Stress-Localized Durable Anti-Biofouling Surfaces

Bahareh Eslami, Peyman Irajizad, Parham Jafari, Masoumeh Nazari, Ali Masoudi, Varun

Kashyap, Shane Stafslien’ and Hadi Ghasemi*"

"Department of Mechanical Engineering, University of Houston, 4726 Calhoun Rd, Houston,

Texas, 77204-4006, USA

}Office of Research and Creative Activity, North Dakota State University, Fargo, North Dakota,

58102, USA

E-mail: hghasemi@uh.edu

Keywords: Stress-localization, anti-biofouling, adhesion, durability
Abstract

Growing demands for bio-friendly antifouling surfaces has stimulated development of new and
ever-improving material paradigms. Despite notable progress in bio-friendly coatings, the
biofouling problem remains a critical challenge. In addition to biofouling characteristics,
mechanically stressed surfaces such as ship hulls, piping systems, and heat exchangers require
long-term durability in marine environment. Here, we introduce a new generation of anti-
biofouling coatings with superior characteristics and high mechanical, chemical and
environmental durability. In these surfaces, we have implemented the new physics of stress-

localization to minimize adhesion of bio-species on the coatings. This polymeric material



contains dispersed organogels in a high shear modulus matrix. Interfacial cavitation induced at
the interface of bio-species and organogels particles lead to stress-localization and detachment of
bio-species from these surfaces with minimal shear stress. In a comprehensive study, the
performance of these surfaces is assessed for both soft and hard-biofouling including Ulva,
bacteria, diatoms, barnacles and mussels and is compared with state-of-the-art surfaces. These
surfaces show Ulva accumulation of less than 1%, minimal bacteria biofilm growth, diatom
attachment of 2%, barnacle adhesion of 0.02 MPa and mussel adhesion of 7.5 N. These surfaces
promise a new physics-based route to address the biofouling problem and avoid adverse effect of

biofouling on environment and relevant technologies.

INTRODUCTION

Biofouling is an outcome of undesired marine organisms’ accumulating on surfaces. It impacts a
variety of industries such as naval, heat exchangers, piping systems, and medical fields'™
adversely. Any engineered structure immersed in water is prone to irreversible settlement of
fouling organisms on it which leads to both economic and environmental penalties!-®>. Marine
fouling on ship hulls increases the hydrodynamic drag resistant forces leading to lesser
maneuverability of vessels and higher fuel consumption. This inevitably gives rise to emission of
harmful compounds>~’. Moreover, it accelerates surface corrosion, damage to protective coatings
and required cleaning maintenance at a cost of billions of dollars a year to the maritime
industry?®. The estimated cost due to fouling for the US Navy fleets, which represents only 1%
of world fleets in numbers, is approximately $200M per year'S. Hence, development of new

materials to solve biofouling problem is of immediate importance.



Fouling process initiates with the formation of conditioning film induced by accumulation of

physically adsorbed organic molecules (proteins, polysaccharides, glycoproteins) as a precursor
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to microfouling settlements, including bacteria, fungi, and protozoans” <. This colonization is

governed by Brownian motion, electrostatic interactions and Van der Waal’s forces'>!'%. The

growth development proceeds with macro-fouler establishments such as barnacles, mussels,
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hydroids, and tubeworms''°. The diversity of fouling organisms including their diverse

adhesion mechanisms leads to complexity in design of anti-biofouling coatings'. Fundamental
understanding and manipulation of the adhesion mechanism and stability of the responsible

forces of the adhesive complex to the substrate are paramount to develop highly efficient and
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reliable antifouling surfaces'”'®. The progress of antifouling surfaces is attributed to modification
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of effective parameters such as topography!®2°, roughness®!, surface energy?>?*, and elasticity

modulus?*?°, Historically, toxic antifouling agents containing biocides such as lead, arsenic,
mercury and their organic derivatives were used on ship hulls. Tributyltin (TBT), a revolutionary
self-polishing copolymer was the most successful in combating bio-fouling in ships and was
estimated to cover 70% of the world’s fleet®®. However, its use was banned globally in 2008 by
the International Maritime Organization (IMO) due to severe shellfish deformities and the
bioaccumulation of tin in some ducks, seals and fish?’3°, Numerous investigations have been

conducted to substitute the biocidal toxic surfaces with biocompatible fouling resistant

