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Abstract

Microorganisms are an integral component of human health on Earth as well as for life on the International Space
Station. However, inescapably, fomites in human habitats can serve as crucial niches for opportunistic pathogens.
To explore potential countermeasures for the associated infection risk, the Touching Surfaces experiment evaluated
antibacterial surfaces as high-touch surfaces on the International Space Station and on Earth. We used copper-
based surfaces that integrate chemical antimicrobial properties with topography, thereby creating a metasurface.
16 S rRNA sequencing revealed that most bacteria found were human associated. While no significant distinction
was observed between the microbial communities on the reference and antibacterial surfaces, isolation of
microorganisms from the surfaces suggests that copper-based nanometer-structured surfaces exhibit enhanced
antibacterial efficacy. The antibacterial efficacy of touched surfaces was reduced, as assessed by wet contact killing
assays carried out using a methicillin-resistant Staphylococcus aureus (MRSA) isolate. The simplicity of implementing
the surfaces allowed for straightforward testing of surfaces in both space and on Earth.
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Introduction
Due to planned future crewed missions to deep space,
human space habitat design and hygiene systems are
particularly relevant topics [1, 2]. The microbiome of
the built environment unveils a complex system which
is present everywhere within our human-constructed
environment. Beyond what meets the eye, our homes,
schools, hospitals, and public spaces harbor a diverse
community of microorganisms which influence our
health and well-being [3, 4]. This becomes apparent dur-
ing crewed space missions. The confined indoor living
habitats combined with the diverse microbial communi-
ties carried by each individual astronaut, render microor-
ganisms impossible to eliminate [5-7]. The International
Space Station (ISS) represents a unique environment
with its microbiome originating mainly from crew mem-
bers as the ISS is separated from exterior contamination
in between cargo resupplies and crew arrival and depar-
ture [5, 6, 8—10]. The isolation from external microbial
sources in combination with the distinctive conditions in
space such as microgravity and increased radiation, make
the close monitoring of introduction and proliferation
of potentially harmful organisms essential [5]. Micro-
bial monitoring of the ISS has shown the persistence of
microorganisms in filter systems, dust particles, as well
as frequently touched surfaces including handrails, which
astronauts use for moving through the space station [5,
6, 11]. Further characterization of individual strains has
shown the presence of multidrug resistant microorgan-
isms as well as opportunistic pathogens on board the ISS
such as multi-resistant Enterobacter bugandensis, which
is part of the E. cloacae cpx. which is an important mul-
tiresistant group, or Acinetobacter pittii [12—16]. Specifi-
cally, genes for antimicrobial resistance and adaptation to
harsh environmental conditions as stress response have
been investigated in detail [12, 17-20]. Some microor-
ganisms can not only pose a threat to the crew’s health
but also to the integrity of the spacecraft itself [21, 22].

Surfaces can be key niches for pathogenic microor-
ganisms and opportunistic pathogens [23]. According
to previous calculations, humans dispose up to 10 mil-
lion bacterial and fungal cells per hour per person [24,
25], which are left behind not only in the air but also on
frequently touched surfaces [26]. While the ISS itself is a
unique habitat, its nature of being a built environment is
transferable to other built environments such as the ones
we have on Earth. Hence, research on antimicrobial sur-
face concepts on the ISS can have a major impact also for
life on Earth, for example in clinical settings with high-
risk immunosuppressed patients or in remote and con-
fined habitats, such as Antarctica, with limited medical
support.

One strategy to reduce and control microbial con-
tamination via surfaces is the use of antimicrobial active
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surfaces [27]. Copper surfaces have the potential to pre-
vent the spread of pathogens due to their ability to rapidly
eliminate pathogens upon surface contact [28]. Hereby,
copper surfaces have demonstrated antimicrobial efficacy
in various settings, including hospitals, and public trans-
portation [29-31]. The antibacterial efficiency of copper
surfaces was linked to the release of copper ions and a
direct bacteria-surface contact [32, 33]. Additionally, dif-
ferences in moisture content have been shown to impact
the survival of copper-resistant Escherichia coli leading
to lower survival in dry environments, while survival of
copper-resistant Enterococcus faecium was higher in dry
environments [34]. Hence, the antibacterial efficacy of
copper-based surfaces is dependent on environmental
influences such as humidity. However, even in dry envi-
ronments, there is an aqueous phase surrounding the
microorganism making antimicrobial activity possible
[35].

Surface topography can be altered to increase antibac-
terial efficiency of the respective chemically antimicro-
bial surfaces such as brass or copper. Topographical and
chemical surface functionalization by Ultrashort Pulsed
Direct Laser Interference Patterning (USP-DLIP) has
promising potential to improve antibacterial efficiency
by modifying the surface at different periodicities [36].
These novel copper-based structured surfaces are already
being tested using model organisms in the spaceflight
experiment BIOFILMS [37]. In the “Touching Surfaces”
project, novel copper-based structured surfaces were
tested for their antimicrobial efficacy and application
potential as frequently touched surfaces. For this pur-
pose, nine different metal surfaces were implemented in
specially designed hardware, so- called “Touch Arrays”
The Touch Arrays were tested on the ISS under space
conditions and during a citizen science project in differ-
ent schools around Germany. The latter also served as
ground control. During the experiment, the surfaces were
regularly touched by astronauts on board the ISS and by
pupils from German schools. The implemented surfaces
were then analyzed regarding their microbial contamina-
tion and surface properties.

Materials and methods
Touching Surfaces project
Touching Surfaces was part of the Cosmic Kiss mission of
ESA astronaut Matthias Maurer, which took place from
September 2021 to April 2022. The experiment was con-
ducted over a time period of seven months (September
2021 to March 2022). For a more detailed description of
the Touching Surfaces project see Krdmer et al., [38] (in
German language).

On the actively touched surfaces of the Touching Sur-
faces experiment, both the influence of topographical
functionalization on biological transfer via fingerprint
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in general, as well as decontamination measures by uti-
lizing antimicrobial active materials were investigated.
Therefore, a specific setup of both material and topog-
raphy of the touch surfaces has been considered: In the
experiment, three topography modifications were tested:
smooth, patterned close to bacterial scale (P~Bac, 3
um), patterned below bacterial scale (P<Bac, 800 nm).
To determine the effect of micro- and nanometer scaled
topography on both overall transfer and biofilm forma-
tion, stainless steel (AISI 304) as an inert non-antibac-
terial reference surface was selected. As antimicrobial
active agents, copper (OF-Cu) and brass as a copper alloy
(CuZn37) were chosen providing either higher (copper)
or medium (brass) decontamination capacities in relation
to their individual copper-content Linked with an altered
Cu-ion emission. To allow insertion into the Touch
Array experimental hardware, 1 mm sheets of copper
(Cu>99,95%), brass (Cu 63%, Zn 37%) (Wieland, Ger-
many) and AISI 304 stainless steel (Brio, Germany) were
cut into single metal plates of 10 mm x 25 mm dimen-
sion. While the steel samples were already provided with
polished surfaces, the Cu-based materials were mirror-
polished on an automated TegraPol-21 system (Stru-
ers, Germany). In the polished state, the plates of each
material either underwent further topographic surface
functionalization via Ultrashort Pulsed Direct Laser
Interference Patterning (USP-DLIP) or were used as the
smooth surface topography within the Touch Arrays.

