (62). Further, Enterococcus represents a genus of the ESKAPE pathogens, which
are highly relevant due to their remarkable antibiotic resistance.

A key advantage of the created bacterial community is its biosafety level. All community
members have been chosen specifically to be BSL-1, which makes handling in the laboratory
straightforward and, therefore, enhances reproducibility by other scientists. Exchanging single
species for those that are easier to cultivate would optimize reproducibility, since
S. halotolerans DSM 101996" and P. cyclohexanicum DSM 168597, as well as F. frigoris DSM
157197 and S. rubra DSM 261357 to a certain extent, exhibited aggravated cultivation.

But to what extent is this model reflecting the microbiome of real public transport or passenger
cabins, and what are its limitations? First of all, most genera in the in vitro bacterial community
are represented in the public transport microbiome, like skin-associated genera Staphylococcus
or Propionibacterium. However, only bacteria and no other microorganisms such as fungal
species or viral particles, and no anaerobic species were included. Furthermore, highly
prevalent bacterial taxa in public transport environments such as Micrococcus and Kocuria
were not selected for the bacterial community due to temporal expenditure and handling in the
laboratory. Therefore, it was decided to limit the community to nine bacterial genera, and thus
not all abundant taxa could be considered. It has to be noted, that the selection of the species
within the bacterial community can greatly influence its behavior and reaction of it in different
settings due to the production of potentially harmful metabolites, as reviewed by Hibbing et al.
(2010) (178). The composition of genera of the in vitro community was intended to be equal in
cell concentrations, although in nature, the microbiome is composed of a combination of highly
abundant and rare taxa, with no equal distribution and depending on their environment (179,
180). As it is not possible to determine the exact abundance of each genus, an equally distributed
bacterial composition was selected. The bacterial community members were carefully chosen,

since there are many factors that need to be taken into account. Besides the reproducibility, two
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species were selected to be distinguishable after cultivation in the bacterial community.
Therefore, the antibiotic resistances of B. lata DSM 23089 to streptomycin and S. capitis DSM
111179 to rifampicin was utilized. It was of great importance that other community members
were not resistant to these antibiotics as well. To create a realistic substrate for the bacterial
community, particularly for experiments in which the community was aerosolized to mimic
exhalation, artificial saliva based on Woo et al. was used (2010) (181). At this point, a distinct
difference to in vitro gut microbiomes is apparent. While in vitro gut microbiomes are often
cultivated in one container with a special medium (182, 183), the bacterial community of this
work was created by single cultivation of all species and mixture afterwards in PBS or artificial
saliva. The cultivation poses one limitation of this work, as no co-cultivation was tested, which
is expected to impact the results. Previous studies have demonstrated the impact of co-
cultivation on the increased chemical diversity of microbial compounds, which cannot be
detected in pure cultures (184). Although co-cultivation was not in the scope of this work, as
this thesis presents the development and first experiments with the in vitro community, future
studies should address this issue to gain further insights into the dynamics within the
community. This presents a great challenge, since fast- and slow-growing species are included
in the community, which facilitates artificial dominance. Further, the species grow under certain
temperature and media. Creating specific media that imitate the oral environment, for example,
would facilitate new applications of the in vitro bacterial community by providing even more
realistic surroundings. But even at this point, the applications of the bacterial community are
manifold: Various microbial interventions can be tested using the community as reference, such

as disinfection and cleaning agents, that are used for passenger cabins.

It shows, that there are many obstacles that came along the development of the in vitro bacterial
community. The “correct” selection of the species, cultivation of each species, and the approach
to create equal distributions within the mixture. Despite the difficulties and limitations of the in
vitro bacterial community, this model and similar studies are important to understand the

bacterial reaction to certain stressors in a controlled setting.