27,31 1,32-35
b

coatings including silicone elastomer based materials®, fouling release paints
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organogels®®37, fluoropolymers®*, Poly (ethylene glycol)*®*°, slippery liquid-infused porous

surfaces (SLIPS)*#, Zwitterionic***, Polydimethylsiloxane-based materials**~°, and bio-
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inspired micro/nano topographical surfaces’'™>°. The zwitterionic polymers have received

increasing attention over the recent years for their promising ultralow fouling and antibacterial



properties. Surface hydration layer is the main antibacterial mechanism responsible for repelling
the bacteria and fouling species. Strong hydrogen-bond of water molecules at the polymer
surface and electrostatic interactions improve their performance. However, lack of long-term
durability and mechanical stability have limited the effectiveness of theses anti-biofouling
coatings. Various durability tests should be conducted to qualify antifouling surfaces for marine
environment. It is also noteworthy that applicability of coating techniques in large scales is an

essential parameter in the naval industry.

Here, we present a new generation of durable anti-biofouling materials called stress-localized
surfaces. These surfaces are based on a new physics, stress-localization>*, developed to minimize
adhesion of solids on a surface. This physics is implemented in stress-localized surfaces and their
superior anti-biofouling performance is demonstrated. In a comprehensive assessment, adhesion
of five different marine organisms is analyzed on these coatings. The performance of these
stress-localized coatings was investigated in comparison with state-of-the-art silicone elastomer-
based fouling-release coatings including Polydimethylsiloxane (PDMS), Silastic 2, polysiloxane
and Intersleek 700. We demonstrated superior mechanical, chemical and environmental
durability of these surfaces. Furthermore, on-site reparability of the coatings is demonstrated by

spraying the coatings on the damaged area.

EXPERIMENTAL METHOD

1. Surface Development

The physics of stress-localization and mathematical derivations is discussed in our recent
publication®*. These surfaces are composed of two phases: phase (I) with high shear modulus and
phase (II) with low shear modulus, Figure 1. Phase I is an elastomer with high shear modulus

and phase II is organogel particles consisting of tuned liquid organic phases entrapped within a



solid phase (three-dimensionally crosslinked gel network). The shear stress for detachment of a

solid from elastomers (o) is proportional to shear modulus of elastomers (¢ < v/G)**. That is why
gels with low shear modulus have minimal adhesion to solid objects. In the stress-localization
concept, visualized in Figure 2, once a solid (which here is a bio-foul) attaches to the coating, at
the solid-coating surface, we have two interfaces, solid-phase I and solid-phase II. If the solid is
exposed to a shear rate, solid locally detaches from phase II as phase II has low shear modulus.
The detachment of solid from phase II forms some cavities at the solid-coating surface as shown
in Figure 2b. Note that imposed shear stress forms cavities at the coordinate of phase II. The
cavities at the interface localize stress at the periphery of the cavities. This localized shear stress
opens the cavity and leads to detachment of solid from the coating. The stress-localization effect
at the interface can reduce the shear stress for detachment of solid from the substrate by an order
of magnitude compared to a material with the same shear modulus. We could also predict the
stress-localization effect through first-principles as discussed in our previous work>*,

As shown in Figure 2a, we visualized the stress-localization effect through a developed
experimental setup. A glass prism is attached to a stress-localized surface. The interface of the
glass and the stress-localized surface is visualized through a high-speed imaging camera and a
microscope. As shown in Figure 2b, by a small shear force, the cavities are formed at the
coordinates of phase II. The fringes show the growth of the cavities. The growth of these cavities

leads to final detachment of solid from the stress-localized surface.

Through mathematical formulation of the problem, the adhesion on stress-localized surfaces is

written as>®

T (1)
os = g(ou) (%) Wath



where g(¢y;) denotes the stress-localization function, a and [ are the geometrical parameters in
the adhesion measurement setup (Figure 2¢), ¢; is the volumetric fraction of phase II, W is the
work of adhesion of the material, and G,,, is the shear modulus of the material. The value of
stress-localization function varies between 0 and 1. It is demonstrated that this function reduces
adhesion of a solid on a surface by an order of magnitude (i.e. g(¢;)=0.1)°. We should add that
the stress-localization concept is fundamentally different than the variation of shear modulus
(G,,) method?*?*, For a constant value of G,,,, adhesion stress is minimized through g (¢;).