Ultrashort pulsed direct laser interference patterning (USP-
DLIP)

Topographic surface functionalization was realized by
means of USP-DLIP [39]. This technique enables the
fabrication of periodic surface patterns down to the sub-
micrometer scale with high pattern qualities even on the
thermally high-conductive materials copper and brass. In
parallel, the alteration of surface chemistry during pro-
cessing is kept on a low level [40], which is mandatory to
retain the antimicrobial capacities of the Cu-based mate-
rials [32] and was already evaluated in previous investiga-
tions [41]. USP-DLIP is conducted using a Ti: Sapphire
Spitfire laser source (Spectra Physics, USA) emitting
ultrashort pulses of tp =100 fs pulse duration (Full Width
at Half Maximum) at a centred wavelength A of 800 nm
and 1 kHz pulse frequency. In the optical DLIP setup, the
seed beam passes an aperture defining the working beam
diameter, as well as a wave plate that adjusts the polariza-
tion angle of the laser beam perpendicular to the gener-
ated pattern orientation. The beam is further divided by
a diffractive optical element (DOE), while a lens system
causes the two coherent beams to overlap on the sample
surface inducing an interference pattern modulating the
distribution of the laser intensity. In case of the two-
beam interference setup used in these experiments, the

Page 3 of 19

intensity pattern showed a one-dimensional sinusoidal
distribution, which is ablating the material in the regions
of the intensity maxima, where the material specific abla-
tion threshold is surpassed.

Topographies in the size scale of single bacterial cells
(P~Bac) were achieved by designing surface patterns
with a periodicity of 3 um, as described in Miiller et al.,
2021 [41]. For pattern scales smaller than single bacte-
rial cell size (P <Bac), the pattern periodicity was altered
to 800 nm. Patterning was conducted by modifying the
lasing parameters according to Miiller et al., 2020 [39] to
achieve comparable pattern morphology on each mate-
rial. The laser processed samples were subsequently
selected to undergo immersion etching in 3% citric acid
in an ultrasonic bath to remove process-induced surface
oxide and sub-structures [40].

Hardware assembly and disinfection

Metal plates were placed in sterile 5 mL tubes and cov-
ered completely with absolute ethanol (>99.8%) (Carl
Roth, Germany). Absolute ethanol was used to minimize
contact with water and thus corrosion of the copper-con-
taining sample plates that would occur during autoclav-
ing or treatment with 70% ethanol. After incubation of
samples in absolute ethanol in an ultrasonic bath for 30
min (Sonorex Digital 10P, Bandelin, Germany), sample
plates were taken out of the ethanol and left to dry under
a laminar flow hood. Subsequently, sample plates were
placed in a UV-C Lightbox for 1 min (total dose 840 J/m?)
to ensure disinfection. Until further preparation, metal
sample plates were placed in sterile petri dishes. The
sample plates were then inserted in Touch Arrays, con-
sisting of a top and bottom part, which are made up of
black anodized aluminum (Fig. 1a). The hardware where
the surfaces were implemented was designed and manu-
factured at the workshop of the German Aerospace Cen-
ter. The Touch Arrays passed all tests for spaceflight.

For the assembly of the Touch Array, the case was
disinfected using autoclaved cloths and sterile swabs,
which were previously submerged with 70% ethanol.
Subsequently, the metal sample plates were added to the
bottom part, and for final assembly the top part of the
Touch Array was added and fixed using two countersunk
screws. Finally, the Touch Array was placed in a ziplock
bag, which was previously disinfected using UV-C light
(total dose 420 J/m?) irradiation for 30 min. Assembled,
the Touch Arrays measured 8 mm x 136 mm x 45 mm
each. An overview of the hardware with its implemented
surfaces is given in Kramer et al., 2024 [38].

ISS experimental setup

For the flight to the ISS, Touch Arrays were placed into
individual insertion pockets inside a Nomex pouch,
which was used for up- and download of the Touch
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Fig. 1 Set-up and Locations of Touch Arrays on ISS. a Sample surfaces were implemented into Touch Array Hardware as indicated in (a). The left slot was
filled with stainless steel samples with a polished surface on top, a 3 um structured surface in the middle, and an 800 nm structured surface below. The
middle slot was filled with copper surfaces and the right slot was filled with brass surfaces with different topographies in the same order as described
for stainless steel surface samples. b Two Touch Arrays were located in the Columbus module, and one Touch Array each was located in the Tranquility
module/Node3, Destiny module/US Lab, and Harmony module/Node2. Shown in this figure are the Touch Arrays mounted onto the walls of the station
in their respective module at the ISS. Pictures were taken by Matthias Maurer (© ESA)

Arrays. Two weeks after arrival on the ISS, five Touch
Arrays were mounted using Velcro in different places,
including contact areas, frequently and non- frequently
used compartments. The Touch Arrays were mounted
in the Columbus module (COL1F4 & COL1A4), Node2/
Harmony module (NOD2P2), Node3/Tranquility module
(NOD3A3) and the U.S. Lab/Destiny module (LAB1S6).
For an overview of the location and subsequent analy-
sis of the respective Touch Arrays refer to Table 1. Each
Touch Array was touched at least 22 times and exposed
to the environment on the ISS during the time of 22
weeks. The Touch Arrays were touched once a week, and
each Touch Event was defined as the process of touching
all five Touch Arrays onboard the ISS with the fingertip
of the forefinger. All nine metallic test surfaces of each
Touch Array were touched completely without a specific

order. Prior to a Touch Event, hands were not cleaned for
1 h. Touch Arrays were not cleaned or included in rou-
tine cleaning activities of the station. The Touch Arrays
were stored at room temperature and transportation
from the ISS to the laboratories took 6 months.

Ground experimental setup/citizen science project

As a ground control, eleven Touch Arrays were sent
to schools throughout Germany, where they were fre-
quently touched by students. The experimental setup was
as described for the ISS. The overall amount of people
touching the Arrays was higher for the ground control
than for the flight experiment. For comparison of the
microbial community and antibacterial efficiency of ISS
Touch Arrays, four Touch Arrays from the schools were
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Table 1 Overview of sampled Touch Arrays. For ISS and ground/
school experiments five Touch Arrays were sampled each. For
isolation and establishing of the experimental workflow for
analyzing Touch Array samples, three additional Touch Arrays
from schools were used. The respective location is given with the
name, and subsequent analysis

Touch Array Space/Earth Location Subsequent
analysis
ISS-A 1SS Columbus module 16 S rRNA
ISS-B 1SS Harmony module/ Sequencing,
Node 2 Isolation,
155-C 1SS Tranquility module/ ~ Antibacte-
Node 3 rial Efficacy
155-D IS5 Destiny module/ (Contact
US Lab Killing,
ICP-QQQ)
ISS-E ISS Columbus module SEM (also on
board the ISS
via Mochii)
School-A Germany Saarland 16 S rRNA
School-B Germany Bavaria Sequencing,
School-C Germany Baden-Wirttemberg ~ 's0lation,
School-D Germany Bremen Antibacte—
rial Efficacy
(Contact
Killing,
ICP-QQQ)
School-E Germany Saarland SEM
School-F Germany Brandenburg Isolation
School-G Germany Lower Saxony
School-H Germany North-Rhine
Westphalia

used. For comparison of SEM images of ISS Touch Array,
one Touch Array from a school was used.

Hardware disassembly and sample recovery

Upon return of the Touch Arrays to the laboratories,
Touch Arrays were disassembled, and surfaces were
retrieved under aseptic conditions. To analyze the micro-
bial community, each surface was individually swabbed
twice using sterile swabs, which were previously wetted
with 40 pL 0.9% sterile NaCl (Braun Melsungen AG, Ger-
many) solution. The first swab was used for subsequent
DNA extraction, while the second swab was used for
inoculation of cultivation media for subsequent isola-
tion and identification of microorganisms. Surfaces were
stored under aseptic conditions at room temperature
until further analysis. As a control, blank swabs were
taken which were wetted with 40 puL 0.9% sterile NaCl
solution, and subsequently swirled through the air inside
the laminar flow hood. Blank swabs were then processed
in the same way as surface swabs during DNA extraction
for microbial community analysis. Additionally, blank
swabs were used for inoculation of media and incubation
as a control for isolation of microorganisms.
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Microbial community analysis

For cultivation- independent microbial community anal-
ysis, swabs were placed in low bind tubes filled with 700
puL PCR- grade nuclease free water. DNA extraction was
performed using ZymoBIOMICS DNA microprep kit
(Zymo Research, Germany) kit according to the manufac-
turer’s manual with following modifications: After lysis of
cells, supernatant was directly mixed with binding buffer
and subsequently transferred to Zymo-Spin IC columns.
DNA was eluted in 20 uL. DNAse free water, which was
preheated to 65 °C.

