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ABSTRACT

Antimicrobial surfaces are a promising approach to reduce the spread of pathogenic microorganisms in various
critical environments. To achieve high antimicrobial functionality, it is essential to consider the material-specific
bactericidal mode of action in conjunction with bacterial surface interactions. This study investigates the effect of
altered contact conditions on the antimicrobial efficiency of Cu surfaces against Escherichia coli and Staphylo-
coccus aureus. The fabrication of line-like periodic surface patterns in the scale range of single bacterial cells was
achieved utilizing ultrashort pulsed direct laser interference patterning. These patterns create both favorable and
unfavorable topographies for bacterial adhesion. The variation in bacteria/surface interaction is monitored in
terms of strain-specific bactericidal efficiency and the role of corrosive forces driving quantitative Cu ion release.
The investigation revealed that bacterial deactivation on Cu surfaces can be either enhanced or decreased by
intentional topography modifications, independent of Cu ion emission, with strain-specific deviations in effective
pattern scales observed. The results of this study indicate the potential of targeted topographic surface func-

tionalization to optimize antimicrobial surface designs, enabling strain-specific decontamination strategies.

1. Introduction

Diseases related to bacterial infections are considered as one of the
major future threats for public health, which caused one out of eight
deaths worldwide in 2019 [1]. In the same year, biofilm induced eco-
nomic damage was estimated at more than 4000bn USD, where approx.
30 % are directly related to biofilm burden in the healthcare sector and
food production [2]. In close relation, a considerable and ongoing haz-
ard by the increase of bacterial resistance against antibiotic agents is
reported. This also affects remote habitats such as the international
space station (ISS) [3,4]. In case of bacterial spread in public and remote
environments, contact surfaces represent one of the dominant distribu-
tion routes. This has recently been demonstrated by microbial tracking
on the ISS, where the overall space station microbiome was shown to be
dominated by bacterial strains associated with the human skin [5].
Multiple strategies to reduce the formation of biofilms and the viability
of pathogenic microorganisms on technical as well as frequently con-
tacted surfaces have therefore been investigated in the recent two de-
cades. A variety of acting mechanisms can be utilized, here, without the
need to involve antibiotic agents.

The two most investigated and applied strategies are active antimi-
crobial substrate materials like silver (Ag) and copper (Cu) and bacte-
ricidal or contact guiding surface topographies [6-9]. The antimicrobial
activity of Ag- and Cu based substrates is directly linked to the quantity
of electrochemically emitted ions, which are toxic to most microor-
ganisms [10,11]. Here, Cu proves to be particularly interesting due to
extended environmental applicability [12], its higher broadband effect
[111, lower human toxicity threshold [13,14] as well as economically
more favorable and broad availability in technically applicable alloy
systems. Cu mediated bacterial deactivation is related to several modes
of action including membrane damage, formation of reactive oxygen
species (ROS) via Fenton-type reaction and structural damage against
DNA as well as protein molecules due to its high thiophilicity [15,16].
Certain guidelines need to be followed to achieve high antimicrobial
efficiency of Cu surfaces. This includes a close contact between bacteria
and Cu emitting agent [17], as well as the avoidance of chemical surface
contamination [18].

Biomimetic surface patterns on inert substrates utilize self-cleaning
and bactericidal surface properties based on the functionality of pm-
and nm-scaled topographies found, e.g., on lotus leaves [19] or cicada
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and dragonfly wings. How bacterial surface interaction is modulated on
these surfaces relates to the topographic pattern scale. Pillar like pat-
terns at a scale below 200 nm following the design of cicada or dragonfly
wings have been shown to exhibit bactericidal properties where
adherent bacterial cells are deactivated by mechanical membrane
rupture [8,20]. On surface patterns with topographic feature sizes in the
upper sub-pm range, bacterial interaction was found to switch from
bactericidal to contact inhibition [21,22]. Further enlargement of the
pattern scales up to the size of a single bacterial cell and beyond ulti-
mately leads to improved bacterial adhesion and retention [9,23,24].
Here, contact guidance impacting cell orientation and initiation of bio-
film formation can be achieved by targeted surface design [9,25]. How
the actual scale of topographic surface patterns affects bacterial
response may vary significantly between different bacterial strains
[21,26], indicating a very complex interaction between the bacterium
and the patterned surface. In fact, secondary surface properties were
shown to play an important role in antimicrobial surface functionality,
since mechanically induced killing or the attachment/repulsion of in-
dividual bacteria is driven by attraction and bonding forces. These forces
depend, e.g., on environmental conditions [27], surface charge [28] and
wettability [29,30].

More recently, antimicrobial surface design aims to agitate or
combine the previously mentioned modes of action [31,32] which has
already been shown to potentially improve inherent bactericidal surface
properties. Functional coatings on topographically patterned inert sur-
faces have been proven to reduce bacterial viability either by inducing a
positive surface charge that affects membrane integrity [33], or by
adding the active killing capacities of Ag and Cu [34]. The application of
Cu has also been investigated as nanoparticles (NP) in surface decora-
tion or as a complementing composite in coatings, where the NP shape
aims to facilitate aggregation on bacterial membranes up to intrusion
[35,36]. More recently, it has been found that the antibacterial effect of
Cu NP is closely linked to the quantitative release of Cu ions, while an
actual intrusion into bacterial cells does not occur [37]. Recent func-
tionalization to enhance the antimicrobial efficacy of Cu surfaces in-
volves the combination with mechanically induced antimicrobial
properties of cicada and dragonfly wing, such as nm-scale surface fea-
tures piercing bacterial cell walls [38,39]. Depending on the method-
ology used, Cu ion release might however be negatively affected by
excessive oxide formation, here [40,41]. In another approach, the sur-
face/area ratio of bulk Cu is exponentially increased by inducing a
super-hydrophilic mesh-like porous morphology, which in parallel en-
hances the initial Cu ion release and bactericidal activity [42]. In
another study, topographic surface patterns at the scale of a single
bacterium were shown to enhance antimicrobial efficacy with lesser
dependence on quantitative Cu ion release [43]. Here, the decrease of
bacterial viability was discussed to be related to functional properties of
the substrate surface, including both topography and wettability, which
affect bacteria/surface bonding and, in parallel, the bacterial sensitivity
against Cu.