Here, we implemented the same concept in anti-biofouling surfaces. Phase I in these structures is
silicon elastomer with tensile strength of 8 N/mm?, Shore hardness A of 30, tear strength of 13.5
N/m. The procedure for development of the organogels are as follow: 10 mL of Sylgard 184 base
was mixed with 1 mL of Sylgard 184 curing agent. 100 mL of an organic liquid (i.e.
Polydimethylsilaxone) was added to this mixture. The solution was then vigorously mixed to
obtain a homogeneous solution. The precursor sample was heated at 100 °C for 4 hrs in a petri
dish. The final product is a non-syneresis organogel. Non-syneresis property of organogel comes
from miscibility of silicone oil with PDMS before and after gelation’’. Once phase II was
developed, it was crushed in the presence of silicon oil for 10 mins to avoid aggregation of gel
particles. The solution was filtered to remove excess oil. The final product is a batch of gel
particles with dimension in the range of 2-20 um. The particles were mixed with the elastomer in
a pre-defined concentration. The solution was diluted with a solvent, Hexamethyldisilaxane, to
reduce viscosity for spraying on a surface. Developed samples of ABF 1, ABF 2, and ABF 3

consist of 50%, 33% and 25% of phase II, respectively.



Substrate

Figure 1. (a) and (b) Schematic of water flow including marine organisms (diatom Navicula, Ulva spores,
bacterium, Mussels, and barnacles from left to right) over stress-localized coatings and its anti-biofouling

property. The substrate formed of dispersed organogels (phase II) in a high shear modulus matrix (phase
D).
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Figure 2. (a) Schematic of experimental setup to exhibit stress-localization mechanism using high-speed
camera and microscope between glass and ABF substrate. (b) Interfacial cavities formed at phase Il
coordinate due to their low shear modulus. (c) The geometrical parameters in surface adhesion
measurements.

2. Surface Characterization: Scanning Probe Microscopy (SPM, Bruker Multimedia 8) was

used to characterize mechanical and surface properties of the anti-biofouling coatings and the



settled biological cells on the coating. SPM was set on ScanAsyst mode in air using Silicon Tip
on Nitride cantilever. This mode allowed us to study adhesion behavior of the cells giving the
information of preferred attachment coordinate and cell accumulation.

3. Biofouling Assays: The studied fouling organisms belong to two main categories. They are
‘microfouling’ (i.e. Ulva spores, bacteria Cytophaga Iytica, and diatom Navicula) and ‘hard
macrofouling’ (i.e. barnacle and mussel). We utilized an environmental chamber (Carolina
Biological Supply) to precisely control critical parameters such as light, humidity, and
temperature to determine functionality of stress-localized coatings in the simulated marine
environment.

3.1. Settlement of Ulva zoospores: All the samples were placed in petri dishes and filled with
the sea water solution containing suspended spores. To settle Ulva spores on the surface, the
suspended spores were diluted to an absorbance of 0.15 at 660 nm and then added to the petri
dishes. The petri dishes were transformed to the dark environmental chamber as quickly as
possible and incubated at 20°C for 45-60 minutes®. All the samples from each treatment were
then washed 10 times by passing in a beaker of seawater to remove unsettled spores. To fix the
settled cells on the substrates, an additional treatment was carried out by placing the samples
inside 2.5% glutaraldehyde solution for 10-15 minutes.