To conclude and address RQ2 regarding the development and applicability of an in vitro
bacterial community: Although certain limitations remain, as this is the first in vitro bacterial
community to simulate the public transport microbiome, it has been well characterized and is

suitable to use as a reference for different experimental tests.
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3.2.2 Single vs. bacterial community testing

Focusing on the applicability of the created in vitro bacterial community (RQ2), a distinct driver
of its creation is the investigation of stressors and effects on bacteria under more realistic
settings. Single species can help to understand basic mechanisms and responses to stressors or
conditions. However, a bacterial community adds more complexity, which has been
demonstrated in this work in the form of synergistic behavior after wet contact killing on
copper-containing (Cu-Al) surface coatings (see chapter 2.5) or within the investigations into
air curtain effectivity and bioaerosol detection (see chapter 2.4). One advantage, that enhances
applicability of the in vitro bacterial community, is the possibility to distinguish target species
of the bacterial community by selective growth of the species S. capitis DSM 111179 and
B. lata DSM 23089". It was shown throughout all studies, that B. lata DSM 23089 was more
susceptible to stressors or treatments, like desiccation (air curtain) and copper stress (Cu-Al
coatings). This behavior can be traced back to the species’ desiccation and copper tolerance,
based on genetic settings and Gram-staining, as discussed in chapter 2.5 (185). Another factor,
that influences the species survival, is the bacterial community. The community showed
significant shielding against copper stressors for S. capitis DSM 111179. With a different
community composition, varying shielding effects can be expected due to antagonist effects
that different species can bring, e.g. through the reinforcement of antagonistic dynamics or
modification of pairwise interactions (186). Further influence within bacterial communities and
in single species is quorum sensing. It is a type of communication between bacteria, which
allows a quicker activation of specific stress responses (187). Additionally, metabolites can be
exchanged which also favor bacteria in vicinity (188). However, metabolites can also be
harmful, as previously described. Antagonistic interactions can be further displayed by
environmental modifications, such as changes in pH, caused by certain metabolites, leading to
unfavorable growth conditions (189). The microbiome is also shaped by the competition for
resources, overgrowth of low abundant species and selective pressure (140, 190). Additional
investigation of the bacterial community is necessary to better understand community dynamics
and their influence on the survival of distinct species. Synergies, competition, and biofilm
formation are effects that were not investigated but should be addressed in the future, as they

provide important insight into real-life environments and behaviors.

The developed simulated bacterial community allowed for the evaluation of different microbial
countermeasures under controlled conditions. In the following section, intervention strategies

are discussed in terms of their effectivity and applicability to public transport settings.
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3.3 Reduction of microbial load in passenger cabins

Different interventions were tested to reduce microbial load in hypothetical passenger cabins
by mitigating the microbial transmission through airborne and via surface pathways.

RQ3) To what extent can physical and material-based interventions reduce microbial load

In passenger cabins?

3.3.1 Intervention of airborne transmission

Different physical-based interventions were tested to investigate their effectivity and
applicability in passenger cabins. The first and major investigated physical-based intervention
was the air curtain, equipped with HEPA filters (see chapter 2.4). For that, two different
detection methods were employed: sensor-based particle measurement and CFU-based
bacterial survival determination. This combination allowed for a differentiated analysis of the
bioaerosol propagation in a closed environment. The outcome of the microbial assessment was
dependent on the test microorganisms’ tolerance to shear forces during bioaerosol generation.
Since the used device (BLAM, CH Technologies) was designed for the aerosolization with low
impact on microorganisms and has been tested in a previous study (191), the shear forces were
expected to be little. Further, during the process of aerosolization, impingement, and continued
presence on the petri dishes until retrieval, the bacteria are exposed to desiccation. The
desiccation tolerance of distinct members of the bacterial community was investigated in pure
cultures. P. antarctica DSM 153187, S. halotolerans DSM 101996, and P. cyclohexanicum
DSM16859" showed no detectable survival after up to 7 days of desiccation. In contrast,
S. capitis DSM 111179 showed survival up to 28 days of desiccation, with a significant decline
of CFU/mL (192). This observation can likely be explained by the origin of these species. More
susceptible species were initially isolated from environments with high humidity, such as
orange juice (193) or the respiratory tract (194). Therefore, they are expected to be less adapted
to desiccation (193, 194). The used strain for the air curtain studies, S. capitis DSM 111179
was first isolated from stainless steel (type V2A) aboard the ISS (195) and is therefore adapted
to rather dry environments. Previous work (196) has shown its desiccation tolerance. According
to the genome annotation of S. capitis DSM 111179 (annotation name: GCF_025272695.1-
RS 2024 10 12), it has similar genes as highly desiccation tolerant S. aureus that are relevant

for its desiccation tolerance (197): clpX, coding for ATP-dependent Clp protease ATP-binding
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subunit ClpX, sigB coding for RNA polymerase sigma factor SigB, and yjbH, coding for a
protease adaptor protein. Of the mentioned genes, B.lata DSM 23089T only has clpx,
potentially explaining its lower desiccation tolerance. This section presents one limitation of
the bacterial community. Depending on the species’ isolation sites, their reaction to certain
stressors can be highly variable and might be less close to their relatives in a real passenger

cabin environment.