The current state of research on bactericidal surfaces highlights the
complexity of the underlying mechanisms being involved in the actual
expression of antimicrobial effects within the different surface design
strategies. To achieve a sustained high decontamination efficiency, the
actual bacteria/surface interaction must be actively tailored to agitate
the focused mode of action by surface design. In this context, the aim of
the presented study is to investigate how bacterial contact modulation
by topographical surface design impacts the antibacterial efficacy of Cu
surfaces. Line-like periodic surface patterns are generated using ultra-
short pulsed direct laser interference patterning (USP-DLIP), which
topographically modulate the contact surface available for the adhesion
of individual bacterial cells. The resulting impact on the antimicrobial
efficacy of Cu surfaces against rod-shaped gram-negative Escherichia coli
K12 (BW25113) and spherical gram-positive Staphylococcus aureus
SA113 is investigated in a complementary approach applying water
contact angle measurement (CA) confocal laser scanning microscopy
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(LSM), high resolution electron beam analysis (FIB/SEM/EDS), grazing
incidence X-ray diffractometry (GI-XRD) and wet plating. Improved
comprehension of the influence of modified bacterial contact conditions
on bactericidal efficacy of actively antimicrobial substrate surfaces
potentially allows for a better conception of decontamination measures
in various partly critical environments [6,7,31].

2. Results and discussion
2.1. Initial surface state

Line-like surface structures exhibiting pattern periodicities of 3 pm
(P > Bac), 1 pm (P ~ Bac) and 750 nm (P < Bac) are generated on pure
Cu surfaces via USP-DLIP with respect to the single cell dimensions of
the two bacterial strains involved in this study (see Fig. 1). The actual
bacterial contact conditions on these surfaces result from the individual
surface geometries including concave (valley areas) and convex (peak
areas) sections. The primary pattern geometry with a periodicity of 3 pm
exhibits a valley width of 2.08 + 0.14 pm and depth of 1.1 + 0.15 pm,
which enables complete intrusion of single cells and clusters. On 1 pm
patterns, the valley width of 0.81 + 0.07 pm approximates the single cell
dimensions of both parallelly aligned E. coli and S. aureus, which facil-
itates single cell contact combined with the low pattern depth. The
valley width of approx. 0.54 pm on 750 nm patterns finally ranges below
the single bacterial cell diameter, by which the valley floor is not fully
accessible for adherent bacteria at the present pattern depth. In parallel
to the described primary pattern geometry, the surface design involved
tailoring of the sub-pattern formation by material specific thermody-
namic response according to the aspired contact conditions [44].

In parallel to topographic surface modification, an agglomeration of
nm-scaled oxidic redepositions during USP-DLIP processing was previ-
ously described on Cu [45]. The redeposited oxide particles have been
shown to mainly consist of Cu0 and scale with the amount of ablated
matter as well as the fluence applied [44]. Accordingly, the Cu0 (111)
signal measured by grazing incidence X-ray diffraction (GI-XRD) in-
dicates a more pronounced agglomeration of process-induced surface
oxides on as-processed 3 pm patterns in comparison to 1 pm and 750 nm
(see Fig. 2a) corresponding to the respective ablated volume. Post-
processing by immersion etching in citric acid induces a reduction of
the oxide signal as visible in Fig. 2a, which can be attributed to the
removal of oxidic process agglomerates [45]. The stable but low CuO
signal intensity fits to the previously suggested oxidation mechanism,
where this oxide phase is mainly formed as a superficial layer during
consecutive atmospheric passivation [45].

In bacterial adhesion to technical surfaces, physicochemical surface
properties were shown to play a parallel role to surface topography and
might furthermore impact bactericidal efficacy [29,43,46]. This in-
cludes e.g. surface wettability corresponding to acid-base interactions
[47]. Wettability of laser processed metallic surfaces is impacted by
atmospheric aging as well as hierarchical pattern morphologies [48],
which is confirmed by comparison of the contact angles (CA) measured
on as-processed and immersion etched USP-DLIP Cu surfaces after three
weeks of aging (displayed in Fig. 2b). Wettability is consistently reduced
on the USP-DLIP surfaces, while the hydrophobic wetting behavior is
enhancing alongside increasing pattern scale. In between similar pattern
periodicities, the as-processed surfaces exhibit elevated hydrophobic
surface properties over the immersion etched topographic counterparts
suggesting an additional contribution of the nm-scaled oxide particles.

Both, the high CA values, as well as the roll-off/sticking behavior on
the 3 pm samples are consistent with previous results indicating a
Cassie-Baxter wetting state on as-processed and Wenzel wetting on im-
mersion etched surfaces [43]. A pronounced difference between CA on
as-processed and immersion etched samples can be observed for less
hydrophobic 1 pm and 750 nm patterns. CA anisotropy on the isotropic
surface patterns remains close to 1.0 along reducing CA for 3 pm and 1
pm indicating a low pinning effect on droplet propagation. Surface



D.W. Miiller et al.

Biomaterials Advances 169 (2025) 214184

1 pm 750 nm

valley width 2.08 + 0.14 ym
pattern depth 1.1 £ 0.15 pm
surface ratio 1.75+0.077

valley width 0.81 £ 0.07 ym
pattern depth 0.24 + 0.03 pm
surface ratio 1.11+0.035

valley width 0.54 + 0.1 pm
pattern depth 0.14 + 0.02 ym
surface ratio 1.08 £ 0.063

Fig. 1. SEM images of line-like periodic surface patterns in the scale of 3 pm (P > Bac), 1 pm (P ~ Bac) and 750 nm (P < Bac) applied on the Cu surfaces: a-c) SEM
imaging, where the 3 pm pattern was previously immersion etched, while 1 pm and 750 nm represent the as-processed state. d-f) representative topographic profiles
of 3 pm, 1 pm and 750 nm patterns detected via CLSM also listing the deviation of corresponding pattern geometry parameters relevant for bacterial contact

investigation between the different substrates.

Cu 3 pum
------ Cu 3 umE
——Cu1pum
------ Cu 1 umE -
Cu 750 nm
------ Cu 750 nmE
Cu Ref.

a)

Cu,0 (111)

Intensity (a.u.)

34 35 36 37 38 39 40

- .

N~ I

- 160

- 140

- 120

CA parallel (°)

- 100

33 34 35 36 37 38 39 4
2 Theta (°)

41 42 43 44 4

T T T
100 120 140 160

CA orthogonal (°)

Fig. 2. Process related modification of surface chemistry impacting functional aspects: a) alteration of surface oxidation after USP-DLIP patterning in as-processed
and immersion etched state (E). b) stabilized surface wettability of the polished reference (Steel Ref., Cu Ref.) and USP-DLIP patterned Cu and stainless steel surfaces
at 3 pm, 1 pm and 750 nm pattern periodicity after three weeks of aging under ambient atmosphere. Cu USP-DLIP surfaces are represented both in as-processed and

immersion etched state.

wetting on 750 nm patterns exhibits a deviating behavior, where
increased CA anisotropy in the as-processed state indicates pinning
along the structure peaks, which is eliminated after immersion etching.