For subsequent phylogenetic analysis, sample prepara-
tion was performed using the Quick-16 S NGS Library
Prep Kit (Zymo Research, Germany) according to the
provided protocol with the following changes: 5 pL
sample DNA was used. Normalization was performed
using fluorescence standards. All samples were pooled
and normalized with a quantity of 50 ng. Concentra-
tion was measured using QuBit (Thermofisher Scientific,
Germany). For sequencing, samples were added with a
final concentration of 10 pmol. Samples of blank swabs
which were used as controls were sequenced twice each:
Once normalized and once with a reduced concentration
adjusted to sample concentration. Library denaturing and
MiSeq sample loading was performed using the Illumina
MiSeq Reagent Nano Kit v2 (500 cycles) (I/lumina, USA)
according to the manufacturer’s manual.

Data processing

For basecalling of the obtained data from the MiSeq
sequencing run, “bcl2fastq” (v2.19.0.316) was used and
“cutadapt” (v2.10) [42] to generate trimmed FASTQ
files. For quality control, “fastqc” and “multiqc” were
used. After pre-processing the trimmed sequences were
uploaded to the platform “Qiita” with the study ID 15175.
Qiita was used for further processing including demul-
tiplexing (“split libraries Fastq”), trimming to a length
of 150 bp, and denoising was performed using “Deblur”
(v2021.09) (https://qiita.ucsd.edu/; hosted at UC San
Diego [43]). For computation of phylogenetic diversity
distances, V1-V2 fragments were inserted into the ref-
erence phylogenetic tree of “Greengenes 22.10” This
was subsequently used for computation of weighted and
unweighted UniFrac beta distances and Faith’s PD alpha
diversity. Features were cut off at an abundance of <10
over all samples, and sequences assigned as mitchondria
and chloroplasts were filtered out as well. Additionally,
we controlled for possible contaminations using decon-
tam [44]. Rarefaction curves for all samples were com-
puted via Faith’s PD. Jupyter notebooks for data analysis
are made available in the additional material (https://g
ithub.com/jlab/microbiome_kraemer_touchingsurface
s). Computations were performed using the microbiome
analysis pipeline QIIME2 (v2022_10) [45].
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Isolation and Identification of Microorganisms

After swabbing the respective surface with a swab which
was pre-dampened with 40 pL 0.9% sterile NaCl, the
swabs were added to 5 mL Brain Heart Infusion (BHI)
(Merck Millipore, Germany) broth and incubated at 37 °C
and 200 rpm for 48 h. After incubation, 10 uL each were
transferred to sheep blood agar plates (SBA (sheep blood
agar; Oxoid™, Thermo Fisher., USA), Chocolate agar with
vitox plates (Thermo Fisher, USA), extended spectrum
beta-lactamase former agar (ESBL (chromID® ESBL,
bioMérieux, France)), and Columbia agar with 5% sheep
blod and CNA (colistin + nalidixic acid) (Bio-Rad, USA)
plates using an inoculation loop. Subsequently, pure cul-
tures were obtained from each morphologically different
colony. Isolates were identified by Matrix associated laser
desorption/ionization- Time of Flight- Mass Spectrom-
etry (MALDI-TOF-MS) (Bruker Daltonic GmbH, USA).

Additional citizen science in schools

During the citizen science project of Touching Surfaces,
additional isolation of microorganisms directly from
agar plates was performed by the participating schools.
Each school received 30 tryptone soy agar (TSA) plates,
30 mannitol salt agar plates, 30 R2A plates, 30 MacCon-
key agar plates, and 30 TSA contact plates (Biomerieux,
Germany). The students were asked to touch the differ-
ent agar plates with their fingertips. The TSA contact
plates, which are petri dishes with raised agar, were used
for sampling of frequently touched or highly trafficked
surfaces around the school. The locations, which were
sampled with the respective contact plates, were docu-
mented. The agar plates were sent back to the laborato-
ries at the German Aerospace Center in Cologne. After
incubation, colonies were transferred to selection agar
plates for vancomycin-resistant Enterococci (chromID®
VRE, bioMérieux, France), MRSA (chromID® MRSA, bio-
Meérieux, France), and ESBL (chromID® ESBL, bioMéri-
eux, France) for antibiotic resistance. Agar plates were
then relocated to the University Hospital Cologne where
they were incubated at 37 °C overnight. Isolation and
identification were performed as described previously for
isolates from Touch Arrays.

Wet contact killing

To determine whether frequent touching and accompa-
nying organic and microbial contamination have an effect
on the antibacterial efficacy, wet contact killing assays
were performed using an environmental MRSA isolate
strain isolated from one of the participating schools. To
create a defined surface area, a PVC ring with a defined
inner diameter of 6 mm was added onto the surface.
Untouched surfaces were disinfected using absolute etha-
nol (>99.8%) and exposure to UV-C irradiation for 30
min. Touched surfaces were not cleaned prior to adding
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the PVC ring, but have been swabbed twice before for
microbial community analysis. The environmental MRSA
isolate strain was incubated on sheep blood agar (SBA)
(Merck, Germany) plates overnight at 37 °C. To prepare a
bacterial suspension, cell material of MRSA colonies was
taken up with an inoculation loop and resuspended in 2
mL phosphate buffered saline (1xPBS) (Carl Roth, Ger-
many) and the cell titer was determined using the McFar-
land standard. Cell titer was adjusted to a cell number of
10° cells/mL.

For the contact killing assay itself, 40 puL of the bacte-
rial suspension with a final cell titer of 10° cells/mL was
pipetted onto the defined surface area to create a mono-
layer of bacterial cells. The suspension was incubated
on the surface for 10 min before taking it up again after
pipetting up and down. The suspension was added to a
sterile PCR tube for further testing. For determination of
colony forming units, a 10-fold dilution series was per-
formed from which 25 pL each were plated onto SBA and
TSA plates.

Determination of copper ion release

To analyze copper ion release, 5 uL of the respective
samples from wet contact killing were added to 2995 uL
of 0.69% nitric acid (HNO;) and analyzed using triple
quadrupole inductively coupled plasma mass spectrom-
etry (Agilent 8900 ICP-QQQ, Agilent Technologies, Santa
Clara, CA, USA). A solution containing 10 mg/L each of
Sc (1 g/L in 5% HNO,, Alfa®), Y (1 g/L in 2-3% HNO;,
Merck Certipur®) and Ho (1 g/L in 2-3% HNO,, Merck
Certipur®) in ultrapure water (0.055 pS/cm? PURELAB®
Chorus 1, Elga LabWater, High Wycombe, UK) was pre-
pared as an internal standard solution for all ICP-QQQ
measurements. Argon 5.0 (Ar>99.999 mol%, ALPH-
AGAZ™ 1 Argon, Air Liquide) was used as plasma gas.
For quantification purposes an external calibration was
prepared, using Cu (1 g/L in 0.5 mol/L HNO,, Merck
Certipur®) ICP-MS standard solution and the measure-
ment (®*Cu) was performed in He collision gas mode. To
ensure that bacterial suspensions were inactivated before
analysis using ICP-QQQ, for each sample, 20 pL of the
mixture of 980 uL 0.69% HNO, and 20 pL bacterial sus-
pension, were plated on BHI agar plates, incubated for 48
h and evaluated for bacterial growth.