Different factors, like temperature, relative humidity, and positioning and flow velocity of the
aerosol source and air curtain influence the outcome of such studies and were not changed in
this work for a better comparability between the different air curtain scenarios tested. Besides,
as described in the first chapter of the discussion, the infectiousness and bioaerosol spread are
influenced by above mentioned factors (198), which should be addressed in future experiments
to move towards application in a real passenger cabin. However, this study focused on initial
testing of the bioaerosol detection and air curtain setup to determine its effectiveness against
bioaerosol spread and therefore its feasibility to be used in a passenger cabin. Rooting back to
RQ3, to what extent physical-based interventions can reduce the microbial load in passenger
cabins? Combining the air curtain with HEPA filters was shown to reduce particles and bacteria
by up to 66%. Although no standards exist, that prescribe a minimum effectivity for microbial
reduction of ventilation or air purification systems, particularly for public transport, 66 %
effectivity can be considered low. However, the experimental settings included high-dose
bacterial concentrations for facilitated detection (~2.36x10° CFU/m? (B. lata DSM 23089"),
~5.7x10° CFU/m?3 (S. capitis DSM 111179)), higher than can be expected to be realistically
exhaled by one person during 10 minutes of breathing (up to ~2.3x10* CFU/m3, calculated
based on max. concentrations of 7x10% CFU/m?® after 3 min of breathing) (199). Therefore,
more realistic settings with lower bacteria concentrations would most likely result in a higher

air curtain effectivity.

Besides the mechanical approach to reduce bioaerosol transmission in a passenger cabin, other
strategies were tested in this work. Thermal inactivation of microorganisms has been long
known, and is most popular for its application in food industry, e.g. for pasteurization of milk
or other products. During high heat exposure, bacterial cell damage is caused on structural and
genetic level, resulting in membrane disruption, generation of oxidative stress, as well as protein
denaturation and aggregation (200). The aim was to use this known microbial countermeasure
and characterize the heat tolerance of microorganisms, that are not typical food contaminants,

but more relevant for public transport settings and pathogenic outbreaks. For this purpose, a
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heated water bath was used in combination with bacterial solutions sealed in glass capillaries.
This approach allowed fast heat transmission and a controlled setting. A great advantage of
thermal inactivation is the short time period it takes to inactivate microorganisms. Results
showed no detectable survival of the tested microorganisms after exposure to 85 °C for 2 s,
promoting the potential of short-time thermal inactivation as a microbial intervention in
passenger cabins. However, there are heat resistant microorganisms, that cannot be inactivated
by this approach. For example, spores from bacteria or fungi are highly resistant to heat (201,
202). Future experiments should test not only the microorganisms as single species, but also
together in a bacterial community, including vegetative cells and heat-resistant spores. The
obtained data can be compared to the next step — thermal inactivation of aerosolized
microorganisms — for future applications in passenger cabins for air decontamination. In theory,
the aim is to use such a setup in an electric people mover during the cold seasons when heating
Is required. Simultaneously, the heat inactivation supplies the cabin with air with lower
microbial burden. The additional application of air curtains would enhance this effect by

generating invisible barriers for bioaerosols.

Besides thermal inactivation, preliminary tests using non-thermal plasma were performed as
another measure to reduce microbial contaminants in the air. The antimicrobial properties of
non-thermal plasma have many similarities to those of copper. The mechanisms include the
generation of reactive oxygen and nitrogen species (RONS), UV photons, charged particles
(203-205), leading to oxidative stress, damage of cell membranes, DNA and protein damage.
In an experimental setup (see Figure 6), the bioaerosol source was positioned at the left site
with a flow direction to the right. Within the flow field, three built-in plasma units were
distributed. In the end (right site), a ventilation system enforced the flow direction of the

bioaerosol and petri dishes were positioned to collect the bioaerosol.

Flow direction Petri dish

o —
Figure 6: Experimental setup of plasma-based decontamination.