2.2. Antimicrobial properties vs. bacteria/pattern scale ratio

Both gram-negative E. coli and gram-positive S. aureus have been
exposed to as-processed and immersion etched USP-DLIP Cu surfaces by
wet plating using mirror-polished samples of both bactericidal Cu and
inert steel as topographically smooth reference surfaces. Strain specific
exposure times were chosen to allow for the determination of topog-
raphy related differences in bacterial viability with respect to the indi-
vidual survival rates. The time-resolved reduction of viable bacterial cell

count for both E. coli (blue) and S. aureus (green) is illustrated in Figs. 3
and 4, each complemented by the corresponding Cu ion release. The line
graphs represent experimentally measured bacterial viability/dissolved
Cu while the bar graphs represent the respective time- and area-
dependent killing rates normalized by the surface ratio measured in
LSM analysis. The factor of in- or decrease in relation to the smooth Cu
reference is stated for each data-point of the USP-DLIP patterned sur-
faces in the bar graphs.

Bacterial cells of both strains were found to be rapidly killed on Cu
surfaces with a reduction in viable cell count of >3 log already after 60
min of exposure, affecting the majority of the USP-DLIP surfaces as well
as the Cu reference surfaces tested. Extended exposure times of up to
120 min resulted in complete inactivation of bacterial cells on all tested
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Fig. 3. a, b) Bacterial viability and c, d) respective Cu ion release rates measured via wet plating and inductively coupled plasma triple quadruple mass spectrometry
(ICP-QQQ) for E. coli. Exposure times were chosen as 20, 40 and 60 min. Line graphs represent the measured a) colony forming units (CFU) and c) quantitative Cu ion
release. The bar graphs show the time dependent development of b) bacterial killing and d) Cu emission rates per area, corrected for the topography related increase
in surface ratio complemented by the factor of in- or decrease observed on USP-DLIP surfaces in comparison to the smooth Cu reference surfaces.

surfaces, which was also found in additional test series after 90 min of
exposure. Deviations in bacterial viability between the different USP-
DLIP patterned Cu surfaces are well displayed after 60 min of expo-
sure, before complete bacterial deactivation is initiated universally.
USP-DLIP surface modification is found to exhibit a significant impact
on bacterial viability, where both agitation and depletion of the bacte-
ricidal capacities of smooth Cu surfaces can be observed on the different
pattern scales with varying dependency on the bacterial strain tested.
In case of E. coli initial bacterial killing on USP-DLIP patterned sur-
faces consistently levels above topographically smooth Cu within the
first 40 min of exposure (see Fig. 3a). The observed differences between
individual USP-DLIP surfaces do not follow a clear dependency on
pattern scale or post-processing state, where the highest initial killing
rates are distributed between immersion etched 3 pm followed by as-
processed 1 pm and 750 nm. This is however altered after 60 min,
where the post-processed surface state appears to play an additional
dominant role aside of actual primary pattern scales. Here, bacterial
inactivation is consistently higher on immersion etched surfaces
compared to their as-processed counterparts of similar primary surface
pattern. This is particularly evident for 3 pm and 1 pm structures with
primary pattern geometries that are geometrically favorable for
increased bacterial contact area: No remaining viable bacteria could be
determined on etched surfaces, while the viable cell count still ranges
close to the experimental detection limit on as-processed samples. In the
case of 750 nm pattern scales, bacterial deactivation lies either within or
below the range of the smooth Cu reference throughout 60 min of
exposure. Independent of the post-processing state, samples of 750 nm
pattern periodicity exhibit considerably lower bactericidal activity
compared to 3 pm and 1 pm on which the bacterial killing rate ranges
three to four orders of magnitude above the smooth reference (displayed

Fig. 3b). On as-processed 3 pm and 1 pm USP-DLIP surfaces, a higher
antibacterial efficacy of 1 pm (2 log increase of killing rate) over 3 pm (1
log increase of killing rate) against E. coli is observed. Overall, the
bactericidal effect of the different surface topographies against E. coli
scale as 1 pm (P = Bac) > 3 ym (P > Bac) > > 750 nm (P < Bac) =
smooth. The post-processing state appears to have a similarly pro-
nounced impact as the primary DLIP pattern size, scaling with immer-
sion etched > as-processed in antibacterial efficacy.

Initial bacterial killing within the first 30 min of exposure exhibits a
pronounced lag phase for S. aureus, where CFU reductions remains
below the values of smooth Cu on most USP-DLIP surfaces (see Fig. 4a
and b). Similar to E. coli, differences in topography mediated bacteri-
cidal efficacy between the surfaces tested are most evident after 60 min.
In case of contact promoting surface topographies, post-processing by
immersion etching also leads to higher bacterial deactivation within
similar pattern scales, which is however inverted at 750 nm. In contrast
to E. coli, the primary pattern scale appears to have a higher effect on
bactericidal efficacy than the post-processing state. The highest bacterial
inactivation rate is observed on 3 pm surface patterns exhibiting bac-
terial viability close to the detection limit. A 1 log increase of bacterial
killing compared to smooth reference surfaces can furthermore be
detected on immersion etched 1 pm patterns. Bactericidal efficacy is not
promoted by USP-DLIP processing in case of as-processed 750 nm pat-
terns and even reduced on as-processed 1 pm as well as etched 750 nm
surface patterns. In summary, the antibacterial efficacy of the tested
surface topographies against S. aureus scales as 3 pm (P > Bac) > > 1 ym
(P =~ Bac) >/< smooth >/= 750 nm (P < Bac). The post-processing state
shows a similar relation of immersion etched > as-processed like for
E. coli, but with a lower overall impact on bactericidal activity.