Scanning electron microscopy

To investigate surface contamination, surfaces were ana-
lyzed using scanning electron microscopy (SEM). All
plates from the Touch Array which had been installed
on the ISS (ISS-E) received a 10 nm palladium sputter-
coating, except for the 3 pm structured copper surface
of ISS-E, which received a silver sputter-coating during a
spaceflight experiment on the ISS.
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To follow the IMCES routine protocols, sample plates
of school Touch Arrays were chemically fixed using 4%
formaldehyde and 2.5% glutaraldehyde in PBS for 15 min
at room temperature (RT). Subsequently, surfaces were
washed three times using de-ionized water before con-
tinuing with sample dehydration. For dehydration, sam-
ples were submerged in 30% ethanol and incubated for
10 min at RT before removal of the alcohol solution. This
process was repeated for 50% ethanol, 80% ethanol, 96%
ethanol and finally for three times 100% ethanol, dried
on molecular sieves. Then, the surfaces were air-dried
at room temperature for 30 min. Samples were mounted
with adhesive carbon tabs onto 12.5 mm aluminum SEM
specimen stubs (Plano GmbH, Germany).

Imaging was performed using a Zeiss Crossbeam 540
operating at a high tension of 3 kV with a beam current of
1 nA. To create overview images, mappings with a pixel
size of 2.5 um were made using the software package
Atlas (v.5.3.2, Fibics Inc., Canada). For in-depth analy-
sis of the surface samples, images with 2048 x 1536 pix-
els and sizes of 18.61 nm, 3.72 nm, and 300 nm per pixel
were created (image pixel size 1.49 nm) using the Zeiss
acquisition software Smart SEM (Carl Zeiss Microscopy
GmbH, Germany).

Statistical analysis

Statistical tests for wet contact killing assays and ICP-
QQQ measurements were performed using Sigma-
plot 14.5 (Inpixon GmbH, Germany). If the normality
test (Shapiro-Wilk) was passed, an equal variance test
(Brown-Forsythe) was performed. If the Brown-Forsythe
method passed, and the differences in the mean val-
ues was greater than would be expected by chance, the
Holm-Sidak method was performed as a pairwise mul-
tiple comparison procedure. If the equal variance test
failed (p <0.05), Tukey’s test was performed as a multiple
comparison procedure. If the normality test (Shapiro
Wilk) failed (p<0.05) a Kruskal-Wallis one-way ANOVA
on ranks was performed. To isolate groups which deviate
from the others, Dunn’s test was performed as a multiple
comparison procedure.

For further analysis of 16 S rRNA sequencing data we
decided on a rarefaction depth of 1,500 reads per sam-
ple. Considering alpha diversities over different sampling
depths, the chosen amount of reads supplied a balance
between retaining samples and retaining diversity. For
alpha diversity calculations, the metrics observed fea-
tures, Shannon index and Faith’s phylogenetic diversity
index were used. For beta diversity, the metrics weighted
and unweighted UniFrac as well as Bray Curtis were uti-
lized. Since metrics each show different aspects of diver-
sity in a dataset, this variety was applied to showcase as
many nuances in the composition of the data.
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As statistical tests for imploring significance Mann-
Whitney-Wilcoxon tests were used for alpha diversity
and PERMANOVA tests with 999 permutations for beta
diversity.

Results

Location of Touch Arrays inside ISS

Five Touch Arrays were located in different areas of the
ISS (Fig. 1): Two Touch Arrays were located in ESA’s
Columbus laboratory module, which houses experi-
mental payloads such as Biolab and a microgravity sci-
ence glovebox [46, 47]. Another Touch Array was placed
in the Harmony module which connects the Columbus
module to the rest of the station. The Harmony module
is a living and working space for astronauts, connects
international laboratory modules and allows cargo vehi-
cles to arrive at its docking port. One Touch Array was
located in another connection module, the tranquility
module, which is home to exercise facilities, a bathroom,
and life- support systems [48]. Another Touch Array
was located in the destiny module, also known as U.S.
lab as it carries the majority of U.S. payload, and was the
first laboratory to be installed at the ISS [49]. As such,
two Touch Arrays were located in connecting modules,
and three Touch Arrays were located in a laboratory
environment.

Table 1 provides an overview of the Touch Arrays’ loca-
tions and subsequent analysis. Due to the limited num-
ber of available samples, different analysis methods were
used per Touch Array as stated in Table 1. Touch Arrays
from all four locations were analyzed for microbial com-
munity analysis and antibacterial efficacy. One of the two
Touch Arrays, which were located in the Columbus mod-
ule was used for scanning electron microscopy (SEM)
(Table 1: ISS-E), which included an additional analysis
via the Mochii facility that was installed parallel to the
Touching Surfaces experiment in 2021.

The Touch Arrays on the ISS were touched a total of
22 times over 22 weeks. During the experiment dura-
tion and the stay on the ISS, the average temperature
was 23.09 °C (+0.14 °C) and the average Humidity
across the different modules of the ISS was at 38.20%
(+1.41%) (Fig. 2).

Citizen science project serves as ground experiment and is
basis for isolation of microorganisms

As ground control for the Touching Surfaces project,
students from schools in Germany were asked to take
part by performing the experiment in the same way
as astronauts on the ISS. The environmental data was
documented daily (on school days) for three schools
and for two schools at days of Touch Events using a
thermo/hygrometer. The average temperature of the
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Environmental data during Touch Events

A XXX X B I X K X X X I XX X X X <X A
24.4 -
~ L 42
O —~~
i 242 - <
~ C
O 240 - r40 =
S 2
© - e,
S 238 -
g E
5 23.6 M =
c -3 =2
S 234 g
©
© S
g 2327 M L34 O
o (0]
E 230 J J\-'\/V\—/\-\ ::
o 23
< L 32
22.8 -
A S ) SN N S ) e ¥
Oct Nov Dec Jan Feb Mar Apr

—— Average cabin humidity (in %)
& Touch Events

—— Average cabin temperature (in °C)

Fig. 2 Environmental data during Touch Events on the ISS. The average cabin temperature and average cabin humidity is given and dates of Touch
Events, where all Touch Arrays were touched, are marked. The average of cabin temperatures and cabin humidity is shown

Touch Arrays in the schools was 21.3 °C (£ 2.3 °C) and
the average Humidity was 38.8% (+9.3%) (Additional
file 2: Additional Table 1). Exemplary Touch Events
and an exemplary setup of one Touch Array in schools
are shown in Additional file 1: Additional Fig. 1.

Citizen science is a collaborative approach to scientific
investigation that involves the participation of citizens in
the scientific process. It is an inclusive way of engaging
and empowering people to contribute to scientific knowl-
edge and understanding, while also helping researchers
as citizens to contribute to data collection. It provides
multiple benefits for the participants themselves, giving
them the opportunity to learn about scientific concepts
and contribute to research. Participation in the Touching
Surfaces project was very well received by both students
and teachers. The overall response was positive, and
participants were eagerly waiting for results. Part of the
citizen science project of Touching Surfaces involved the
cultivation and isolation of environmental microorgan-
isms with characterization focusing on multidrug-resis-
tant microorganisms. Of over 500 agar plates sampled,
one MRSA was isolated from an agar plate touched by
students and used for further antimicrobial testing in this
project.