150



The preliminary tests showed great antibacterial effects, when using one of the three plasma
units on a S. capitis DSM 111179 bioaerosol (10° CFU/mL) after five minutes of exposure.
After incubation, 508 CFU were detected without any plasma intervention, whereas only
13 CFU were counted with one active plasma unit. This data already shows the great potential
of non-thermal plasma as a method for a reduced microbial burden. However, the synthesis of
side products of plasma, such as ozone or RONS have to be addressed, since they could irritate
human air ways (206). Therefore, filter systems and degradation systems exist and are important
before application in public settings (207). Nevertheless, as shown by Zhang et al. (2024) (208)
or Jangra et al. (2023) (209), non-thermal plasma is already an effective method for air
disinfection. It shows, that there are different possibilities to reduce the microbial load in the

passenger cabin.

3.3.2 Intervention of contact transmission

The material-based intervention to reduce microbial load in passenger cabins were copper-
based surface coatings. Fomites play a great role in the microbial transmission. Through the
identification of hotspots and frequently touched surfaces in passenger cabins, targeted
application of antimicrobial materials or coatings could be applied. Previous studies have tested
different copper coatings, highlighting the importance of testing different microorganisms.
Those were for instance fungal spores (210) or healthcare-related Enterococcus faecium strains,
focusing on the impact of antimicrobial resistance and copper tolerance (211). Besides in vitro
studies, experiments with potential antimicrobial surfaces have been conducted in real-life
settings (e.g. public transport, hospital, schools, ISS) and have been shown to be effective (212-
216). This work focused on the effectivity of copper and copper-alloy coatings against bacterial
species within the in vitro bacterial community and as pure cultures. The results have shown
that 100 at.% copper-coated surfaces had a significant antibacterial effect on the reference
bacterial community. However, coatings with 79 at.% or less Cu content showed no significant
effect on the survival of the tested species within the bacterial community and in single species
testings, leaving space for improvement. It should be noted, that no long-term effects were
tested. Therefore, it cannot be stated definitely that there is no antibacterial effect at all. With
this work, extended data on the effectivity of copper and copper-alloys on bacteria within a

bacterial community in comparison to pure cultures were provided.
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There are different factors that influence the antibacterial properties of copper. The physical
transmission efficiency of microorganisms depends on surface material, hand condition or
coverings, and humidity (217-219). Another important factor is the surface type in terms of
complexity, since flat surfaces, like tables, are easier to clean than door knobs or irregularly
shaped objects (220). Long-term use is accompanied with debris, oxidation, biofilm formation
and damage of material, which can reduce the antibacterial effectivity (221), when no proper
cleaning or maintenance is given. Copper oxidation can reduce antibacterial properties by
decreased Cu-ion release depending on the type of oxide and surface composition. The
formation of a passivation layer of oxidized copper can constitute a problem by decreasing the
ion release and therefore the antibacterial properties (222).

But overall, long-term use of copper surfaces still shows high antibacterial effectivity, as
demonstrated by previous studies. In a study, a combination of bacterial cellulose and CuNPs
was used for up to 90 days, which exhibited sustained antibacterial activity (223). Another study
tested copper-coated door handles for three years, which were more effective against MRSA
than glass and stainless steel (215). Anodic aluminum oxide-copper coatings were more
effective than zincated Cu coatings after polishing in a study by Chen et al. (2023) (221).
However, those results were highly dependent on the used test organisms. For example, a study
using copper-doped Ti alloys for 14 days showed an antibacterial rate (based on untreated and
treated bacterial count) of 100 % against S. aureus, but only 12 % against Escherichia coli
(224). This observation can be attributed to the different properties and defense mechanisms of
bacteria.

As shown by Novoa-Aponte et al. (2022) (104), bacteria differ in their genetic features and,
therefore, capabilities to conquer copper stress. The difference in copper-tolerance was also
observed in this thesis between S. capitis DSM 111179 and B. lata DSM 23089". Within the
community, members carry different sets of genes related to copper tolerance, which could
benefit species within the community, for example, by producing helpful metabolites, binding
or sequestrating copper. The identification of copper-related genes in all bacterial community
members was performed by WGS (Nanopore & Illumina) with subsequent hybrid assembly and
annotation using Bakta (225), or based on publicly available annotated data from NCBI. The
results are summarized in Table 4. The most abundant gene among the community members is
the widely distributed copper-stress related copZ, which functions as a metallochaperone (226-