The Cu ion release parallelly monitored during Cu exposure of E. coli
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Fig. 4. a, b) Bacterial viability and c, d) respective Cu ion release rates measured via wet plating and inductively coupled plasma triple quadruple mass spectrometry
(ICP-QQQ) for S. aureus. Exposure times were chosen as 30, 60 and 120 min, displayed with a shortened time axis. Line graphs represent the measured a) colony
forming units (CFU) and c¢) quantitative Cu ion release. The bar graphs show the time dependent development of b) bacterial killing and d) Cu emission rates per area,
corrected for the topography related increase in surface ratio complemented by the factor of in- or decrease observed on USP-DLIP surfaces in comparison to the

smooth Cu reference surfaces.

exhibits a clear relation to surface area enhancement by USP-DLIP where
the Cu emission rate appears to level with increasing pattern scale
(displayed in Fig. 3c). The surface ratio equalization of Cu ion release in
Fig. 3d shows an almost similar release rate of Cu ions between the
different Cu surfaces, with only 3 pm textured surfaces showing lower
values compared to the Cu references. Between similar pattern sizes Cu
ion release tends to be higher on as-processed surfaces, which appears to
be linked to the dissolution of the process-induced oxide particles as
recently shown in a preliminary study [49]. In contrast, the relation of
Cu ion release between USP-DLIP and smooth reference surfaces is
inverted in the case of S. aureus, where the reference surfaces exhibit the
highest Cu emission (compare Figs. 3c, d and 4c, d). Nevertheless,
bacterial killing rates of S. aureus on 3 pm and immersion etched 1 pm
patterns are one to two orders of magnitude higher than the reference
surfaces. In fact, bacterial viability is found to not necessarily correlate
to the amount of Cu emission for both tested strains. E.g., Cu ion release
on immersion etched 3 pm and 1 pm usually falls below the values of as-
processed surfaces, while the corresponding killing rates after 60 min
exposure against E. coli and S. aureus exhibit an inverse relation. Cu
release from immersion etched 1 pm surfaces exposed to E. coli inocu-
lated bacteria testing solution (BTS) remains at similar magnitudes like
as-processed 750 nm, whereas bacterial killing rates of both sample
types occupy the opposite ends of the bactericidal efficiency spectrum
after 60 min of exposure. Likewise, the bactericidal efficiency of the
smooth Cu reference surfaces against E. coli surpasses that of the as-
processed 750 nm patterns, although the respective Cu ion release is
lower.

In parallel to the lower Cu emission on USP-DLIP surfaces exposed to
S. aureus, the total amount of dissolved Cu appears to stagnate between
30 and 60 min of exposure, while bacterial viability undergoes a

significant decline within this period. After 120 min of exposure, a
further increase in the dissolved Cu content can be observed in Fig. 4c,
coupled with complete bacterial inactivation of S. aureus. Here, the
release of Cu ions on the 750 nm patterns shows an altered trend,
eventually surpassing the values of the other USP-DLIP patterns despite
a lower surface ratio. These combined observations indicate both, a
different bacteria/surface interaction between the tested bacterial
strains and a modulation of antibacterial efficacy by USP-DLIP, which is
not necessarily linked to Cu ion release rates. Aside of a potentially
beneficial effect of hydrophobic surface wetting [43], differences in CA
between the tested surface types do not appear to allow a direct corre-
lation to bactericidal activity.

In view of the topography specific deviation in antibacterial efficacy,
a closer look is taken on the individual contact conditions established
alongside Cu exposure by post-mortem SEM analysis of bacterial allo-
cation on the different topographies.

2.3. Impact of topographic contact conditions on bacteria/surface
interaction

To gain insight into the actual bacterial contact conditions involved
in the expression of Cu sensitivity on the different surface topographies,
SEM analyzation of the bacterial interaction with the Cu surfaces was
conducted after either 60 min (E. coli) or 90 min (S. aureus) of exposure.
A capability of cell-cluster agglomeration can be determined on 3 pm
patterned surfaces (P > Bac) for both E. coli (blue) and S. aureus (green)
due to the increased valley dimensions, as visible in Fig. 5a and b. On
both 1 pm (P = Bac) and 750 nm (P < Bac), surface attachment was
found to be more likely to occur in the single cell domain in case of
E. coli, while S. aureus remains clustered. Single cells of E. coli are
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S. aureus

Fig. 5. Representative images of the SEM analysis on topography related contact conditions for single bacterial cells and cell-clusters on immersion etched USP-DLIP
and polished Cu reference surfaces. Single cells of E. coli (blue) and S. aureus (green) are shown in exposure to a, b) 3 ym (P > Bac), ¢, d) 1 pm (P ~ Bac) and e, f) 750
nm (P < Bac) pattern scale as well as g, h) Cu Ref. surfaces exhibiting varying impact on cell-adhesion. The bacterial cell morphology observed on inert stainless steel
references is provided by an inset in both g) and h) for each strain. Several modifications on the substrate surfaces arising from chemical interaction during BTS
exposure are highlighted in the images corresponding to (1) corrosive surface deterioration, (2) redepositions in the vicinity (E. coli) or attached (S. aureus) to
bacterial cells, (3) weakly attached globular particle clusters. Imaging was done utilizing SE contrast on uncoated samples under 52° tilt. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

frequently aligned in parallel orientation to the line-like surface pattern
on 1 pm (Fig. 5c), while they are more randomly oriented and less
elongated on 750 nm (Fig. 5e), which might indicate unfavorable bac-
teria/surface contact conditions for these pattern scales, similar to pre-
vious findings [23]. Individual S. aureus cells appear to be torn between
increasing their surface contact area and maintaining connections with
neighboring cells on both 1 pm and 750 nm surface patterns, where
individual cells also adhere to pattern peaks due to spatial restrictions
within the small interconnected cell clusters (Fig. 5d and f). The cell-
cluster size on the mirror-polished reference surfaces is similar to 3
pm for E. coli, while it is increased for S. aureus compared to the topo-
graphic surface patterns, highlighting the strain's preference for cell-cell
connectivity. In fact, cell-wall associated macromolecules involved in
surface adhesion of S. aureus have been reported to be similarly related
to cell-cell connectivity and biofilm formation [50], where intercellular
connectivity might be considered to be of similar importance as quan-
titative surface contact for single cell viability. Depending on the com-
bination of topographical and chemical surface properties present,
intercellular bond strength may outweigh the bacteria/surface bond
strength [29,51].

