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Biofouling, caused by the attachment of micro- and macroorganisms, increases the fuel consumption of
ships and compromises aquatic infrastructure, especially by microbially induced corrosion. Conventional
anti-fouling strategies often rely on the release of toxic substances. Liquid-infused coatings offer an
alternative strategy, which has shown promising anti-fouling performance in maritime settings. In this
study, we focus on freshwater systems and investigate the performance of a set of recently developed
liquid-infused coatings with low environmental impact based on sustainable or non-toxic materials and
energy-efficient fabrication. We combine field studies at two freshwater bodies in Bavaria, Germany with
laboratory experiments focusing on corrosion and microbial attachment under controlled conditions.
Our results indicate that liquid-infused coatings with low environmental impact can show a reduction in
general biofouling, mussel attachment, and corrosion rates, as well as the attachment of Thiobacillus
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Introduction

Marine biofouling and microbially induced corrosion (MIC)
bring about great challenges for global shipping and water
infrastructure in both marine and freshwater systems."?
Biofouling is defined as the uncontrolled colonization of
submerged surfaces by aquatic species such as microorgan-
isms, micro and macro algae, or small invertebrates, including
mussels and barnacles.>* Biofouling negatively impacts indus-
tries in different aspects. Increased hydrodynamic resistance,
caused by drag forces from the roughened ship hulls, raises fuel
consumption and leads to higher emissions and costs for fuel
(by up to 40%)°> as well as time- and resource-consuming
cleaning procedures.*®*” Some microorganisms, e.g., sulfate-
reducing (SRB), sulfur-oxidizing (SOB), iron-oxidizing (IOB), or
iron-reducing (IRB) bacteria, can cause MIC through their bio-
films and metabolic products,*® and thus compromise the
stability of aquatic infrastructure. Various MIC mechanisms
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thioparus and Pseudomonas fluorescens, organisms known to cause microbially induced corrosion.

require completely different physical and chemical conditions,
but what they have in common is that they either directly or
indirectly promote the key reaction in the corrosion of iron-
containing metals: Fe® — Fe** + 2e . Commonly, these
mechanisms are classified according to the presence of oxygen
in a particular environment. Under anaerobic conditions, MIC
occurs, for example, through the production of metabolites that
enhance the oxidation of Fe° to Fe** by coupling it with the
reduction of H' to H,, through electron carriers (H, or organic
molecules) that shuttle electrons between Fe’ and microor-
ganisms or via direct metal-to-organism electron transfer.* In
this context, it was only recently shown that electrically
conductive pili in Geobacter sulfurreducens play a crucial role in
direct electron uptake from metallic iron,"” showing the
complex interplay between redox chemistry and microbiology.
Under aerobic conditions, on the other hand, MIC is promoted
by microbial recycling of Fe oxidants and by formation of
biofilms that lead to the generation of low-oxygen environments
in their deeper layers that enable the growth of anaerobes such
as SRBs." Certain species, such as the aerobic organism She-
wanella oneidensis, are also capable of direct metal-to-microbe
electron exchange.” In addition to the economic and safety
aspects that arise from the damage to infrastructure elements,
biofouling also has an ecological dimension as invasive species
are introduced to different ecosystems via ships, and can thus
suppress indigenous species."**°

This journal is © The Royal Society of Chemistry 2024
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Mussels are especially concerning because of their particu-
larly strong adhesion to many substrate materials, mediated by
a durable natural glue based on dopa-enriched proteins.** No
synthetic glue is similarly unaffected by water or turbulent
forces.”* The adhesion mechanism is an interplay of various
mussel foot proteins (Mfps), and the strength depends on the
curing of the polymer chains in the individual adhesion
proteins.>***> Thus, the removal of attached organisms is diffi-
cult and cost-intensive and the transport to different ecosystems
is widespread.

The combination of fouling occurring both at the micro (i.e.,
bacteria) and macro-scale (i.e., mollusks) complicates the
development of effective, broad anti-fouling approaches, as
several length scales need to be simultaneously addressed. In
the process, both fouling effects can be synergistically rein-
forced when microorganisms settle on the surface and provide
adhesion points for bivalves by shielding the underlying surface
chemistry.” Thus, effective coating strategies must be able to
prevent the adhesion of all fouling organisms.

Initial anti-fouling strategies were based on releasing toxins
like tributyltin (TBT).> However, as these biocides affect the
environment, their application is prohibited in large parts of
the world and should be generally avoided. TBT was found to
cause severe damage to several aquatic species and thus was
banned by the International Maritime Organization in 2008.>**
Other chemically active coatings contain, for example, copper or
zinc, which can also accumulate in invertebrates such as
copepods and amphipods.”® To avoid such negative environ-
mental impacts, coatings based on physical release mecha-
nisms that prevent the adhesion of biological species without
releasing potentially toxic species into the environment have
been the focus of research activities.***” In the last decade,
a new class of surface coatings, ie., slippery liquid-infused
porous surfaces (SLIPSs), emerged with promising anti-fouling
capacities at all length scales,”®** and significantly reduced
adhesion strengths.?*?¢ SLIPS coatings operate by confining
a thin film of a fluid lubricant within porous surface structures.
If the involved interfacial energies are properly controlled,***7%°
this liquid film is not replaced by a contaminating fluid or solid
and thus shields the surface against the adhesion of liquids,
contaminants, or organisms.*»**37*> Different variations of
this strategy replace the underlying porous substrate with
organogels,®>»**?>* or grafted, liquid-like molecules.***

To this point, field studies underlined the performance of
SLIPS coatings against biofouling, but have predominantly
explored marine environments,****3¢® while freshwater
scenarios remain underexplored.** While the shipping industry
may be primarily affected by marine biofouling, freshwater
systems host important water infrastructure, including flood-
gates, weirs, hydropower plants, and bridges. Freshwater
infrastructure may be less prone to corrosion compared to
chloride ion-rich sea water, but microbially induced corrosion
and macrofouling can compromise the operation of such
infrastructure and thus cause safety concerns. Therefore, an
evaluation of the performance of liquid-infused coatings
against biofouling in freshwater environments is important. A
critical aspect to be considered when developing anti-fouling
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coatings to be used in freshwater infrastructure is the envi-
ronmental impact, as such water bodies are often directly con-
nected to drinking water supplies. These concerns have led to
a more restrictive regulation of coatings to prevent the release of
fluorinated or potentially harmful substances.