230). It was found in six out of nine bacterial species in the community.
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Table 4. Selection of copper tolerance and oxide stress related genes found in the genomes of
the bacterial community. BL: Burkholderia lata DSM 230897, SC: Staphylococcus capitis
DSM 111179, CH: Corynebacterium halotolerans DSM 44683", EV: Enterococcus viikkiensis
DSM 24043", FF: Flavobacterium frigoris DSM 157197, PA: Pseudomonas antarctica DSM
153187, PC: Propionibacterium cyclohexanicum DSM 168597, SH: Streptococcus halotolerans
DSM 1019967, SR: Sphingomonas rubra DSM 26135,

Genes BL SC CH EV FF PA PC SH SR
copC X X X X X
copD X X X
copY X X

copZ X X ] X X X X

pcoD X

cycoC X

CirA X x

ompR X X

cueR X X

SOXR X X

CSoR X

csoZ X

sufl X

cutC X X X

Other proteins

Cu oxidase X X X X X X X

Cu-containing
nitrite X X
reductase

Cu binding
protein

Cu resistance
protein

Cu chaperone
Pcu (A) C
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Interestingly, B. lata DSM 230897 displayed the highest number of copper-related genes (14),
but was evidently less tolerant to copper stress than S. capitis DSM 111179, with four identified
genes. Therefore, as expected, the coded genes and their transcription should be investigated
further to understand the defense mechanisms behind the single species and the bacterial

community.

To what extent can the coatings reduce the microbial load in passenger cabins? To conclude,
antimicrobial surfaces pose a promising measure to reduce contact transmission. In contrast to
alternative strategies against contact transmission, they display a continuous, passive measure,
are independent from user’s behavior, and are a good addition to public transport areas with
high fluctuation of passengers. Only few long-term experiments (16 weeks to at least 18
months) have been conducted (212, 231), and results have shown positive effects compared to
controls. However, little is known about the effectivity over long periods (several years),
corrosion (especially for copper), and the effect on antibacterial properties. More research is
needed on the influence of coated materials and the effects of relative humidity and temperature.
Further, it is important to investigate adaptation strategies of bacterial communities. In the end,
antibacterial coatings represent an addition to active measures, such as cleaning, which is
inevitable. Although standardized test methods to assess the antibacterial activity of surfaces,
such as ISO 22196 (232), the given experimental conditions do not cover real-world
environments, for example due to high prescribed temperatures (~37 °C) and high relative
humidity (> 90 %) (233). So far, commonly used model organisms are E. coli or S. aureus, and
there is no standard that investigates bacterial interactions. In 2023, the ISO 7581:2023 standard
was released to evaluate bactericidal activity of surfaces (234), which comes closer to realistic
settings through testing under dry conditions. However, further improvements are needed to,

for example, simulate high-touch settings and other realistic environmental conditions.

154



3.3.3 Safe passenger cabin of the future

Based on current knowledge and the results of this work, which countermeasure is feasible and
effective in a passenger cabin (RQ3)? There is no easy answer to this question. There are many
considerations, that cannot be easily evaluated: costs for integration into cabin systems, impact
on heating, ventilation and air conditioning (HVAC), regulatory constraints, maintenance
requirements, etc. To make well-founded estimates, more research is needed. Measures, such
as the thermal inactivation of the cabin air during cold months, need to be further developed to
be considered for application in a passenger cabin ventilation system. Despite all the factors
that are difficult to assess, a few can be categorized based on the current state of knowledge
(Table 5). In addition to the novel countermeasures that were investigated in this work, the
comparison shown in Table 5 includes more established methods such as UV-C and fogging
with chemicals like H2Oo.