Surface contact conditions have been shown to influence bacterial
response mechanisms involving, e.g., the triggering of biofilm formation

and stimulated metabolic activity [28]. In parallel, quantitative Cu up-
take by viable bacteria has previously been discussed as being facilitated
by respiratory activity, which leads to an accelerated cell-damaging rate
[16]. In fact, bacterial killing was found to be significantly enhanced on
surface patterns where an increased bacterial contact was observed for
both strains independent from quantitative Cu ion release. In view of the
bactericidal activity measured, cavity dimensions that allow for cell-
cluster adhesion on 3 pm patterns seems to be effective to increase
antimicrobial efficiency against both E. coli and S. aureus. An elevated Cu
sensitivity on 1 pm patterns was in turn solely found for E. coli, which
predominantly showed single cell adhesion that allows for increased
single cell contact on this surface type. A low up to inverted impact on
bactericidal effectivity can finally be observed on the 750 nm pattern
scale for both strains. In previous studies, reduced biofilm growth after
extended exposure times could be ascertained for E. coli on comparable
sub-pm topographies, which was however not the case for S. aureus that
rather exhibited a higher adaptivity [21,26]. A recent publication linked
surface adhesion of S. aureus to functional membrane sites, which are
heterogeneously distributed across the cell envelope and display a
characteristic patchiness that appears to befit this pattern periodicity
[52]. This might improve surface adhesion of S. aureus on line-like 750
nm patterns in an extended time frame, whereas initial bacterial
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adhesion related to the rapid onset of the antibacterial mechanism of Cu
surfaces might still be restrained within the time scales of the wet plating
experiments.

2.4. Bactericidal interaction with the Cu substrate

The notable deviation of Cu ion emission between E. coli and
S. aureus with inverse relation of USP-DLIP patterned to smooth surfaces
indicates a different chemical surface interaction of the two bacterial
strains (compare Figs. 3c and 4c). Quantitative ion release on Cu sur-
faces exposed to bacteria inoculated PBS has previously been shown to
be majorly dependent on the corrosive interaction between the Cl -
containing medium and substrate, where bacteria might act as corrosion
catalysts due to the impairment of surface passivation by Cu ion scav-
enging [53]. This mechanism has been shown be enhanced in case of
lysed bacterial cells [40,53] indicating a protective role of intact cell
membranes. In the absence of bacterial cells, USP-DLIP Cu surfaces form
a stabilized oxide layer preventing further surface degradation and Cu
dissolution within 1 h of exposure to PBS indicated by a reduced Cu ion
release rate [43].

In this study, the Cu ion release from USP-DLIP patterned Cu surfaces
exposed to E. coli inoculated PBS exhibits a constant Cu release above
the level of mirror-polished Cu, befitting the previously described cat-
alytic behavior [53]. Under exposure to S. aureus inoculated PBS, Cu ion
emission exhibits a closer correlation to stabilizing passivation without a
bacterial impact on corrosion behavior presenting a similar relation
between USP-DLIP patterns and the smooth reference surfaces [43]. This
observation might be related to different cellular response mechanisms
involved in the higher Cu resistance reported for gram-positive bacteria
[6]. This may also be linked to the stagnation of Cu ion release between
30 and 60 min, as well as the lower bacterial inactivation rates of
S. aureus within the first 60 min of exposure.

Comparing the corrosive degradation of Cu surfaces alongside BTS
exposure, pitting corrosion sites related to grain boundaries or intra-
granular corrosion are evident on mirror-polished surfaces, while
localized corrosion is less evident on USP-DLIP treated surfaces (indi-
cated by (1) arrows in Fig. 5). This corresponds to previous investigation
of corrosion kinetics of USP-DLIP processed Cu surfaces [49]. In the case
of E. coli, corrosion products appear to agglomerate preferentially in the
form of a condensing layer of Cu oxide particles close to cell clusters,
surrounded by an outer ring of corrosion sites ((2) arrows in Fig. 5a, ¢
and g). The pH value of E. coli inoculated PBS has been shown to undergo
an alkaline shift favorable for CupO formation [53] alongside Cu surface
exposure, whereas preferential agglomeration sites in vicinity to E. coli
clusters are potentially related to electrochemical microcell formation
and mass transport under involvement of the bacterial cells [54].
Regarding S. aureus, USP-DLIP patterned Cu surfaces exposed to BTS
exhibit considerably less degradation of the substrate surface and
thicker oxide layers, indicating better surface passivation when com-
bined with the comparably low Cu ion release rates measured [49].
Instead, particulate adsorbates on bacterial cells can be observed ((2)
arrows in Fig. 5b, d, f and h) which vary in quantity and size. Further
agglomerations of circular particles can be found with loose connection
to the substrate surface ((3) arrows in Fig. 5f and h), which are more
likely to be suppressed under E. coli BTS exposure.

Comparative consideration of both the difference in corrosive sur-
face deterioration and Cu ion release between E. coli and S. aureus
suggests a deviation in the chemical bacteria/surface interaction for the
gram-positive strain from the previously described involuntary Cu
drainage of E. coli [40,53]. Corrosion catalysis by Cu scavenging of E. coli
was similarly determined on USP-DLIP Cu surfaces in saline environ-
ment in a recent study, where USP-DLIP was also found to increase the
corrosion resistance of Cu surfaces by severe mechanical defect im-
plantation [49].

To gain a better understanding of the underlying mechanisms in
bacteria/surface interaction occurring alongside deactivation of
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S. aureus, alteration of bacterial cell morphology has been investigated
in SEM analysis after 90 min of exposure to the Cu surfaces. Prior to SEM
analysis a nm-thick sputter-coating of AugoPdyy was applied on one
sample batch to enable high resolution (HR) analyzation and to provide
a contrasting layer to distinguish the original sample surface from the
deposited Pt-cover layer in FIB cross-sections. HR imaging of S. aureus
cells exhibits a considerable agglomeration of particles on and partially
around bacterial cells (displayed in Fig. 6a and e). These can be sepa-
rated by morphology and local concentration into two groups, where
small spherical particles (SP, blue arrows) tend to fully cover single
bacterial cells, while larger particles (LP, red arrows) vary in shape and
size without local reference to each other. FIB cross-sectioning reveals
varying surface contact angles of SP to the bacterial cell as well as a
bright SEM contrast that points towards heavy, non-organic element
composition (illustrated in Fig. 6b and highlighted in Fig. 6¢). LP in turn
constantly exhibit low contact angles to the bacterial surface and a dark
SEM contrast similar to the bacterial cell (Fig. 6d). However, in case of
further enhanced particle sizes, also the previously dark contrasted LP
begin to display an increasing contrast brightening in FIB cross-
sectioning indicating the agglomeration of heavier elements (see
Fig. 6e and f). LP show a weak structural stability against electron beam
irradiation (visible in the cross-section of the particle in Fig. 6g), indi-
cating a partly organic composition.