In this article, we explore the performance of a set of recently
developed, environmentally friendly liquid-infused coatings
based on sustainable or non-toxic materials against biofouling
in German freshwater reservoirs. The coating processes are
scalable, have a low environmental impact, and are fabricated
with low energy consumption.*”~** We combine two field studies
at different locations. Using a well-accessible lake at Tiergarten
Nuremberg, Germany enables us to conduct a time-resolved
study on general biofouling. At lake Roth (Rothsee), Bavaria,
Germany, we explore the long-term performance of the coatings
that were continuously submerged within the water body. This
lake has been facing problems with the invasive species Dreis-
sena polymorpha (zebra mussel) and Dreissena rostiformis
bugensis (quagga mussel) for years and thus provides the perfect
ecosystem to study the combined effects of fouling at all length
scales. Additionally, we perform laboratory studies on electro-
chemical corrosion and the fouling of microorganisms known
to induce microbial corrosion to give a more detailed insight
into the protective properties of the tested coatings for
biofouling-related applications.

Experimental
Preparation of self-cleaning surfaces

Throughout this work, several slippery surface coatings that
were recently developed in our laboratory and showed prom-
ising liquid repellency properties, ie., infused poly(butyl
methacrylate) (ipBMA),* infused tung oil-based coatings with
silicon oil as a lubricant (i7uSi),*® infused tung oil-based coat-
ings with sunflower oil as a lubricant (iTuSu),” infused, func-
tionalized  polydopamine coatings (fpDa),””  infused
poly(dimethylsiloxane) (iPDMS),** and infused UV-cured poly-
dimethylsiloxane (i{UV-PDMS),* were tested, for which the
preparation procedures are described in the following.

Preparation of ipBMA, iTuSi, and iTuSu coatings. The coat-
ings based on 1-droplet systems were prepared following
procedures by Walter et al.®® and Dehm et al.*® Briefly, the
coating systems were prepared with 0.2 g poly(butyl methacry-
late) (pBMA, synthesized via miniemulsion polymerization from
butyl methacrylate, 99%, Sigma Aldrich) or tung o0il (100% pure
tung oil, Uulki, Belgium) as binder and 0.4 g hydrophobic
fumed silica particles (Aerosil R805, Evonik). The components
were dissolved and dispersed in 6 g tert-butyl acetate (¢ButAc,
=99%, Merck KGaA). Afterward, 24 g of a sodium dodecyl
sulfate (SDS, =99%, Carl Roth) solution in ultrapure water (3.2 g
L") was added and the mixture was ultrasonicated under ice-
cooling for 180 s at 90% amplitude (Sonifier 450D, Branson,
1/2" tip) to form stable microdroplets in water.

Next, superhydrophobic coatings were applied on poly-
carbonate or black carbon steel (S355]2+N according to DIN EN
10025-2), cleaned by ultrasonication in ethanol (99.5% dena-
turated, Carl Roth) and water. The coatings were applied with
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a spray gun (Evolution Silverline Two in One, Harder & Steen-
beck). Each coating was sprayed three times with a 30 s drying
time in between each cycle to coat the substrates sufficiently
and achieve superhydrophobicity. The spray nozzle was placed
15 cm from the substrate. After the coating process was
completed, the samples were dried horizontally at room
temperature. In the case of the coatings containing tung oil, an
additional UV treatment (Bio-Link 365, Vilber, A = 365 nm) of
6 h was applied to fully cure the binding material. Also, a primer
layer was applied underneath the coating by spraying pure tung
oil and cured for 1 h before applying the coating system, as this
has been shown to increase the adhesion to the substrate and
avoid delamination.*® Subsequently, the coated slides were
washed by immersion in deionized water.

To form the slippery liquid-infused porous surfaces the
superhydrophobic coatings were infiltrated using silicone
(ipBMA, iTusSi) with a viscosity of 10 ¢St or sunflower oil ({TuSu)
with a viscosity between 60 and 70 cSt by spraying the respective
oil on top of the coating three times.

All coatings were visually examined to ensure that they were
uniform and characterized concerning their wetting properties
via the contact angle before and after infiltration with the
lubricant (to ensure superhydrophobic properties), and by
contact angle hysteresis and sliding angles after infiltration
with the lubricant. To provide quality control for all coatings
used in this study, we used the established and published
coating procedures in our lab (shown in ESI Fig. SI1}),*~°
determined reference values for all wetting parameters (contact
angle, contact angle hysteresis, and sliding angles), which are
listed in Table SI1,T and only used coatings that had parameters
with the following deviations from these reference data: contact
angle of non-infused surfaces: less than 7° deviation from the
reference value; contact angle hysteresis: less than 3° deviation
from the reference value; sliding angles: less than 3° deviation
from the reference value.

Preparation of fpDa coatings. The liquid-infused coatings
were prepared following protocols for a one-step*® and an
environmentally more benign two-step*” approach that avoids
the use of organic solvents on different materials (glass, black
carbon steel, polycarbonate). The substrates were cleaned by
ultrasonication in ethanol and water and pre-treated with
oxygen plasma for 5 min at 10 sccm oxygen flow and 100 W
plasma power.

For the two-step approach, the samples were first coated with
a polydopamine (pDa) coating. This step was performed as
follows. An aqueous solution containing 1 g L' dopamine HCl
(=98%, Sigma-Aldrich) and 10 mM tris(hydroxymethyl)amino-
methane (TRIS, =99.9%, Carl Roth) was prepared and the
samples were immersed with stirring at 900 rpm for 24 h.
Afterward, the samples were rinsed with water and dried at
room temperature. In a second step, the pDa-layer was func-
tionalized for at least 48 h by adding silicone oil (15 uL cm?)
containing 20 mM monoaminopropyl-terminated poly-
dimethylsiloxane (MAP-PDMS, MCR-A11, >95%, Gelest Inc.)
and 20 mM triethylamine (TEA, 99%, Sigma Aldrich). In the
course of this time, the MAP-PDMS reacts with the pDa coating
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to functionalize the surface in situ and thus hold the inert sili-
cone oil layer in place.