Of the countermeasures investigated, passive approaches, such as antibacterial surfaces and
airflow-based strategies, are particularly well-suited for passenger cabins. These approaches
can be applied continuously during operation without compromising passenger safety or
comfort. A great advantage of the air curtain is that no chemicals and, therefore, no safety
measures are required. However, the correct positioning for the most effective use needs to be
determined without impairing passengers’ comfort. This study has shown that thermal
inactivation, intended as a measure during the cold months when heating is required, is effective
within seconds. However, further testing of bioaerosols is needed. A main drawback of this
method is that the cabin air is not decontaminated when the cabin is not heated. If the system is
used regardless, high energy consumption is to be expected. Non-thermal plasma has shown to
be effective, too. Similar to the thermal inactivation, not much is known about its use in public
transportation and testing in this setting is insufficient. However, its effectivity to reduce
microbial loads in indoor settings has been shown (207, 235). UV-C is another method for
surface and air disinfection, which is particularly relevant in healthcare settings (236, 237).
Nevertheless, there are certain limitations, such as maintenance requirements, safety measures,
variable effectivity across pathogen and surface types (238), limited surface coverage, and
shadowing. Another established and effective intervention, fogging of H.O>, can only be used
in public transport settings, when no passengers are present. Therefore, the operating time of
the cabins is impaired, posing a downside of this method. In addition, the application of this

measure is bound to staff-costs and, therefore, less suitable for passenger cabins.
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Table 5: Comparison of bacterial interventions for passenger cabins.

Integration into . Passengers Passenger
. Target . . Continuous Safety
Intervention . Mode of action passenger Effectivity allowed comfort . .
(air/surface) . effect i . . considerations
cabin during use impaired

Physical

Air curtain Air barrier, Moderate Moderate Yes Yes Yes Low
dilution
Thermal . Protein .
. © . a. Air 0te'. Complex High Yes Yes No Low
inactivation denaturation
Non-thermal . . .
Air ROS, RNS Complex High Yes Yes No Medium

plasma
Antibacterial Surface Cu-ions, ROS Easy Moderate Yes Yes No Low
surfaces
UVv-C . DNA/RNA . :
. Air/surf Moder High N N N M m
i radiation ir/surface damage, ROS oderate ig 0 0 0 ediu

Oxidative
H.O> fogging Air/surface chemical Moderate High No No No Medium

disinfection
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In regards to the industry or operator perspective, measures that are low-cost in all aspects,
system integration, maintenance, and operation, are important. In addition, passenger comfort
should not be impaired, or passengers should feel even safer with integrated measures.
Considering these factors, the integration of antimicrobial surfaces would be a reasonable
choice. However, to reduce not only contact, but also airborne transmission of pathogens,
further measures need to be added. Hence, additional strategies should be considered: Basic
hand hygiene is important to reduce contact transmission of pathogens (239). Other behavioral
measures, such as wearing masks while sick, practicing social distancing, showed high
effectivity in previous studies (240, 241), but require active participation of people. Further,
regular surface disinfection can be time- and staff-limited, yet highly effective (242).
Combining methods that require different defense mechanisms of microorganisms, such as
antimicrobial surfaces (Cu-homeostasis), air curtains (desiccation tolerance), non-thermal
plasma (oxidative stress response), or thermal inactivation (heat shock response) can pose an

effective measure against microbial spread.
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4 Conclusion and outlook

Despite declining public attention since the peak of the corona pandemic, infectious diseases
remain a relevant health risk, especially for vulnerable people with a compromised immune
system. There is a high chance for new upcoming pathogenic species that can cause outbreaks
and pandemics. Zoonotic spillovers and emerging infections are driven by factors, such as
climate change, biodiversity loss, and increased wildlife contacts (243, 244). Therefore,
understanding human indoor built environments and their microbiome is essential to inform
and develop new measures that can reduce microbial transmission, especially in critical

infrastructures.

A key element in this work was posed by the in vitro bacterial community. It is based on the
most abundant and relevant bacterial genera found in public transport. This approach allowed
a simulation of this environment and helped to gain insights to the effects of the intervention
strategies, that would be limited for the use of single model organisms. It is standardized and
reproducible, making it suitable as a reference for various applications. The bacterial
community or parts of it were used for all following investigations, and constitutes a powerful

tool to test and evaluate existing and new microbial countermeasures.

This work contributed the investigation of three interventions for reduced microbial spread.
1) An air curtain to reduce bioaerosol propagation, 2) antibacterial surface coatings to conquer

contact transmission, and 3) thermal inactivation of different microorganisms.

The first intervention successfully applied the in vitro bacterial community to investigate
bacterial spread in a closed chamber, influenced by an air curtain as a physical barrier for the
bioaerosol. Bacterial detection was compared to sensor-based particle measurement, and
similar trends in bacterial survival and particle concentrations were revealed for S. capitis DSM
111179. B. lata DSM 23089 showed lower survival due to increased desiccation susceptibility.
Overall, the air curtain reached a maximum effectivity of 66 % in the reduction of bacterial and

particle concentrations.