Surface structures remain intact despite putative organic
contamination through frequent touching

For investigation of robustness of surfaces as well as for
deposition of possibly organic contamination, the sample
plates of a Touch Array from a school (School-E) and of
one Touch Array from the Columbus module (ISS-E)
were analyzed using SEM. To visualize the entire Touch
Array surface areas, SEM mosaic images were taken (Fig.
3). On steel surfaces of the school Touch Array (School-
E), fingerprints were visible on structured surfaces but
not on polished surfaces (Fig. 3A). Conversely, finger-
prints were visible on all copper and brass surfaces of the
school Touch Array (School-E), possibly due to oxidation
of the copper present in these materials. In particular,
organic debris from fingers left marks on these surfaces
(Fig. 3a). Bacterial-like structures were found attached to
the edges of the fingerprints along with what could pre-
sumably be organic debris.

On the surfaces of the ISS Touch Array (ISS-E), no
fingerprints were detected. On the overview mappings
of the surfaces, putative organic contamination is not
clearly visible (Fig. 3b).

Whilst surfaces with 3 ym and 800 nm structures on
all metals of the school Touch Array (School-E) remained
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Fig. 3 Mosaic images of surfaces from (a) school Touch Array and (b) ISS Touch Array. Using scanning electron microscopy, mosaic images of all Touch
Array surfaces, which had been installed in a school environment (School-E) and in the Columbus module on the ISS (ISS-E), were acquired. After stitching
the individual tile images, each resulting mosaic image shows the whole surface of one Touch Array with a dimension of 10 mm x 25 mm, respectively.
To enhance visibility of the fingerprints, contrast and brightness were increased by 40% in the images shown in (a). The images in (b) appear in a “vertical
split-view"which is a result of the sample treatment: To preserve the natural condition of a part of these precious samples, just half of each sample surface
was sputter-coated with palladium while the other half was covered with tin foil during the sputtering process. The 3 um structured copper surface was
already analyzed on the ISS using the onboard scanning electron microscope (Mochii, Voxa, Seattle, USA). In this process this surface had been sputter-

coated with silver which explains its different appearance in this figure

largely intact despite frequent touching, putative organic
contamination had accumulated in the grooves of the
structures leading to aggregation of putative organic
contamination (Fig. 4 (i)) including cocci-like structures
(Additional file 1: Additional Fig. 4 (i), Additional file
1: Additional Fig. 6 (i)) and putative biofilm formation
(Additional file 1: Additional Fig. 4 (ii), Additional file 1:
Additional Fig. 6 (ii)) extending over the surface struc-
tures to form patches (Fig. 4 (ii), Additional file 1: Addi-
tional Figs. 4 and 6). Therefore, the antibacterial effect
stemming from surface-structuring of copper-based met-
als may be reduced after frequent touching due to depo-
sition of organic residues from the fingertips as well as
from the environment.

On polished stainless steel surfaces of the ISS Touch
Array (ISS-E), another form of contamination was vis-
ible (Fig. 5 (i), Additional file 1: Additional Fig. 5 (i),
Additional file 1: Additional Fig. 7 (i)). The structures
here also appeared as organic mass such as mineral
agglomerates, but no clear elements of microbial spe-
cies were identifiable. Looking at both structured steel

surfaces of ISS-E, putative organic contamination
forms large patches over the 3 pm and 800 nm grooves,
respectively (Fig. 5 (ii)). However, also in these images
no putative microorganisms were spotted.
Equivalently, also on the three antibacterial-active
copper surfaces of ISS-E, putative organic contami-
nation was visible (Fig. 5, Additional file 1: Addi-
tional Figs. 5 and 7). On the polished copper surface,
the image analysis revealed spherical structures with
diameters of 0.5 pm up to several micrometers, poten-
tially covered by a thin organic layer (Fig. 5 (iii). Addi-
tional file 1: Additional Fig. 5 (ii), Additional file 1:
Additional Fig. 7 (ii)). Here, one could speculate that the
spheres are cocci-shaped bacteria, or a fungal organ-
ism potentially organized as biofilm indicating potential
production of extracellular polymeric substances. On
the 3 um structured copper surfaces, putative organic
contamination was visible along the grooves with some
of the putative organic contamination piling up to form a
bulk over these grooves (Fig. 5 (iv)). On the 800 nm struc-
tured copper surfaces of ISS-E, the surface structure
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Copper

Fig. 4 Exemplary scanning electron microscopy images of heavily contaminated areas of sample plates of school Touch Array (School-E) after frequent
touching. Touched surfaces were analyzed using scanning electron microscopy. The upper legend indicates the respective metal, and the left legend
describes the surface pattern of each surface sample. Sample surfaces had been installed in German school environment, where they were regularly
touched by students. Sample surfaces were chemically fixed and imaged without previous sputter-coating. Pixel size of each picture is 27.91 nm. (Scale

bar=4 um)

itself was still visible, but overlaid with organic layer
reminiscent of a fluid smear, including rod-shaped
structures (Additional file 1: Additional Fig. 5
(iii),Additional file 1: Additional Fig. 7 (iii)). On all
three brass surfaces, individual surface topography
was barely visible due to large thick patches of poten-
tially organic surface contamination in the shown
frames (Fig. 5, Additional file 1: Additional Figs.
5 and 7), including rod-shaped structures on the 800
nm brass surfaces (Additional file 1: Additional Fig. 7
(iv)). However, contamination of the surfaces was dis-
tributed unevenly, and pictures show heavily contami-
nated areas.

In summary, the electron microscopic investigation
of Touch Array surfaces from both ground experi-
ments in schools (Touch Array School-E, Fig. 4, Addi-
tional file 1: Additional Figs. 4 and 6) as well as from
the ISS experiment (Touch Array ISS-E, Fig. 5, Addi-
tional file 1: Additional Figs. 5 and 7) revealed puta-
tive organic contamination on all surfaces while there
was no such contamination detectable on untouched
control surfaces (Additional file 1: Additional Figs. 2
and 3). Organic bulk contamination piled up along the
3 pm and 800 nm grooves, independent of the metal
type. The majority of the laser-generated metal surface
structures remained intact over the entire course of
the touching experiments.

Investigation of microbial communities using a cultivation-
independent approach revealed the presence of many
human-associated bacteria but did not determine
differences in the microbial composition dependent on
surface structures
Overall, many of the detected bacteria using 16 S rRNA
sequencing were human-associated such as Micrococ-
caceae, Enterobacteriaceae, Pseudomonadaceae, and
Staphylococcaceae (Fig. 6). The most predominant fam-
ily detected was Burkholderiaceae. Most relatively abun-
dant on surfaces from the Touch Arrays on the ISS were
Burkholderiaceae, Micrococcaceae, Nevskiaceae, Propi-
onibacteriaceae, Flavobacteriaceae, Pseudomonadaceae
and Enterobacteriaceae. The most predominant families
on surfaces from school Touch Arrays were Burkholde-
riaceae, Pseudomonadaceae, Micrococcaceae Enterobac-
teriaceae, Flavobacteriaceae, Marinilabacillaceae, and
Bacillaceae. To identify contaminants in the low biomass
samples, we used blank swabs, taken while swabbing
of the Touch Arrays in a laminar flow hood. The blank
swabs were processed in the same manner as the sample
swabs. During rarefication, 25% of the blank swab sam-
ples were lost. Sequencing of blank swabs showed that
Burkholderiaceae were also relatively most abundant in
blank swabs (Additional file 1: Additional Fig. 12).