The one-step approach was based on spray-coating a reactant
mixture on the samples, which was then allowed to react for
96 h at room temperature. The mixture was prepared by first
dissolving 0.04 g dopamine HCl in 40 mL tetrahydrofuran (THF,
99.9%, Carl Roth) and methanol (MeOH, =99.5%, Carl Roth) at
aratio of 1: 1 by volume. Next, 20 mM TEA, 20 mM MAP-PDMS,
and 100 mM silicone oil were added. The reaction mixture was
applied in seven spray cycles using a manual spray bottle at
a 15 cm distance, 45° inclination, and with a 30 s pause in
between the cycles.

Preparation of iPDMS coatings. iPDMS samples were
prepared on glass and polycarbonate substrates, which were
cleaned by ultrasonication in ethanol and water and pre-treated
with oxygen plasma for 5 min at 10 sccm oxygen flow and 100 W
plasma power. Following a modified protocol by Amini et al.**
a Dowsil™ Sylgard 184 elastomer kit (Dow, Inc., Midland, US)
was used, and the base and curing agent were mixed thoroughly
in a 10:1 ratio before being applied to the substrate (0.05 g
em™?) and distributed with a spatula. After curing for 4 h at 80 ©
C the PDMS was infused with excess silicone oil (viscosity of 10
cSt) for at least 48 h before using further.

Preparation of iUV-PDMS. The i{UV-PDMS coatings were
prepared on glass and black carbon steel substrates following
an adapted procedure by Tesler et al.*® The surfaces were
cleaned by ultrasonication in acetone (Carl Roth) and ethanol
for 10 min and afterward horizontally placed into a Petri dish
under a quartz cover. Approximately 20 uL cm 2 silicone oil (500
cSt, Carl Roth) was dropped to cover the entire sample surface
and uniform coverage was achieved by tilting the sample. Last,
the samples were illuminated for 1 h using a medium-pressure
ultraviolet (UV) mercury (Hg) lamp at 1 kW (UVAPRINT HPV,
Hoenle AG, Germany) at a working distance of ~20 cm between
the lamp and substrate.

Biofouling study

The anti-biofouling performance of the different coatings was
tested in two field studies during fall 2021 and 2022, in which
the extent of biofouling on the surfaces was observed. To this
end, 15 x 15 cm substrates (glass, polycarbonate) were coated
with the different systems in triplicate. The backside of the glass
substrates was coated with white VC Tar 2 (International) or
light grey car paint (Nigrin) to exclude visible fouling on the
non-coated backside. The samples were mounted in self-built
frames and put into a pond at the zoo in Nuremberg, Ger-
many for 12 weeks. To exclude any site-specific influences the
samples were randomly ordered across all frames. The frames
were placed vertically at a depth of 50 cm on stilts and fixed to
the border of the pond using tent pegs. The position of the
samples was chosen to allow simple access to the samples from
the shoreline and sufficient immersion to ensure continuous
immersion during the field study. They were placed at the
northwest shoreline of the pond facing the course of the sun
from southeast. To observe the biofouling, the samples were
shortly removed from the water every two weeks and a picture of

This journal is © The Royal Society of Chemistry 2024
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each coating was taken at constant lighting using a self-built
photobox equipped with a camera (Sony), a softbox (Godox)
and a flash (V1S, Godox). The images were evaluated using
Image] by cropping the borders off at 1 cm, setting it to default
and a threshold of 60 to determine the coverage with fouling
species by evaluating black pixels per image.

Macrofouling by zebra and quagga mussels

The performance of the different coatings against macro
fouling was tested in a field study during the summer and fall of
2022 at lake Roth, Bavaria, Germany, in which the adhesion of
Dreissena polymorpha and Dreissena rostiformis bugensis on the
surfaces was observed. 15 x 15 cm substrates (black carbon
steel) were coated with the different systems in triplicate. The
backside of the steel was coated with white VC Tar 2 (Interna-
tional) to protect the material from corrosion. The samples were
mounted in self-built frames and put into the nature reserve of
lake Roth for four months. To exclude any site-specific influ-
ences the samples were randomly ordered across all frames.
The frames were placed vertically at a depth of 3 m hanging on
a swimming platform anchored to the bottom of the lake. To
observe the biofouling, the samples were removed from the
water after four months and a picture of each coating was taken
at constant lighting using a self-built photobox equipped with
a Camera (Sony), a softbox (Godox), and a flash (V1S, Godox).
The mussels on the samples were counted using Image].

Electrochemical corrosion measurements

The coatings' resistance to electrochemical corrosion was tested
on black carbon steel samples (3 x 5 cm) non-coated and coated
with the different slippery systems. The bare steel samples were
cleaned in acetone and ethanol in an ultrasonic bath for 10 min
each prior to electrochemical measurements. The experiments
were performed in a 0.1 N sodium chloride (NaCl, >99.8%, Carl
ROTH) electrolyte and a three-electrode configuration. The
respective sample was connected as the working electrode, with
a platinum electrode as the counter electrode, and a reversible
hydrogen electrode as the reference electrode. The coatings
were in contact with the electrolyte through a circular opening
with a diameter of 2 cm sealed by an O-ring (12.6 cm?). Open-
circuit potential (OCP) measurements were conducted until
reaching a stable value (Zahner Zennium electrochemical
workstation). Subsequently, potentiodynamic polarization was
performed at room temperature from —300 mV with respect to
OCP up to 2 V in the anodic direction at a 1 mV s~ " scanning
rate. The corrosion inhibition efficiency (IE) was calculated as
follows:

IE = (Icorr.O - Icorr,c) % 100%

corr,0

where I.om is the corrosion current density of the uncoated
sample and I o ¢ is the corrosion current density of the coated
sample. The values were obtained after the polarization exper-
iments using the Tafel method by extrapolation of the anodic
and cathodic current densities at +50 mV from the OCP.