The evaluation of bioaerosol spread by both particle measurement and bacterial survival helped
to understand the complementing data we obtained from those measurements. We have to be
aware of the different factors (desiccation tolerance, size, shape, etc.) that influence the survival
and pathogenicity of bacteria, and that particle measurements create useful additional data that

help to visualize the bioaerosol spread. In addition, an air curtain was tested as a measure to
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reduce bioaerosol propagation within a closed room. In future perspective, it could be applied

in passenger cabins to reduce airborne transmission of infectious agents.

The second microbial intervention that was investigated were copper-aluminum-based
antibacterial surface coatings. For exposure times up to 60 min, 100 at.% Cu coatings showed
the highest antibacterial activity. Comparing the survival of pure cultures to the bacterial
community, a significant protective effect by the community was evident for S. capitis
DSM 111179. This research highlighted the importance of testing communities instead of
single model organisms, as they can highly influence the survival of single species. The novel
alloy surface coatings are subject to improvement, but pose a helpful measure to reduce contact
transmission of bacterial species. Future applications could be frequently-touched surfaces in
public transport or healthcare settings. Long-term experiments are still needed, but we created

a useful foundation that can be build up upon.

The third measure was thermal inactivation of a set of microorganisms, including three bacteria
of the in vitro bacterial community and a bacteriophage. The used experimental setup facilitated
fast heat transfer to the test organisms, enabling the characterization of the target species® heat
tolerance. In future studies, this approach should be tested on a broader range of species and
bacterial communities, and subsequently compared to the thermal inactivation of airborne
microorganisms. The long-term vision of this project lies in its application within heated

passenger cabins, particularly during winter.

Rooting back to the research topic and questions, what was accomplished in this work to detect
and prevent bacterial contaminants in public transport? Microbial monitoring in a train cabin
using 16S rRNA sequencing revealed additional data to present research findings. Those
include high abundance of human-associated taxa, and sampling location dependent
microbiomes. Detection can be performed using various methodologies, that offer respective
advantages and disadvantages. For microbial monitoring on species-level and specific
pathogens, qPCR has been proven as a possible approach. It was further shown in this thesis,
that it is possible to recreate and apply a standardized public transport microbiome as a reference
model for experimental testing. A series of potential countermeasures were tested with this in
vitro bacterial community, and more can be tested in future experiments, also in other
laboratories. As nature is truly complex, certain limitations cannot be avoided within the
developed community. Finally, it was demonstrated that there is no single microbial
intervention that can build the perfectly safe passenger cabin, but by combining interventions,

multiple attack sites against bacteria can be created.
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This thesis presents a variety of potential countermeasures, and future studies should deepen
the investigations. Important work remains to be conducted on the long-term effects before
these measures can be applied in real passenger cabins. It needs to be studied, how the bacterial
community changes after prolonged exposure, for example to antimicrobial surfaces. The
potential formation of biofilms should be further investigated, as these can impact the materials
durability and effectivity. In addition, the behavior of the bacterial community on materials
currently or potentially used in passenger cabins should be addressed in terms of survival and
persistence following controlled touch events. This also accounts for cleaning agents, which
can be tested solely or in combination with antimicrobial materials to assess their impact on the
materials’ effectivity. Furthermore, the survival of species and colonies after exposure to
several cycles of short-time thermal inactivation or non-thermal plasma should be explored. In
addition, potential development of resistances or tolerances should be investigated to evaluate
the feasibility of the tested countermeasures in real-life settings. Prior to the application of air
curtains in passenger cabins, the experiments conducted in this work should be upscaled to
include more realistic room dimensions, and different temperature and relative humidity
settings. In regards to the in vitro bacterial community, conducting co-cultivation experiments
would provide an even more realistic approach, opening new research questions and topics

related to bacterial interactions, such as synergies, competition, and the secretion of metabolites.

This work highlights the importance of multimodal microbial reduction strategies for public
transport systems, addressing both air and surfaces. It has deepened our knowledge of microbial
dynamics in such environments and demonstrates the strong potential of the in vitro bacterial
community for future research. These insights contribute to the development of protective

measures for vulnerable populations and improved preparedness for future pandemics.
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