After collapsing the data to species level, 137 taxa
were left. Looking at the species resolution, with the
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Fig. 5 Exemplary images of heavily contaminated areas of sample plates from one Touch Array installed onboard the ISS (ISS-E). Touched surfaces were
analyzed using scanning electron microscopy. The upper legend indicates the respective metal, and the left legend describes the surface pattern of each
surface sample. The respective Touch Array had been installed inside the Columbus module on the ISS, where its surfaces were regularly touched by
astronauts. The surfaces of the individual plates were not chemically fixed and for all plates, except the 3 um structured copper surface, half of the surface
was sputter-coated with palladium. For the 3 um structured copper sample, the entire plate surface was already sputter-coated with silver onboard the
ISS during a space experiment. Shown here are representative images of the non-sputter-coated part of each surface. Due to the sample pre-treatment
on the ISS it was just possible to acquire images of silver-coated ultrastructure for the 3 um structured copper plate. The pixel size of each picture is 27.91

nm, respectively. (Scale bar =4 pm)

relatively highest abundance on Touch Arrays from ISS
and schools, present were Kocuria oceani, Cutibacterium
acnes, Nevskia ramosa, S. aureus, and Staphylococcus
haemolyticus (Fig. 7).

We could not observe any statistically significant differ-
ence in the alpha- and beta- diversity of microbial com-
munities on the different surfaces, i.e. surface structures,
the metal itself or combination of surface structure and
metal (Additional file 2: Additional Tables 5, 6, 7, 8, 9 and
10). Additionally, we could not detect statistical signifi-
cance in the abundance of gram-positive, gram-negative,
aerobic, facultative anaerobic, anaerobic, stress tolerant,
potentially pathogenic, biofilm forming, or mobile ele-
ments containing bacteria in the microbial composition
of the surface samples (Additional file 1: Additional Figs.
8-10). We also did not find statistically significant differ-
ences in the composition of the microbial communities
on the surfaces of Touch Arrays in differently populated
areas (Additional file 1: Additional Fig. 11).

However, 16 S rRNA sequencing reveals only genetic
material present on the surfaces without indication of
bacterial viability. Therefore, we also used a cultivation-
dependent approach to detect bacteria that were still via-
ble on the surfaces.

Cultivation-dependent analysis suggests a potentially
increased antimicrobial efficacy of copper-based surfaces
with 800 nm structure

Cultivation and subsequent isolation of human-associ-
ated bacteria resulted in the isolates depicted in Table 2.
The dominant microorganisms which were isolated from
the ISS surfaces are mainly associated with the human
microbiome, spore-formers, or have been previously iso-
lated in confined environments such as the ISS [6, 50].
The isolation of many Bacillus species indicates that due
to prolonged desiccation, selection was driven towards
microorganisms which are desiccation-tolerant while dif-
ferent species might have been present on the surfaces
but could not be isolated due to the long transportation
time. The choice of medium and cultivation conditions
focused especially on the cultivation of human-asso-
ciated microorganisms. However, adding media to the
swab possibly impacted the type of isolates as faster
growing strains might have outcompeted slower growing
strains. Additionally, due to antagonistic effects isolation
of some species might have been favored, for example
some Bacillus strains have been shown to produce anti-
microbial compounds in co-cultures [51]. Additionally,
surfaces were swabbed before for microbial community
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analysis through 16 S rRNA sequencing, which possibly
reduced the number of recovered microorganisms as
some might have already been removed. Most isolates
were cultivated from steel surfaces, which have no chem-
ical antibacterial activity and brass surfaces, which have
moderate antibacterial activity, on Touch Arrays from
both ISS and schools respectively. On the surfaces of the

ISS Touch Arrays, no bacteria were isolated from any of
the copper surfaces, regardless of the surface topography
(polished, 3 um, 800 nm). On the surfaces of the school
Touch Arrays, single species were isolated from the pol-
ished and 3 um patterned copper surfaces, but as with
the ISS surfaces, none were isolated from the 800 nm
patterned copper surfaces. In addition, no bacteria were
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Table 2 ISS and school isolates from Touch Arrays. Isolates,
which were cultivated from Touch Array surfaces are listed
dependent on their surface origin. From 1SS Touch Arrays no
isolates were cultivated from all copper surfaces and from

800 nm structured brass surfaces (no growth (n.g.)). From the
aluminum case of the ISS Touch Arrays Micrococcus luteus was
isolated. From school Touch Arrays no isolates were cultivated
from 800 nm structured copper and brass surfaces respectively
(no growth (n.g.)

ISS Stainless Steel Copper Brass Aluminum
Case
Polished  Bacillus cereus n.g. Staphylococcus  Micrococcus
haemolyticus luteus
Bacillus subtilis Bacillus subtilis
3um Metabacillus n.g. Bacillus amy-
structure  niabensis loliquefasciens
ssp. plantarum
800 nm Bacillus cereus n.g. n.g.
structure  Bacillus pumilus
School Stainless Steel Copper  Brass Aluminum
Case
Polished Bacillus subtilis Micrococ-  Alkalihaloba-  Kocuria
cus luteus  cillus clausii marina
Peribacil- Micrococ-
lus simplex cus luteus
3um Aspergillus Bacillus Bacillus flexus ~ Glutamici-
structure  fumigatus subtilis bacter
creatinolyti-
cus
Micrococcus Alkali-
luteus halobacillus
clausii
Paenibacillus Pseudomo-
lautus nas oryzi-
habitans
Paenibacillus
polymyxa
800 nm Bacillus subtilis n.g. n.g.
structure  Cytobacillus
firmus
Staphylococcus
epidermidis
Bacillus spp.
Cytobacillus
firmus

isolated from the 800 nm brass surfaces on either the ISS
or school Touch Arrays. Micrococcus luteus was isolated
from the aluminum case of an ISS Touch Array itself.

Among the isolates from ISS Touch Arrays (Table 2),
were besides S. haemolyticus, mainly spore-forming bac-
teria such as Bacillus cereus, Bacillus subtilis, Bacillus
pumilus, Bacillus amyloliquefasciens and Metabacillus
niabensis.

Among the isolates from school Touch Arrays (School-
A, School-B, School-C, School-D), were B subtilis, M.
luteus, Pseudomonas oryzihabitans, Staphylococcus epi-
dermidis and Aspergillus fumigatus (Table 2).
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Frequent touching alters antibacterial efficacy

After the surfaces from both ISS and schools were
swabbed, we additionally wanted to determine the anti-
bacterial activity of the respective surfaces after frequent
touching and swabbing. The antibacterial efficacy of
copper-based surfaces is thought to be directly related to
their release of copper ions [28, 41]. Therefore, the cop-
per ion release in buffer from the touched and untouched
surfaces was measured by triple quadrupole inductively
coupled plasma mass spectrometry (ICP-QQQ) and
compared within each sample surface category to deter-
mine the potential for antibacterial efficacy after frequent
touching (Fig. 8d). While the copper concentration of
the exposed stainless steel samples differed significantly
from the unexposed sample plates (Additional file 2:
Additional Table 4), this effect was neglected due to the
overall low copper concentration, which was below the
control concentration threshold. The copper ion release
of touched and untouched polished copper surfaces did
not differ significantly (Additional file 2: Additional Table
4). However, the copper ion release of untouched 3 pm
structured copper surfaces was significantly higher than
from both ISS and ground touched surfaces (Additional
file 2: Additional Table 4), when compared to the copper
concentration of touched 3 pm surfaces. Additionally, the
copper ion release from untouched 800 nm structured
copper surfaces differed significantly from touched sur-
faces on the ISS, with a decrease in copper ion release
from the ISS surfaces (Additional file 2: Additional Table
4). Copper ion release from the moderately antibacte-
rial brass surfaces decreased significantly for all surface
structures between touched and untouched, except for
the ISS brass surfaces with a 3 um structure. The latter
showed no significant difference (Additional file 2: Addi-
tional Table 4).