This journal is © The Royal Society of Chemistry 2024
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Laboratory study on corrosion-inducing microorganisms

Bacteria and growth conditions. Two aerobic bacteria were
used as model microorganisms for biofilm formation and
analysis: Pseudomonas fluorescens strain DSM 50090 and Thio-
bacillus thioparus strain DSM 505. Both bacteria were obtained
from the German Collection of Microorganisms and Cell
Cultures (DSMZ, Braunschweig, Germany). The cells were
cultured at 30 °C, either in Tryptone Soya Broth (TSB) medium
(P. fluorescens) or in 290 S6 medium (7. thioparus). Optical
density (OD) was measured at 600 nm in the case of P. fluo-
rescens or at 500 nm in the case of T. thioparus. For ODsgg
measurement, cells were washed with phosphate buffered
saline (PBS) by centrifugation at 16 000g for 10 min at room
temperature to avoid interference from media components at
this wavelength.>

Biofilm experiments and quantification. Biofilm experi-
ments were done in triplicate with steel coupons (2.5 x 3 cm) as
model surfaces. Prior to setting up an experiment, coupons
were sterilized with UV light (100 000 mJ cm™?) in a UV cross-
linker (UVLink 1000, Analytik Jena). Experiments were per-
formed in 200 mL Erlenmeyer flasks with 40 mL medium. OD
was adjusted to an initial start OD of 0.1. All incubation steps
with steel coupons were performed without shaking. Cultiva-
tion time with coupons was 4 days for P. fluorescens and 12 days
for T. thioparus reflecting their differences in growth rates. The
medium was then carefully removed and the coupons were
gently washed once with the medium to clear them from non-
adherent cells. Afterward, the biofilm was detached from the
coupons by rinsing with 4 mL of medium using a pipette and
transferred into Falcon tubes.

Dividing bacteria were quantified by determination of colony
forming units (CFU) on TSB agar plates in the case of P. fluo-
rescens or on 290 S6 agar plates in the case of T. thioparus. For
this purpose, plates containing 15 g L™ agar were inoculated
with serial dilutions of bacterial biofilm and incubated at 30 °C
for two 2 or 10 days, respectively. After this time, colonies were
counted, and CFU mL ™" was calculated. The statistical signifi-
cance of observed differences in biofilm formation between the
reference and coated samples was determined using an
unpaired ¢-test for equal variances.

Results and discussion
Preparation of environmentally friendly slippery coatings

For this study, we selected different liquid-infused coatings with
low environmental impact that were developed in recent years
in our laboratories.*”-** All coatings are prepared from aqueous
dispersions, avoiding the excessive use of organic solvents, and
applied at room temperature to minimize energy consumption.
The selection includes coatings representing the three general
strategies to create liquid-infused coatings, i.e., SLIPSs, orga-
nogels, and grafted liquid-like molecules.>

The first set of coatings includes three types of environ-
mentally benign SLIPS coatings, formed from aqueous disper-
sions of a polymeric binder and hydrophobic silica particles.
Together, these components form the porous structure into
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a ipBMA/
iTuSi/
iTuSu

c iUv-PDMS

slippery liquid-infused

slippery functionalized slippery

porous surface polydopamine UV-grafted PDMS

@ polymethacrylate/ natural drying oil % fumed silica @ polydopamine silicone oil/ sunflower oil

Fig. 1 Schematic illustration of the different environmentally friendly
slippery coatings included in this study. (a) Liquid-infused porous
surfaces based on polymethacrylates (ipBMA) or natural drying oils
(iTuSi/iTuSu) as a polymeric binder, fumed silica as a structuring
component, and silicone oil (ipBMA/iTuSi) or sunflower oil (iTuSu) as
a lubricant. (b) Silicone oil-infused functionalized polydopamine
coating (fpDa). (c) Silicone oil-infused UV-grafted poly-
dimethylsiloxane (iUV-PDMS) coating.

which the fluid lubricant is infused (Fig. 1a). The three samples
differ in their components. Infused poly(butyl methacrylate)
(ipBMA) coatings use silicone oil as the lubricant and constitute
all-synthetic coatings.” The polymeric binder can be replaced
by naturally occurring tung oil (Tu), which is infused with sili-
cone oil (Si) to form the liquid-infused iTuSi coatings.*® In this
case, a first primer layer of pure tung oil was added to improve
the incorporation of the silica particles and the substrate
adhesion.”® Replacing synthetic silicone oil as the lubricant with
natural sunflower oil (Su) forms the fully renewable iTuSu
coating.*® Detailed schematics of the fabrication of these coat-
ings are shown in Fig. SI1a,T and the development, optimiza-
tion, and characterization of all coatings are reported in
previous publications.***°

The second set of coatings represents the class of infused,
grafted liquid-like molecules, and consists of immobilized
polydimethylsiloxane (PDMS) chains that are bound to the
underlying surface to match the chemical nature of silicone oil
used as the lubricant. Infused, functionalized polydopamine
coatings (fpDa) take advantage of a pDa base layer, which is
functionalized with monoaminopropyl-terminated poly-
dimethylsiloxane chains to minimize the interfacial tension
with silicone o0il.” Infused, UV-grafted PDMS (iUV-PDMS) is
fabricated by irradiating a thin fluid silicone oil film to cova-
lently anchor PDMS chains to the underlying surface.** The
detailed fabrication processes are shown in Fig. SI1b and c,f
and coating process details and characterizations are reported
in our previous publications.*”*

As a representative of the last class of liquid-infused coat-
ings, we included silicone oil-infused PDMS (iPDMS) as an
organogel widely used as a liquid-infused repellent
coating,****** with a demonstrated performance against marine
biofouling.****

For this study, we chose polycarbonate (PC) and black carbon
steel (S355]2+N according to DIN EN 10025-2) as two relevant,
but chemically different substrate materials. PC is often used
e.g. in boat hulls, while carbon steel is the material used in
pipes, and Bavarian aquatic infrastructure, such as pipes, rakes,
floodgates, and weirs.