3.2. Attachment and Adhesion of Bacterium C. lytica and Diatom Navicula: Initial cell
attachment and biofilm growth of algae were assessed before water jet adhesion analysis.
Bacterium C. Iytica: A 5% suspension of bacterium in ASW + nutrients (~ 107 cells.ml™") was
prepared and 1 ml was added to each well of a 24 well-plate. A 24 well-plate was used to study
characteristics of bio-species on the surface. The circular coupons were coated uniformly by

ABF and other coatings with the same thickness of 100 pm and were placed in the wells. Plates



were incubated at 28 °C for 24 hours to facilitate bacterial attachment and colonization. Then,
plates were rinsed three times with DI water and stained with crystal violet. Images for analysis
were taken after staining and extraction of crystal violet in 33% acetic acid (AA). The resulting
eluates were measured for absorbance at 600 nm. After 24 hrs of bacteria settlement, water jet
adhesion was conducted for 5 seconds at pressure of 10 and 20 psi (i.e. 69 and 138 kPa).
Diatoms Navicula: Diatoms were diluted to an optical density (OD) of 0.03 at 660 nm in
artificial sea water (ASW) supplemented with nutrients. 1 ml of the diatom solution was added to
each well and allowed to incubate in static condition for 2 hours to facilitate cell attachment. For
biofilm growth analysis, the wells were incubated for 48 hours. Cell attachment and biofilm
growth were quantified by fluorescence measurements of dimethylsulfoxide (DMSO) extracts of
chlorophyll. Cell attachment/solution growth was reported as fluorescence intensity (relative
fluorescence units). After 2 hrs of cell attachment, water jet adhesion was carried out for 10
seconds at pressure of 10 and 20 psi.

3.3. Attachment and Adhesion of Hard Macrofouling Barnacle and Mussel: To examine
attachment and adhesion of barnacles, six A. amphitrite barnacles were immobilized on the
surface of the coatings. Coatings were analyzed after 2 weeks of reattachment with daily
feedings of brine shrimp. In order to investigate adhesion behavior of mussel Geukensia demissa,
coatings were analyzed after 3 days of attachment with two feedings of phytoplankton. A tensile
force gauge, mounted to an automated stage, was used to measure the force required to
completely remove attached barnacles and mussels from the surfaces.

4. Statistical Analysis: The coverage percentage of species on the surfaces was measured
through statistical analysis of images obtained from the fluorescence microscopy. To precisely

excite and capture each species in fluorescence microscope, filters with different excitation and



emission spectra were utilized.

RESULTS AND DISCUSSION

Characteristics of Stress-Localized Anti-Biofouling (ABF) coatings:

Bio-friendly characteristics: These analyses were conducted after 14 days of water immersion

preconditioning.

Leachate toxicity for C. lytica was assessed by introducing the bacterium into overnight extracts
(artificial sea water with nutrients) for each coating and evaluating growth after 24 hrs via crystal
violet colorimetric assay. Growth in coating leachates was reported as an absorbance ratio (600
nm) to a growth control. A series of negative growth controls (medium + bacteria + triclosan
(Tc)) and positive growth control (G+) were also included in the analysis. The results are shown

in Figure 3a. All the ABF coatings and other control samples show no toxicity.

Leachate toxicity for diatoms was assessed by introducing the microalgae into overnight extracts
(artificial sea water with nutrients) for each coating. Growth evaluation was measured after 48
hours via fluorescence of chlorophyll and reported as a fluorescence ratio to a positive growth
control (fresh nutrient medium). A negative growth control (medium + bacteria + triclosan) was
also included in the analysis. The results are shown in Figure 3b. Similar to C. /ytica, no toxicity

was observed for all the samples.
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Figure 3. Assessment of leachate toxicity of ABF coatings and state-of-the-art coatings for (a) bacterium
C. Wtica after 24 hrs, and (b) diatom Navicula after 48 hrs. G+ and Tc are representatives of positive and

negative growth control solutions, respectively. Error bars represent one standard deviation of the mean.

Ulva Attachment: Fouling formation is an outcome of the initial attachment of swimming Ulva
zoospores to a suitable surface which forms sporelings adhesion consequently.>® Once settled,
the spores start to secrete the adhesive extracellular matrices which is a polydisperse, self-
aggregating hydrophilic glycoprotein. They then undergo cross-linking with a corresponding rise
in adhesion strength%%!, Mechanical properties of secreted adhesive and surface properties of
Ulva spores is studied through SPM. Figure 4a shows morphology of the spores on the surface
and how they settle down on the substrate. For Ulva attachment, glycoprotein acts as an adhesive
matrix (similar to EPS in diatoms attachment) and keeps the cell in contact with the surface
which will be explained in more detail later’?. In SPM, adhesion is characterized by pull-off
force which measures adhesion between cantilever and substrate®’. Adhesion work is defined as
pull-off force divided by the tip radius®>. As shown in Figure 4b, the highest adhesion belongs to
glycoprotein formed around the cell. Figure 4¢ and 4d depict SPM cantilever deformation and

modulus of elasticity of spores, respectively. By comparing Figure 4¢ and 4d, dependence of the