EDS analysis under low acceleration voltage reveals that both types
of particles contain considerable amounts of Cu combined with trace
elements C, N and Na originating from the bacterial matrix. An increased
Cu content is additionally indicated by a bright Z-contrast in backscatter
electron (BSE) imaging that deviates from the bacterial cell envelopes, as
displayed in Fig. 7a and c. Both particle types appear in different sizes,
suggesting a continuous particle growth after nucleation onto the bac-
terial cell membranes. Aside of morphology, the two identified particle
types differ in composition, where SP exhibit increased intensities of
both O and P (see Fig. 7a). This composition implies the formation of
cupric phosphate (Cu3(PO4)3) on the bacterial membrane, whereas the
unconnected spherical particle clusters at the periphery of the bacterial
cells can also be assigned to this particle group according to their EDS
spectrum (compare Fig. 7b) [55]. Cu phosphate has previously been
identified as a corrosion product formed on Cu surfaces under PBS
exposure [55], whereas its formation might be decreased in the presence
of E. coli due to the reduced availability of free Cu ions in solution and
allocated to destroyed bacterial cells [53]. Phosphate formation has
been shown to be triggered in the vicinity of bacteria under certain
conditions, where the membrane acts as a nucleation site through the
catalytic effect of specific membrane molecules and metabolites [56],
which may cause the spatial correlation between bacteria and phosphate
formation observed here. Further particle growth on S. aureus cells in-
dicates a predominant activity of the Cu phosphate formation driving
force with an involuntary role of the subjected bacteria, where phos-
phate formation has been shown to potentially involve chemical disso-
lution of bacterial biomass [57].

In contrast, LP exhibit increased Cu levels combined with traces of Cl,
whereas P is completely absent. Considering the shape and imaging
contrast at early formation stages and after further growth, Cu particle
formation on S. aureus might be linked to defects in the bacterial cell
membrane, where exposed cytoplasm triggers a localized agglomeration
of Cu (further analysis of Cu particle formation is provided as Supporting
Information). Both bacterial Cu scavenging and phosphate formation
were found to be enhanced in the case of previously lysed bacteria,
where accessible cytoplasm appears to play the major role within the
underlying chemical processes of bacterial Cu uptake with membrane
integrity as the limiting factor [40,53,56,57]. Nucleation and growth of
Cu based agglomerates has previously been found to disrupt bacterial
cell wall integrity due to the opposing charging between Cu ions and the
membrane that leads to a reduction in membrane Zeta-potential. The
resulting avalanching cell wall collapse exposes the bacterial cytoplasm
and allows for elevated intracellular Cu ingress [36,58]. Accordingly,
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Fig. 6. SEM-imaging of S. aureus cells after 90 min of exposure on Cu surfaces. a) Cell-clusters on a 3 pm pattern exhibiting different types of particle agglomerations
marked with red (large single particles) and blue arrows (small spherical particle accumulations). The red line indicates the location of the FIB cross-section displayed
in b-d). e) Cell-cluster on a 750 nm pattern mainly exhibiting large particle agglomerations, which appear to affect bacterial integrity further highlighted via FIB
cross-sectioning in f) and g). Particles are not stable under electron beam irradiation as indicated by structural alteration of the left particle in g) after single (upper
part) and multiple imaging (lower part). Imaging was conducted in SE-contrast at 52° sample tilt. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

S. aureus bacterial cells that show increased agglomeration of LP present
both a brightened Z-contrast and higher levels of intracellular Cu
monitored by EDS in comparison to bacteria lacking LP accumulation
(displayed in Fig. 7c). Therefore, the increasing Cu ion release between
60 and 120 min in case of S. aureus inoculated BTS visible in Fig. 4c may
potentially be linked to an increase in Cu uptake by the exposure of the
cytoplasm, accompanying cell wall disruption and cell death after
extended contact to the Cu surfaces, which was previously averted by a
more rigid cell wall of the gram-positive bacteria.

Based on these considerations, the deviation in measured Cu ion
release between gram-positive S. aureus and gram-negative E. coli ap-
pears to be mainly related to strain-specific differences in membrane
integrity, which affects Cu scavenging and thus Cu surface corrosion. In
fact, the thickened surface oxide layer formation as well as the reduced

Cu ion release of USP-DLIP Cu surfaces under exposure to S. aureus befits
previous observations of increased surface passivation in PBS by defect
implantation alongside USP-DLIP in a recent study [49]. This shows a
considerably lower Cu scavenging effect of S. aureus, which results in
lower Cu ion release rates on USP-DLIP compared to smooth surfaces.
However, this does not appear to limit an enhancement of bactericidal
activity by contact promoting topographies.

3. Conclusions

The impact of topographically modified contact conditions on anti-
bacterial efficacy of Cu surfaces has been investigated for gram-negative
E. coli and gram-positive S. aureus. The conclusions of the study can be
summarized as follows:
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Fig. 7. EDS analysis of a) different particles found attached to S. aureus bacterial cells on coated samples imaged in BSE-contrast at 10 kV, b) spherical particle
clusters in the periphery of bacterial cells imaged in SE-contrast, ¢) uncoated bacteria exhibiting different Z-contrast in BSE-imaging at 1.5 keV acceleration voltage.
Large and small particle types are exemplarily marked by red and blue arrows in a) and c). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

e Increased Bacteria/Substrate Contact and Antibacterial effi-

cacy: Topographic surface modification by USP-DLIP that allows for
a larger contact area between bacteria and the substrate is associated
with increased bactericidal activity. Bacterial killing rates on these
surfaces might level several orders of magnitude higher than the
smooth reference surfaces. The USP-DLIP topography that exhibit
the highest bactericidal efficacy varies between the two tested
strains. In the case of S. aureus, the bacteria-specific tendency to
cluster formation appears to reduce the capability of individual
bacterial cells to achieve high surface contact within the topographic
trenches close to single bacterial scale. Instead, an increased cavity
scale that allows intrusion of whole cell clusters was shown to be
highly effective in increasing bactericidal efficacy against S. aureus.
This results in higher pattern scales that are associated with
increased bactericidal activity despite lower statistical cell diameters

compared to E. coli, which is most efficiently killed on surfaces
allowing high single cell contact. Pattern scales below the single
bacterial cell size tend to decrease both antibacterial efficacy and Cu
sensitivity for both strains.