To further elucidate how the antibacterial efficacy is
altered by frequent touching, touched surfaces were used
for wet contact killing assays. An MRSA isolated from
the citizen science project part of Touching Surfaces
was used for the contact killing assays. When compar-
ing colony forming units per mL (CFU/mL) after expo-
sure to polished copper surfaces, MRSA did not survive
on untouched copper surfaces after 10 min but survived
on touched surfaces indicating a decrease in antibacterial
activity after touching (Fig. 8a). This might be due to the
formation of a passivation layer and the accumulation of
putative organic contamination, that blocks copper ion
release. However, survival on touched surfaces varied in
between the groups (ISS, schools, untouched) tested of
the different touched surfaces, which is possibly due to
differential formation of a passivation layer and debris
accumulation. No colony forming units of MRSA were
detected after surface exposure to untouched brass sur-
faces after 10 min. However, MRSA survived on touched
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Copper ion release after 10 min surface exposure of MRSA
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Fig. 8 Effect of touching on antibacterial efficacy of surfaces. a Colony forming units of MRSA after 10 min surface contact. Colony forming units per mL
(CFU/mL) per surface type are given for untouched and touched surfaces (ground and ISS) respectively. Four biological replicates with three technical
replicates each are given per box. The y-axis is given as logarithmic. For determination of significance one-way ANOVA followed by a multiple comparison
analysis was performed for each surface type between untouched, ISS and ground surfaces (Additional file 2: Additional Table 2). b Copper ion release in
PBS after surface exposure of MRSA for 10 min. The copper concentration in ug/L per surface type is given for untouched and touched surfaces (ground
and ISS) respectively. Four biological replicates are given per box. For determination of significance one-way ANOVA followed by a multiple comparison
analysis was performed for each surface type between untouched, ISS and ground surfaces (Additional file 2: Additional Table 3). ¢ Survival rate of MRSA
dependent on copper concentration. The average survival rate of MRSA after surface contact for 10 min is given with the standard error of the mean on
the y-axis. The survival rate was calculated by dividing the number of CFU/mL after contact killing by the initial CFU/mL (d) Copper ion release in PBS after
surface exposure for 10 min. The copper concentration in sterile buffer in pg/L per surface type is given for untouched and touched surfaces (ground and
ISS). Four replicates each are given per box. For determination of significance one-way ANOVA followed by a multiple comparison analysis was performed
for each surface type between untouched, ISS and ground surfaces (Additional file 2: Additional Table 4). Significance level is given using stars (p <0.05
=7%),(p<0.01 =%), (p <0.001 =***),if no significance is indicated mean values did not differ greater than would be expected by chance. Statistical signifi-

cance testing is given in Additional Tables 2, 3 and 4

brass surfaces. The amount of CFU/mL detected differed
significantly from the touched ISS copper surfaces, with
an increase in survival (Additional file 2: Additional Table
2). Previous studies have shown that the release of copper
ions into a suspension on surface contact also depends
on whether bacteria are present or not and, if present,
bacteria also influence the respective copper ion release
[41]. Copper ion release from polished and 3 pum struc-
tured copper surfaces when exposed to MRSA decreased
significantly after touching, indicating a decrease in anti-
bacterial efficacy after frequent touching (Fig. 8b).

Apart from polished copper surfaces, all brass and cop-
per surfaces showed a significant reduction of MRSA sur-
vival rate, correlating with a reduced copper ion release
after surfaces were touched (Fig. 8c).

Discussion

Following the theme of the Cosmic Kiss mission “Space
for Life on Earth’, Touching Surfaces investigated anti-
bacterial surfaces in direct application on the ISS, but
also on Earth in schools. Thereby, we aimed at testing the
impact of microgravity on the adhesion of microorgan-
isms to surfaces, particularly antimicrobial surfaces, as
well as the potential of these surfaces for application as
high-touch surfaces.

Involving students from schools across Germany for
the citizen science part, that simultaneously acted as
ground control in Touching Surfaces, enabled public par-
ticipation and raised interest not only in spaceflight, but
also in microbiology, materials science and interdisciplin-
ary projects. Hence, Touch Arrays used as ground control
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and reference were not placed in confined habitats, but
instead in schools, which are more regularly frequented
by a larger number of people. A more controlled setup
in a confined habitat would have allowed a more direct
comparison of microbial attachment between Earth and
spaceflight focusing on the unique conditions on the
ISS such as microgravity and increased radiation. Thus,
the comparison of ISS Touch Arrays and school Touch
Arrays compares the unique features of the ISS, includ-
ing increased radiation, microgravity, and confinement,
to build environment on Earth, that lack these distinctive
features [52].

The results of the Touching Surfaces experiment from
the ISS and from schools revealed that the surface struc-
tures themselves remained intact but putative organic
contamination built up around the structures, particu-
larly within the grooves, resulting in the formation of
patches of possibly organic contamination. Consequently,
the application of structured surfaces for everyday use
and as frequent touch surfaces, needs to be further
investigated and improved, for example by using specific
cleaning agents [53].

Looking at the 16 S rRNA sequencing data, we did not
see statistically significant differences in the composition
of the bacterial communities depending on the different
surface compositions, but we were able to identify statis-
tically significant differences regarding the location of the
Touch Arrays (ISS or school). Overall Burkholderiaceae,
which encompass varied ecological roles such as insect
symbionts, but also opportunistic pathogens in humans
[54, 55], was the most abundant family in surface samples
and blank samples. Burkholderiaceae are widespread in
the environment including water, the human body, and
surfaces, making them commonly detected in diverse
microbial communities. Additionally, they have also been
previously detected in microbiome data onboard the ISS
[56]. Furthermore, some members of Burkholderiaceae
such as Cupriavidus metallidurans have been shown to
have a high metal tolerance [57]. Hence, the high rela-
tive abundance of Burkholderiaceae might be due to
their persistence on metal surfaces or potential outgrow
between surface exposure and sample collection/process-
ing. On the ISS Touch Arrays, we found Micrococcaceae,
Enterobacteriacea, and Propionibacteriaceae among the
most prevalent taxa in the 16 S rRNA sequencing data.
Skin-associated bacteria such as Cutibacterium acnes
were detected indicating an influence of the skin micro-
biome on high-touch surfaces as has been previously
described [8]. Enterobacterales were listed in the first
priority group in the “priority pathogen” list of the World
Health Organization with need for development of new
antibiotics [15, 58].

An important point we considered during analy-
sis was the quality of the sequencing data. The surfaces
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themselves were small (10 mm x 25 mm), and thus the
biomass recovered was low. Nevertheless, the sequenc-
ing data passed quality control as described in materials
and methods, but several difficulties must be considered
during 16 S rRNA sequencing of low biomass samples as
described in more detail in [59, 60]. Additionally, metal
ions such as copper ions can also degrade nucleic acids,
or inhibit cell lysis necessary for DNA extraction as well
as polymerase activity [61, 62]. Lastly, the long shipment
and storage time from the last Touch Event until analy-
sis could have influenced results for example through
blooming of microbial species which grow at room tem-
perature [63]. However, the diversity of communities in
soil, human gut and human skin samples appears to be
unaffected by storage temperature after 14 days [64].

While no indications of changes in the microbial com-
munities depending on the surface composition were
found in 16 S rRNA data, we did find differences when
cultivating and isolating bacteria from the respective
surfaces. From copper-based surfaces (copper, brass)
with 800 nm structure of the ISS Touch Arrays, no bac-
teria were isolated, pointing towards a trend of increased
antibacterial efficacy of nano-structured surfaces in
combination with antimicrobial effective metals. Gen-
erally, we did not isolate any bacteria from pure copper
surfaces from the ISS Touch Arrays, which is indicative
of the antimicrobial effect of copper as well as function-
alized copper surfaces [28, 41]. No bacteria were iso-
lated from the 800 nm copper and brass surfaces of the
ground control Touch Arrays of the schools revealing a
tendency towards an increased antibacterial efficacy.
However, due to the surfaces being swabbed first for 16 S
rRNA sequencing and then for isolation, microbial mate-
rial might have already been removed through swabbing.
Additionally, by adding the swabs to nutrient rich media,
some species might have been favored before others.