15282 | J Mater. Chem. A, 2024, 12, 15278-15289

View Article Online

Paper

Biofouling in freshwater lakes

We assessed the performance of all coatings against biofouling
in freshwater bodies in two field studies. The first study was
performed for three months during fall 2022 at a pond at
Tiergarten Nuremberg, Germany. This pond was well accessible
and allowed a time-resolved study of biofouling, especially with
algae. For this study, we chose PC substrates (15 x 15 cm) and
used all coatings in triplicate. The samples were randomly
placed into holders, which were anchored vertically within the
pond at a depth of 50 cm (Fig. SI2at). Biofouling was investi-
gated every two weeks by removing the samples from the water
and taking images while ensuring identical light conditions.
Fig. 2 summarizes the results of this time-resolved study.

Fig. 2a exemplarily shows photographs of two representative
samples throughout the field study. The uncoated PC reference
(top row) experienced significant fouling already in week 4,
which densified in the course of the study and completely
covered the entire substrate. The infused poly(butyl
methacrylate)-based SLIPS coating (ipBMA; bottom row),
however, showed a much lower fouling coverage compared to
the uncoated reference.

We quantitatively compared the biofouling of all tested
samples by image analysis of the photographs taken every two
weeks to determine the degree of coverage. Fig. 2b shows the
evolution of biofouling determined from this image analysis.
The ipBMA coatings outperformed the other environmentally
friendly coatings and decreased the fouling by almost 80%
compared to the uncoated reference. Similar trends were also
found for coatings on glass substrates in a preliminary study in
the fall of 2021 (Fig. SI3a and ct), underlining the broad
adhesion of the ipBMA coating on different surfaces. A good
performance was also observed for the iUV-PDMS coatings
which reduced the fouling by 50% after week 12 (Fig. SI3b and
dt), albeit only on glass substrates since it was not possible to
coat PC substrates due to insufficient hydroxy groups on the
polymeric substrate.

The iPDMS and iTuSi coatings showed a reduction in
biofouling compared to the reference until week six, while
afterward, the fouling increased drastically (Fig. 2b). In the case
of the iPDMS, which has been shown to be very effective against
marine biofouling,* the loss of performance could be tracked to
a detachment of the PDMS film from the underlying substrate.
In a reference experiment included in this study, we used a glass
substrate, where the adhesion to the PDMS layer is known to be
better,*” and found iPDMS being efficient against biofouling
(Fig. SI3a and ct), in agreement with reports in the literature on
marine biofouling.** Both the sunflower-oil-infused iTuSu
coating and the functionalized polydopamine-based coating
fpDa failed already after two weeks and showed comparable
biofouling as the uncoated reference.

When comparing the three SLIPS-based coatings, we note
that all coatings initially showed a large reduction in biofouling
but eventually failed in their performance over time. jpBMA
showed the best performance and only exhibited an onset of
biofouling at the last time points of the study, while iTuSi
showed a decreased performance from week 8, and iTuSu

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Biofouling of coated polycarbonate substrates immersed in a pond at Tiergarten Nuremberg, Germany in fall 2022. (a) Exemplary images
of the fouling development on an uncoated reference (polycarbonate, upper row), and an ipBMA sample (bottom row) before and after 4, 8, and
12 weeks of immersion. (b) Quantification of biofouling via image analysis of substrate coverage of all tested coatings.

already failed after 4 weeks. While the exact origin of the failure
cannot be determined from this study, we note that during this
time-resolved study, the substrates were removed from the
water at regular intervals to image and quantify the fouling
process. This removal from the water phase induces a drying
step and the creation of a three-phase contact line between the
lubricated surface, water, and air associated with the meniscus
of the water film receding from the surface. It has been shown
in the literature that such three-phase contact lines deform the
lubricant film, which forms wetting ridges along the water
surface.>**° These wetting ridges have been shown to be a major
source of lubricant depletion, which is sheared off along with
the meniscus of the receding water phase.?”*® Notably, this loss
mechanism is enforced by the design of this field study by the
periodic removal of the substrates. In these challenging
conditions, the ability to retain the lubricant in these scenarios
was highest for ipBMA, followed by iTuSi and iTuSu, which
correlates with the decreasing hydrophobicity of the compo-
nents of these coatings.”® This correlation suggests that the
interfacial energies, which are tailored by matching the hydro-
phobicity of the surface texture and lubricant, can influence this
physical removal of the lubricant. Following this hypothesis, an
improved performance can be expected for an experimental
design with a continuous submersion, as we will discuss below.
Similar to the case of ipBMA, the iTuSi coating showed the same
performance when coated on glass, again underlining the
versatility of the coating process with respect to the underlying
substrate (Fig. SI3et). Lastly, despite efficient repellency prop-
erties under laboratory conditions,*” the fpDa coating showed
no fouling decrease compared to the uncoated reference. We
note however, that a chemically similar coating, prepared in
a one-step process involving organic solvents,* showed
a decrease in biofouling of approximately 80% compared to an
uncoated reference (Fig. SI3a and ct). In this case, the transfer
to an environmentally benign approach was not successful
against biofouling.

This journal is © The Royal Society of Chemistry 2024

Fouling with Dreissena species

Complementing the investigations of biofouling in freshwater
systems, we evaluated the coatings in a second field study in the
summer and fall of 2022 in lake Roth (Rothsee), Bavaria, Ger-
many. This lake was chosen since it has a known population of
intrusive Dreissena polymorpha and Dreissena rostiformis bugen-
sis species with a large detrimental impact on the water infra-
structure in this lake. In this study, we used carbon steel
substrates (15 x 15 cm panels). Due to limitations in available
space, we excluded iPDMS and iTuSu in this study since they
showed poor performance in the first study. The substrates were
attached at a water depth of 3 m to a platform anchored in the
center of the lake (Fig. SI2bt). After four months of continuous
immersion (Nov. 2022), we removed the substrates and char-
acterized the biofouling by image analysis, and, in particular, by
counting the number of settled Dreissena mussel species
(Fig. 3).