Antimicrobial Efficacy and Cu Ion Release: Antimicrobial efficacy
of Cu surfaces against E. coli and S. aureus is found to be less
dependent on the quantity of Cu ion release, but rather scales with
the extend of contact area between individual adherent cells and
substrate. Surface topographies that provide high single cell contacts
appear to trigger an increased sensitivity for environmental Cu,
where bactericidal activity is enhanced independent from quantita-
tive Cu emission. Based on this, contact dependent Cu sensitivity
appears to be the main driving force behind deviating antimicrobial
activity between the different tested surface topographies.



D.W. Miiller et al.

e Strain specific Cu Interaction: Wet plating in PBS was found to
involve Cu scavenging mechanisms in both bacterial strains that
catalyzes Cu ion release over natural passivation. This effect is more
pronounced in E. coli, where the bacterial cells seem to be less pro-
tected against involuntary Cu uptake due to the weaker cell mem-
brane, while Cu accumulation may be additionally driven by
chemical microcell formation. In the case of S. aureus, Cu scavenging
is reduced, which additionally results in higher surface passivation of
USP-DLIP processed samples. Initial Cu accumulation in S. aureus
involves the agglomeration of extracellular Cu phosphate particles
via membrane nucleation. Increased membrane stress finally appears
to induce a step-wise collapse of the cell wall followed by an expo-
sure of cytoplasm and a quantitative increase in Cu uptake under
further extended Cu exposure.

The results of this study demonstrate that targeted surface design by
USP-DLIP, involving topographic and chemical surface modification,
can potentially increase antimicrobial surface efficiency with less de-
pendency on quantitative Cu ion release. In parallel, peculiarities of
strain specific surface interactions are showcased that need to be
considered to enable targeted surface tailoring. This provides a valuable
foundation to further investigate and potentially incorporate bacterial
interactions into advanced decontamination concepts including strain-
specific adaptation strategies for critical environments [6,7,31].

4. Methods
4.1. Sample preparation

For further surface modification and testing, single samples of the
dimensions 10 x 25 mm? have been charted from 1 mm sheets of oxygen
free Cu (>99,95 %) (Wieland) and AISI 304 stainless steel (Brio) In case
of stainless steel, the material was purchased in mirror-polished condi-
tion (Ra < 10 nm), while Cu samples underwent polishing on an auto-
mated TegraPol-21 system (Struers) to reach equivalent initial surface
roughness [59]. Shares of the polished samples are deducted to provide
reference surfaces of flat topography (denoted as Steel Ref. and Cu Ref.).

Mirror-polished samples of Cu are subjected to USP-DLIP inducing
line-like periodic surface patterns in the scale of either 3 pm (P > Bac), 1
pm (P =~ Bac) or 750 nm (P < Bac). In the USP-DLIP setup a Ti:Sapphire
Spitfire laser system (Spectra Physics) is utilized, operating at t, = 100 fs
pulse duration (FWHM), 1 kHz repetition rate and a centered wave-
length A of 800 nm. Line-like surface patterns are generated by two beam
laser interference using a previously introduced optical setup [60]
consisting of a diffractive optical element (DOE) to split and a lens
system to recombine the partial beams on the substrate surface. To
create the different pattern periodicities P the optical setup has been
modified to adjust the single beam incident angle 6 according to Eq. (1):

A

" 25in(0) @

WithP=3pm > 6 =7.66°, P =1 pm - 6 = 23.58° and P = 750 nm
- 6 = 32.23°. Planar patterning was conducted by scanning the sub-
strate surface in continuous pulsing mode adjusting the fluence and
pulse overlap according to the individual material ablation threshold
and pattern scale specific impact of ablation kinetics in pattern forma-
tion using p-polarized two-beam USP-DLIP [44]: 3 pm patterns have
been produced with an overlapping pulse count of N =10 at 2.14 J/cm?,
while for 1 pm and 750 nm patterns reduced pulse counts of N = 3 and 2
at fluences of 1.38 J/cm? were applied. One batch of Cu samples sub-
sequently underwent ultrasonic assisted immersion etching in 3 % citric
acid for 40 s to remove process-induced oxidic substructures [45]. The
other batch of the Cu samples remained unaffected (as-processed
samples).
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4.2. Surface characterization

Surface characterization of the different samples with and without
USP-DLIP treatment was conducted by means of both confocal laser
scanning microscopy (CLSM) (LEXT OLS4100 by Olympus) and scanning
electron microscopy (SEM) (Helios Nanolab 600 by FEI and Helios PFIB
G4 CXe by Thermo Fisher) also including the system's focused ion beam
(FIB) and energy-dispersive X-ray spectroscopy (EDS) modules.

The CLSM analysis involved a 50x objective (NA 0.95) with altered
digital magnification of either 2x or 6 x at a laser wavelength of 405 nm.
The surface geometry of the various topographies applied using USP-
DLIP was quantified based on periodicity, valley/peak ratio, valley
width and depth, and surface ratio, defined as the ratio between the
actual surface and an idealized smooth reference surface. Each param-
eter was measured on six individual spots on three different samples per
topography for statistical evaluation comprising the determination of
both the arithmetic mean value (MV) and standard deviation.

High resolution SEM imaging was conducted in secondary electron
(SE) contrast mode at an acceleration voltage of 5 kV and a current of 86
pA at 52° sample tilt for improved visualization of topographic
morphology. High resolution imaging was conducted using the in-lens
detector in immersion mode. Furthermore, low voltage backscatter
electron (BSE) images of uncoated samples were acquired using a solid
state detector at 0° sample tilt. To assess the initial state of surface oxide
composition high resolution grazing incidence X-ray diffraction (GI-
XRD, PANalytical X'Pert PRO-MPD) was applied utilizing Cu K, radiation
with a Goebel mirror at a 1° grazing angle in parallel orientation to the
line-like patterns to avoid shadowing of the valley surface compart-
ments. Within this setup 95 % of the measured signal can be estimated to
originate from an interaction volume within a depth of <1.11 pm from
the substrate surface [61].

After surface exposure during wet plating, the bacteria/substrate
contact as well as the induced damage on both bacterial cells and Cu
substrate were investigated by SEM imaging, FIB cross- sectioning, and
EDS analysis at an acceleration voltage of 1.5 kV to 10 kV (BSE-SEM), 30
kV (Ga-ion beam) and 5 kV (EDS), respectively. The low acceleration
voltage chosen for EDS was shown to enable a more surface sensitive
spectroscopic assessment of element composition, in a previous study
[45]. For FIB cross-sectioning, an additional contrast layer of ~10 nm
AugoPdyo was applied by sputter coating before covering the investi-
gated site with a protective layer of electron and ion beam induced Pt-
deposition to preserve the substrate surface from ion-induced degrada-
tion. For EDS measurements, the sample was rotated to align the line
pattern on the surface with the azimuth angle of the detector to avoid
shadowing. SE imaging to investigate bacterial contact condition has
been conducted at ten different locations on samples of immersion
etched USP-DLIP Cu surfaces and both the Cu and stainless steel refer-
ences, whereas in-depth investigation of chemical surface modification
for S. aureus was executed on representative locations chosen from this.