The majority of the isolates belonged to the family of
Bacilli, which are ubiquitous, common airborne contam-
inants and form spores to outlast unfavorable conditions
such as desiccation [65]. Spore formation is a persis-
tence strategy and provides protection against various
conditions such as desiccation, UV- and ionizing radia-
tion [66]. While Bacillus was among the most isolated
bacteria from the surfaces, Bacillus was not among the
most frequently relative abundant families present in 16
S rRNA sequencing data. There could be several reasons
for this: Their dominance in isolates could be due to their
ability to form spores enabling them to stay dormant
for a longer period of time. Additionally, DNA extrac-
tion of spores can be more difficult due to the structure
of spores. Research has shown that Bacillus species are
common isolates from the ISS including a variety of
species, such as B. pumilus, B. subtilis, and B. amylolig-
uefaciens [50]. While some of these species are known
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for their high resistance against environmental condi-
tions present on the ISS, such as B. pumilus and B. sub-
tilis, other Bacillus pose potential health risks such as B.
anthracis [67]. Another Bacillus species which was iso-
lated from the stainless steel surfaces of the ISS Arrays
is B. cereus, an opportunistic pathogen and the causative
agent of many gastrointestinal infections [68].

Additionally, M. luteus and S. epidermidis, which are
skin commensals [69, 70], were found on the surfaces
of school Touch Arrays. S. haemolyticus, which is also a
common skin bacteria and an emerging threat in clini-
cal isolates, was isolated from one of the polished brass
surfaces [71]. Some investigations have found that S.
haemolyticus can aid other staphylococci such as S.
aureus to acquire antibiotic resistance genes by provid-
ing a reservoir of antibiotic resistance genes [72]. As
microbial resistance towards antibiotics is an emerging
threat and has been referred to as silent pandemic by the
World Health Organization, interest in the use of anti-
microbial surfaces has increased. Copper surfaces have
been shown to be antimicrobial against a range of patho-
gens including MRSA [28, 73]. While copper-based
surfaces have reduced microbial load when used as fre-
quent touch surfaces in hospital settings and have shown
potential in preventing healthcare-associated infections,
the overall impact of copper surfaces remains controver-
sial due to copper’s increased potential to drive devel-
opment or selection of antibiotic resistance, as copper
resistance has been associated with increased antibiotic
resistance [26, 30, 74].

Hence, understanding the underlying mechanisms and
their interaction is of pivotal importance. Long-term
copper contamination in agricultural soils and copper
as macro-supplement in feed can alter diversity, abun-
dance, and mobility potential of antibiotic resistance
genes, which can potentially lead to dissemination of
these genes [75-77]. The presence of copper and zinc
impacts antibiotic activity by binding to classes of antibi-
otics (e.g., 3-lactams), which drives development of anti-
biotic resistance in metal-exposed bacteria and in vivo
efficacy [78]. Sub-lethal exposure to copper can induce
oxidative stress, leading to increase in bacterial resis-
tance to antibiotics and antibiotic and copper resistance
genes co-occurred in metagenomic analysis [76, 79, 80].
For example, in MRSA, copper stress altered metabolism,
induced global stress responses and copper resistance
improved fitness of MRSA in infections [81-83]. Another
drawback of using copper is its tendency to react with
moisture and oxygen, which can potentially reduce its
antibacterial efficacy as corrosion products coat the
active surface [32]. Therefore, understanding the effects
of frequent touching of copper surfaces and its antimi-
crobial efficacy is crucial.
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To assess antibacterial efficacy after frequent touch-
ing, wet contact killing assays were performed using an
MRSA isolate that was isolated as part of the citizen sci-
ence experiment at the German schools. While other
studies have found that copper-alloys reduce the micro-
bial load on surfaces in hospitals [84], we found that
copper ion release and antibacterial efficacy were signifi-
cantly reduced on touched copper-containing surfaces.
We have shown that while frequent touching decreases
antibacterial efficiency against MRSA after 10 min expo-
sure, untouched copper-based surfaces were antibacterial
against MRSA.

Previous studies investigating antibacterial proper-
ties of surface functionalization of copper-based surfaces
have shown that surface functionalization significantly
increased antibacterial properties [41]. This was posi-
tively correlated with the copper ion release of the respec-
tive surface [41]. While investigation of survival of model
organisms after surface exposure is essential for the
development of antimicrobial surfaces, so far only new,
untouched surfaces have been tested for their antibacte-
rial efficacy, hereby disregarding organic debris which will
inevitably appear during this type of application. Using
contact killing assays to test antibacterial potential after
frequent touching, takes deposition of putative organic
contamination into account and aids in assessing antibac-
terial efficacy as close as possible to real life scenarios.

Reduced antibacterial efficacy and copper ion release
on copper surfaces may be due to a passivation layer
formed of copper oxides as well as organic contaminants
such as deposits from the skin, dust, or microbiologi-
cal contamination. SEM imaging of the surfaces showed
that despite the intactness of the surface structures,
organic debris built up around the structures. The swab-
bing of the surfaces for sampling could be compared to
manual cleaning, but this was not sufficient to reduce
the organic debris and restore full antibacterial capacity
of the surfaces. However, the use of appropriate cleaning
of surfaces could improve surface durability to maintain
antibacterial efficacy. Therefore, exposure and touching
of surfaces significantly reduced the antibacterial efficacy
of most antibacterial surface types. Consequently, the
application of structured surfaces for everyday use and as
frequent touch surfaces, needs to be further investigated
and improved, for example by using specific cleaning
agents. Moreover, the 800 nm structured copper-based
surfaces might be applicable for use as high-touch sur-
faces as the attachment of bacteria seemed to be reduced
as we did not isolate any bacteria from 800 nm structured
copper or brass surfaces from the ISS Touch Arrays.
An ultimate goal would be to design a material which
mechanically repels microorganisms from attaching to
the respective material, combined with antimicrobial
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properties, evolution of co-resistances against the respec-
tive antibacterial agent could be put to a minimum while
still reducing microbial load on high touch surfaces.

The potential of other antimicrobial surfaces has been
reviewed in detail by Birkett et al. [85], and while other
chemical contact-killing surfaces have antimicrobial
properties such as silver, coatings etc., antimicrobial
agents are always stressors which in turn lead to selec-
tive pressure towards resistance. Environmental stress
is one major cause which drives development of antibi-
otic resistance, and one common environmental stressor
is the presence of metallic ions such as copper or zinc.
Additionally, previous studies have shown an increased
metal resistance found in microorganisms on the ISS
[9]. This would raise the question whether application
of metal based antimicrobial surfaces in an environment
with increased metal resistance would only amplify the
selection pressure towards metal resistance. Increased
confinement has been associated with loss of microbial
diversity [86]. While confinement and increased clean-
ing have also been associated with a shift of the micro-
bial composition from gram-positive bacteria towards
gram-negative bacteria [86], we did not find a statistically
significant increase in gram-positive bacteria when com-
paring surfaces of Touch Arrays from the ISS to Touch
Arrays from schools.

In conclusion, before applying antibacterial surfaces
in confined habitats and in spaceflight, their antibacte-
rial potential must be considered for frequent use, as well
as their potential to drive microbial resistance. With the
help of citizen science, we were able to not only test the
surfaces for spaceflight, but also for applications on Earth.
Touch Arrays provided an easy-to-implement solution to
test antimicrobial surfaces under real-spaceflight applica-
tion, allowing us to examine the surface composition and
its bacterial community as well as testing the antibacte-
rial efficacy after direct application. Consequently, the
use of Touch Arrays represents an optimal methodology
for the evaluation of antimicrobial surfaces for future
applications.
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