We first qualitatively evaluated the general biofouling from
photographs taken at the end of the four-month immersion.
Note that due to the dark color of the steel panels, a quantitative
image analysis as in the time-resolved study at the Tiergarten
pond (Fig. 2) was not possible. Fig. 3 a shows that the uncoated,
bare steel reference exhibited pronounced biofouling. Fig. 3b
shows exemplary photographs of the different environmentally
friendly liquid-infused coatings. A decrease in fouling
compared to the uncoated reference was seen for ipBMA and
iTuSi but not for iUV-PDMS and fpDa, again in qualitative
agreement with the study on PC substrates at the Tiergarten
pond (Fig. 2).

Additionally, we found areas with evenly distributed mussels
or the formation of mussel colonies on all fpDa, iUV-PDMS, and
uncoated reference samples (Fig. 3a and b). We quantified this
macrofouling based on mussel attachment by manually
counting Dreissena mussels on all substrates (Fig. 3c). This
quantification supports the qualitative impression of the
samples. Firstly, the number of mussels attached to the fpDa
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Fig. 3 Biofouling on uncoated and coated steel samples during a field study in summer/fall 2022 at lake Roth, Germany. (a) Exemplary
photographs of biofouling on uncoated carbon steel as a reference after four months. (b) Exemplary photographs of the biofouling on different
environmentally benign liquid-infused coatings. All scale bars correspond to 3 cm. (c) Average number of attached mussels (Dreissena poly-

morpha/Dreissena burgensis) on the different samples.

substrate was in the same range as the number on the uncoated
carbon steel substrate. i{UV-PDMS showed even slightly higher
numbers, indicating that these coatings did not prevent mac-
rofouling. The number of mussels counted on the ipBMA
substrates was approximately half of the count on the uncoated
reference, showing an anti-fouling performance of this coating.
The lowest numbers were found on the iTuSi coatings, with
a reduction of ~85% with respect to the uncoated reference. As
hypothesized above, the improved performance of the iTuSi
sample may be attributed to the continuous immersion in this
study. In addition, this sample was also prepared using a tung
oil primer layer to improve the integration and adhesion of the
silica particles forming the porous support.*® Notably, despite
a comparable overall coating thickness (~2-3 pum)***° this
primer layer may further protect the coating against fouling,
compared to the ipBMA coating, either by partial swelling with
silicone oil or by providing an enhanced physical barrier.
Summarizing both field studies, the environmentally
friendly SLIPS coatings exhibited significant reductions of
biofouling, which depended on environmental boundary
conditions such as the removal from the water phase. Best
performances were found for continuous immersion, where the
developed SLIPS coatings provided efficient resistance to
fouling even over extended periods of time. These coatings
showed similar performances on all tested substrate materials.
Liquid-infused coatings based on surface functionalization with
silicone oil chains did not provide an efficient reduction of
biofouling, except UV-PDMS coated on glass substrates. Our
results align well with previous studies on lubricant-infused
surfaces in different scenarios. These studies demonstrated
that loss of lubricant mediated by liquid menisci is difficult to
avoid and can lead to degradation of performance.>” When
submerged in water, however, these studies showed the ability
of liquid-infused coatings to retain repellent and self-cleaning
properties over extended periods of time or large water

15284 | J. Mater. Chem. A, 2024, 12, 15278-15289

volumes, for example in preventing protein adsorption® or
marine biofouling.**

Electrochemical corrosion

As carbon steel is a widely used material in aquatic infrastruc-
ture, the fundamental corrosion behavior of coated steel was
investigated in a laboratory setting under controlled conditions
to complement the real-world corrosion detected in the field
studies. After the four months of incubation in lake Roth,
corroded spots on the reference steel panel and the panels
coated with fpDa and iUV-PDMS were found, while none of the
other samples showed any visible signs of corrosion. Corrosion
of uncoated carbon steel is expected to occur under exposure to
natural waters, hence non-occurrence of visible corrosion after
4 months of immersion demonstrates good corrosion protec-
tion by most of the coatings studied here. It has been previously
shown that liquid-infused coatings can be effective against
corrosion,**”® but this effect may be compromised in long-term
exposures by loss of lubricant.

In addition to corrosion observations from field studies, we
investigated the corrosion protection ability of the different
coatings via standard potentiodynamic polarization measure-
ments in a 0.1 N sodium chloride solution (Fig. 4a). Since such
electrochemical characterization requires sufficient conduc-
tivity of the electrolyte, the use of similar freshwater as in the
field studies is not possible in our electrochemical experiments.
We therefore chose controlled conditions with a fixed concen-
tration of 0.1 M NacCl, an electrolyte that is present in natural
waters, albeit at lower concentrations in the case of freshwater.
The use of this more aggressive electrolyte also allows us to
probe corrosion in shorter times compared to the field study,
and therefore facilitates the detection of differences and the
comparison between the involved samples with a diverse
coating structure.