4.3. Surface wettability

Contact angle (CA) measurements were conducted to monitor the
parallel influx of wettability on bacteria/surface interaction aside of
surface topography. The samples have been tested after three weeks of
aging in ambient condition, where surface wettability alteration after
USP-DLIP processing can be considered as stabilized [43]. The static
contact angle was monitored in triplicates for each surface by means of a
Drop Shape Analysator DSA 100 (Kriiss GmbH) using distilled water at a
fixed droplet volume of 3 pl. Statistical evaluation involved the deter-
mination of the arithmetic MV and standard deviation for the CA
measured on the different surfaces. The CA was detected both in
orthogonal and parallel orientation to also include anisotropic droplet
propagation on the line-like surface patterns.
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4.4. Wet plating

E. coli K12 (BW25113) was cultured via aerobically overnight
growth in lysogeny broth (LB) medium for 12 h at 37 °C with a shaking
speed of 220 rpm according to Molteni et al. [62]. Bacterial cells in the
stationary growth phase were collected from 5 ml culture medium by
centrifugation for 15 min at 5000 xg, which is followed by three
consecutive PBS washing steps involving identical centrifugation pa-
rameters. Finally, the bacteria testing solution (BTS) was gained by
resuspension in 5 ml of PBS. The hence achieved initial average cell
count ranges in the scale of 9 log CFU/ml. Prior to cultivation, the E. coli
bacteria have been stored for two weeks at 4 °C on agar plates after
cultivation from cryo-storage at —81 °C, which have been provided by
the Helmholtz Institute for Pharmaceutical Research Saarland (HIPS).

For the preparation of BTS containing S. aureus a single bacterial
colony from a previously prepared blood agar plate was added to 5 ml
tryptic soy broth (TSB). The bacterial solution was cultivated for 16 h at
37 °C and 150 rpm in an incubator. Afterwards, 40 pl of the bacterial
solution was transferred into 4 ml of TSB. To obtain bacteria in the
exponential phase this suspension was placed for 2.5 h at 37 °C and 150
rpm in the incubator. Subsequently, washing and centrifugation was
performed, where 1 ml of the bacterial suspension was centrifuged for 3
min at 17000 g, followed by three washing steps in PBS. Before culti-
vation, the S. aureus bacteria have been stored on blood agar plates at 4
°C for less than two weeks after cultivation from a cryo-storage in
glycerol stock at —20 °C. The utilized S. aureus wild-type strain SA113
(ATCC 35556) was provided by the Institute of Medical Microbiology
and Hygiene of the Saarland University medical center.

Following the wet plating method for heterogeneous surface wetting
properties described in a previous work [43], three droplets of 40 pl of
the BTS were applied to individual exposure areas predefined by poly-
vinyl chloride (PVC) rings exhibiting an inner circular diameter of 5 mm.
The slightly hydrophobic PVC prevent BTS spreading in case of hydro-
philic and provide anchoring edges to facilitate complete droplet
covering of the exposure area in case of (super-)hydrophobic surfaces.
Each sample was stored in water saturated environment at ambient
temperature during BTS exposure. Two doses of 5 pl each were with-
drawn after three individual exposure intervals, each time probing a
different droplet. Bacterial survival on the Cu surfaces was initially
monitored to define suitable exposure durations that allow for a
comparative assessment of bacterial viability on the different surfaces,
where complete killing of both bacterial strains could be initially
ascertained after 120 min of exposure. Due to the varying resilience of
the tested bacterial strains, E. coli cells were exposed for 20 min, 40 min
and 60 min, while S. aureus survival was monitored for 30 min, 60 min
and 120 min. Bacteria adhering to the surface were resuspended by
vigorous pipetting with a parallel tip orientation to the surface pattern to
avoid shadowing of the pattern valleys. The number of viable bacteria
was assessed using the standard plate count method by serial dilution of
one of the 5 pl doses in PBS followed by plating on LB/blood agar plates.
The inoculated agar plates were incubated overnight at 37 °C and 80 %
moisture followed by counting of the remaining colony forming units
(CFU) after the individual exposure intervals. The second 5 pl was
diluted 600-fold dilution in 0.1 % HNOs for further determination of the
corresponding Cu ion concentrations in the BTS by inductively coupled
plasma triple quadrupole mass spectrometry (ICP-QQQ, Agilent 8900
ICP-QQQ). The experiments were conducted in triplicates on separate
dates for each bacterial strain, where the evaluation of the statistical
variation of both CFU decrease and Cu-ion release is determined via
arithmetic MV and standard deviation.

In order to exclude the effect of surface enlargement by USP-DLIP on
bacterial viability as well as quantitative Cu ion release, the CFU and
ICP-QQQ results determined were normalized to a standardized surface
area and exposure duration, thus allowing for a more accurate com-
parison. The corresponding CFU reduction and Cu ion release rate were
defined by Egs. (2) and (3).
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FU CFU
CFU reduction rate = in < - 2) 2)
tep AS mincm
Clgmi M
Cu ion release rate — ——<mtd i < K 2) 3)
top AS mincm

Here, CFU accounts to the viable colony forming units per ml and
CUeminea to the release of Cu in pM detected after a defined exposure
interval t,,,. A is the exposed surface area of 0.196 cm? defined by the
circular PVC rings and S corresponds to the individual surface ratio
denoted in Fig. 1, where S = 1 in the case of the smooth reference
surfaces.

To allow for a better interpretation of the impact of the individual
USP-DLIP surface modifications on both CFU reduction and Cu ion
release rate, the deviation between the values measured on the different
USP-DLIP surface types and the Cu references was calculated by Eq. (4)
utilizing the arithmetic MV and supplemented in the bar graphs in
Figs. 3 and 4.

M VUSP —DLIP

C)
M VCu Ref.

ACFU reduction rate | ACu ion release rate —

The resulting factor A indicates an increase (> 1) or decrease (< 1) of
both the CFU reduction and Cu ion release rate by the respective USP-
DLIP treatment in comparison to the Cu references.
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