This journal is © The Royal Society of Chemistry 2024
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The polarization curve of the bare steel sample shows active
dissolution, observable by a continuous increase of the current
density in the anodic branch. At high anodic current densities,
a diffusion-controlled regime is reached. For all coated samples,
significantly lower anodic current densities can be observed,
especially under moderate anodic polarization. This indicates
that all coatings provide substantial corrosion protection, with
notable differences in the first anodic current density plateau
(indicating different barrier properties of the different coat-
ings). The polarization curves moreover indicate that corrosion
protection of the studied coatings is mostly provided by block-
ing the anodic metal dissolution reaction (as only minor
decreases in the cathodic current densities are observed for the
coated samples). It is noteworthy that for all coated samples,
a steep increase of the anodic current densities occurs at
approximately 0.375 V indicating a loss of the protective prop-
erties of the coatings - in agreement with previous observations
for similar coatings.®® A second current increase is caused by
oxygen evolution starting at 1.23 V (onset potential for water
oxidation). To directly compare the corrosion protection effi-
ciency of the different coatings under free corrosion conditions,
the inhibition efficiency was calculated from the i .. values
obtained from the polarization curves (as explained in the
Experimental section). All coatings suppressed corrosion to
some extent with the highest indicated corrosion inhibition
efficiency (IE) of 95.6% for the iTuSi coating which showed
a decrease in its corrosion current density I, by more than one
order of magnitude. The lowest IEs of 75.3% and 76.8% were
found with iTuSu and iUV-PDMS coatings, respectively. The
ipBMA and fpDa coatings both showed an intermediate IE with
86.2 and 80.9%, respectively. The iUV-PDMS coating reached
similar current densities to those of the uncoated reference at
a potential of approximately 0.48 V, indicating that the coating
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detached or disintegrated at these voltages. At approximately
1.75 V the fpDa coating also reached the current density of the
bare steel sample, indicating failure or decomposition of the
coating. In both cases, defects within the coatings may also
serve as attacking sites for chloride ions and the onset of pitting
corrosion. As {UV-PDMS successfully prevented corrosion in
previous studies***** we suspect that the lower amount of
surface hydroxy groups on carbon steel may prevent a thorough
anchoring of the PDMS chains in the process, compromising
the quality of this type of coating on steel. Noteworthily, all
other coated samples showed a reduced current density
compared to the uncoated reference throughout the entire
potential range probed in the experiment. Photographs of all
samples after the potentiodynamic polarization support this
interpretation (Fig. 4 d): i{UV-PDMS and fpDa samples exposed to
potentials of 2 V showed clear signs of corrosion which were
comparable to those of bare black steel, even though corrosion
occurs at a defective site only, whereas a fpDa sample exposed to
only 1 V did not show any visible corrosion and retained its
repellency properties. Samples coated with ipBMA, iTuSu, and
iTuSi did not show macroscopic corrosion upon exposure to
potentials up to 2 V and retained their repellency (Fig. 4d).
When investigating the polarization curves in detail, spikes with
higher current densities which rapidly decrease to lower current
densities can be seen. We hypothesize that these spikes origi-
nate from localized attacks of chloride ions initiating pitting
corrosion.”” Due to the self-healing effect of the liquid-infused
coatings such localized corrosion initiation events were sup-
pressed rapidly, recovering the lower current density. Micro-
scopic examinations of the liquid-infused coatings after
polarization gave direct evidence of such pitting corrosion
(Fig. 4c).

macroscopic images after potentlodynamlc polarization

reference fpDa 2V fpDa 1V

ipPBMA

iTuSu iTuSi iUV-PDMS

Fig. 4 Corrosion behavior of carbon steel with different liquid-infused coatings in 0.1 N NaCl electrolyte. (a) Potentiodynamic polarization
curves (potential plotted against RHE). (b and c) Microscopic investigation of the resultant corrosion behavior. All scale bars are 500 pm. (d)
Photographs of the different samples after the potentiodynamic polarization. All scale bars are 1 cm.
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Summarizing these experiments, all our developed, envi-
ronmentally friendly liquid-infused coatings can suppress
corrosion of carbon steel under mild conditions. The most
effective corrosion resistance was achieved by the tung oil-based
iTuSi coating. This increased performance, also compared to
that of the synthetic, poly(butyl methacrylate) coating, may be
caused by the properties of the polymer itself or the presence of
a primer layer of bare tung oil that was incorporated in the
coating.

The electrochemical corrosion studies do not provide infor-
mation on the long-term protection ability of the coatings, and
the possible influence of microbes present in natural waters on
the corrosion performance is ignored in the simplified elec-
trochemical investigations under laboratory conditions. There-
fore, corrosion rates determined by long-term immersion
experiments in field studies are not expected to be identical to
corrosion rates determined by electrochemical measurements
on freshly coated samples. However, electrochemical measure-
ments are helpful for fast screening of the performance of the
different coatings in comparison, and in addition reveal details
on the origin of the observed corrosion protection effects (e.g:,
blocking of metal oxidation/dissolution vs. deceleration of
reduction reactions).

Laboratory studies of bacterial attachment using model
microorganisms known to be involved in MIC phenomena

While electrochemical corrosion is directly related to the ability
of the corroding electrolyte (with aggressive ions) to reach the
surface, MIC is a more complex, multistage process that
requires the attachment of microorganisms to the surface, the
formation of a biofilm, and the subsequent corrosion, e.g. as
a result of metabolic products produced from organisms within
this biofilm.? In addition, multiple microorganisms are known
to form synergistic communities with complex interactions that
can cause more severe MIC phenomena.***** The field studies
have shown an efficient prevention of corrosion on most coated
surfaces (see above), corroborated by an increased resistance to
electrochemical corrosion in laboratory tests. To assess whether
MIC phenomena can also be reduced by the liquid-infused
coatings, we reduced the complexity of the process and
focused on the initial step, the attachment of relevant micro-
organisms to the different surfaces. To this end, we chose P.
fluorescens and T. thioparus, two aerobic organisms with
a known involvement in MIC.*>* This choice was motivated by
the position of our substrates in the field studies in near-surface
regions with plenty of access to oxygen. During the initial
colonization of the metal surfaces, a thick film of aerobic
organisms must first form before anaerobic organisms can also
grow in oxygen-depleted zones in its deeper layers near the
metal-biofilm interface.' Since the growth of the anaerobes is
thus substantially influenced by the presence of aerobic
organisms and their metabolism, including their extracellular
polymeric substances, we have limited our model studies to the
initial steps of biofilm formation by two oxygen-dependent
microorganisms, which is a necessary first step in the evolu-
tion of a more complex, multicomponent MIC-active biofilm.

15286 | J. Mater. Chem. A, 2024, 12, 15278-15289
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Whereas T. thioparus is a sulfur-oxidizing bacterium (SOB),*® P.
fluorescens is an Mn** oxidizing bacterium (MOB),*” and both
constitute important groups of corrosion-causing bacteria®
typically co-existing with many other microorganisms in
a natural biofilm structure. Focusing on the formation of bio-
films of single species thus represents a severe reduction in
complexity that does not directly investigate the amount of
actual corrosion produced by the formed biofilms, nor does it
focus on synergies between multiple organisms or the effect of
anaerobic conditions likely to occur in closed pipes. The goal of
this study therefore is a more general assessment of the role of
surface properties in controlling microbial attachment.

For quantitative analysis of biofilms, there are several
methods with individual advantages and challenges.®® In this
study, a CFU mL~" assay was used to quantify the number of
cells of P. fluorescens and T. thioparus attached to steel coupons
after growth periods of 4 and 12 days, respectively. This assay,
also referred to as divisible cell counting, is based on the
separation of individual cells on agar plates, which then grow
into colonies that are visible without the aid of additional dyes
or equipment. For this purpose, the biofilms were detached
from the coupons by rinsing them with a specific volume of
liquid. The cell suspensions were then plated out on agar plates
at various dilution levels and analyzed.

As can be seen in Fig. 5a, all coated samples showed at least
an 80% reduction in biofilm formation of T. thioparus compared
to the uncoated reference samples. All reductions were statis-
tically significant (p < 0.01). While the results of counted CFU
were generally in agreement with the macroscopic evaluation of
biofilm formation (Fig. SI4f), there was one exception: visual
inspection revealed that the biofilm on the iUV-PDMS-coated
coupons was clearly the most pronounced after the reference.
Even after the biofilm was removed by rinsing, a slightly milky
top layer was visible, which can be attributed to the strong
attachment of the cells. Thus, incomplete biofilm removal may
result in comparatively low values of CFU determination.
Therefore, iUV-PDMS is the least suitable coating to prevent
biofilms of this organism, which is in line with the poorer
performance of this coating in the field studies and the elec-
trochemistry experiments. For the uncoated reference,
complete removal of the biofilm was also difficult (Fig. SI47).
However, this incomplete removal only leads to an underesti-
mation of the adhering microbial counts, so the positive effect
of the coatings tends to be underestimated and the reduction of
biofouling is even more pronounced.

The effect of the different coatings on the biofilm formation
of P. fluorescens was also investigated. In contrast to those of T.
thioparus, the biofilms formed by these bacteria were easily
removed from all coupons (Fig. SI5T). As summarized in Fig. 5b,
the number of surface-attached cells was reduced by the
different coatings around 50%. Apart from the iTuSu coating (p
= 0.056), all reductions were statistically significant (p < 0.05).
We suspect that the comparatively weaker effect of the coatings
against P. fluorescens could be due to the well-known production
of surface-active molecules by this organism.” The secreted
biosurfactants could change the surface chemistry of the

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Bacterial attachment on carbon steel substrates coated with different liquid-infused coatings. The number of cells attached to the
substrates was evaluated via the counting of colony-forming units (CFUs). All values represent the mean + SD from triplicate experiments and are
shown relative to the uncoated reference. (a) Thiobacillus thioparus. Values that are significantly different from the bare steel control are marked
with an asterisk (*) (o < 0.05). The value for iUV-PDMS is shown as a shaded bar because it is underestimated due to the incomplete detachment
of the biofilm from the coupon. (b) Pseudomonas fluorescens. Values that are significantly different from the bare steel control are marked with

an asterisk (*) (p < 0.01).

coatings and thus compromise their repellency properties,
leading to less pronounced biofilm prevention.

Although the extent of biofilm prevention differed between
the two organisms, it is encouraging that the developed liquid-
infused coatings outperformed the reference in both cases,
suggesting that certain physicochemical properties of surfaces
may impede the attachment of different bacterial groups. This
is important since biofilms are usually composed of various
microorganisms, which can also assist each other in adhering
to a particular substrate. By producing adhesive molecules and
inducing intercellular interactions, the coexistence of multiple
species within a biofilm is promoted.” Successful coating
strategies should therefore ideally prevent or at least delay the
attachment of various types of organisms.

Conclusions

In conclusion, we investigated the performance of a set of
liquid-infused coatings with low environmental impact against
biofouling in different freshwater environments. We combined
field studies with long-term exposure over several months with
laboratory experiments under defined conditions to probe the
performance against corrosion and bacterial colonialization. In
both field studies, liquid-infused coatings outperformed the
uncoated references. The different types of liquid-infused
coatings showed large variations in biofouling reduction, indi-
cating that the design of the coating, i.e., surface roughness,
involved interfacial energies, and adhesion to the substrate,
critically affects the performance. Noteworthily, liquid-infused
coatings showed an improved performance under long-term
exposure compared to the time-resolved field study. This
demonstrates that the repeated exposure to liquid menisci

This journal is © The Royal Society of Chemistry 2024

upon removal of the samples from the water can be detrimental
to their performance, presumably because the lubricant layer is
continuously reduced by the air/water interface passing over the
sample. The performance against corrosion of the different
coatings broadly correlated with the reduction in biofouling,
indicating that an intact lubricant layer prevents access to both
(corrosive) ions and larger fouling species. The microbial
attachment of different bacterial species known to be involved
in microbially induced corrosion showed more heterogeneous
results. While liquid-infused coatings efficiently prevented the
attachment of Thiobacillus thioparus, in line with the reduced
corrosion observed in the field studies, the performance against
Pseudomonas fluorescens attachment was less pronounced.
These results indicate that certain microbial species may be
able to destabilize liquid-infused properties, possibly by modi-
fying the involved surface chemistries. Overall, our results
demonstrate the potential of environmentally benign liquid-
infused coatings to reduce biofouling (and microbially
induced corrosion) in freshwater systems. The study also
showcases the current limitations of such coatings. Application
scenarios with changing water levels and periodic exposure to
changing water levels are problematic, because of the loss of
lubricant via liquid menisci, which causes both a lack of
performance and the loss of lubricant into the environment. A
further aspect not addressed in this current study is the
mechanical properties of the coatings, which can cause loss of
performance by mechanical damage upon operation. These
aspects are particularly critical for organogel-based coatings
such as infused PDMS because of their inherently soft nature.
The coating using sunflower oil as a lubricant rapidly failed in
the field study, possibly due to its less hydrophobic nature.
Finding a renewable alternative to persistent silicone oil as an
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efficient lubricant in such coatings therefore remains an
important challenge in the design of functional, sustainable
repellent coatings.
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