11




cantilever deformation on the modulus of elasticity is evident. The regions with highest elasticity
show lowest cantilever deformation. The anti-biofouling property of stress-localized coatings is
compared with PDMS in Figure 4e-4f. As shown, the stress-localized surface shows remarkable
reduction in concentration of Ulva on the surface compared to PDMS. Statistical analysis of the
fluorescence microscopy images reveals the concentration of Ulva spores on a surface in terms
of percentage of colony coverage area. The analysis shows concentration of 8% for PDMS

sample, while this value reduces to less than 1% (0.9 %) for ABF.

As discussed in the literature®*>, low modulus of elasticity and critical surface tension are major
determinants to low adhesion of spores and sporelings. However, low modulus of elasticity leads
to poor mechanical durability of the coatings. Here, through the idea of stress-localization, we

have achieved both low adhesion of spores on the surface and high mechanical durability.

12
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Figure 4. SPM analysis of Ulva on ABF coating showing (a) height graph, (b) adhesion, (c) deformation,
and (d) elasticity modulus. Ulva spores attachment has been compared between (¢) PDMS control sample

and (f) ABF1.

Attachment and Adhesion of Marine Bacterium, C. Ilyfica: Bacterium C. lytica as a
component of microbial biofilm provides cues for settlement of other organisms on man-made

structures®. The results from the experimental assessment of biofilm growth and bacterium
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attachment are illustrated in Figure 5. Biofilm growth was reported as the mean absorbance
value of three replicate samples after 24 hours in Figure Sa. All the ABF coatings demonstrate
smaller bacterial biofilm growth compared with state-of-the-arts. In the following step, the
covered area was measured as presented in Figure Sb indicating the best result for ABF3, which

is almost 20% less than Intersleek 700. Figure 5c shows the coated surfaces partially covered by
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Figure 5. (a) Bacterial biofilm growth after 24 hours for ABF coatings in comparison with Silastic T2,

bacterium C. lytica.

(a) I Bacterial Biofilm Growth (24 hrs)
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Intersleek 700, and Polyurethane (PU). (b) Comparison of surface coverage for ABF coatings and
Intersleek 700. (c) Graphical representation of bacterial attachment on the coatings.

Water jet adhesion was carried out after 24 hours of bacterial biofilm growth. The first column of
each plate was not treated and served as the measure of biofilm growth before water jetting. The
second and third columns of each stress-localized ABF coating were jetted for 5 seconds at a
pressure of 10 psi and 20 psi, respectively. Biofilm adhesion was reported as a function of
percent removal, Figure 6a, and remained biomass measured by colorimetric method via crystal
violet absorbance, Figure 6b. Based on the results, ABF3 possesses highest removal percentage

as well as the lowest remained biomass.
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Figure 6. (a) Biofilm removal by exposing to water jet for two different pressures of 10 psi and 20 psi. (b)
Remained biomass after exposure to water jet for two different pressures of 10 and 20 psi. T2 and PU
stands for Silastic and Polyurethane, respectively. Error bars represent one standard deviation of the

mean.

Attachment and Adhesion of Diatom Navicula: The motility of the diatoms in contact with a
surface enable them to migrate and find the most suitable coordinate for settlement®®S7.
Coordinate selection is not random but highly strategic and is based on diatom’s potential to
search for existing stalks. As diatoms seek out to find a proper coordinate, they secrete adhesive
material called extracellular polymeric substances (EPS)*%¢°, This material acts as a bridge
between raphe and surface which results in deposition of a trail on the surface’ and holds
diatoms on the surface’. EPS is divided into two forms: bound EPS including tightly bound
(TB) and loosely bound (LB), and soluble EPS. The bound EPS forms closely to the diatom and
strongly bonds to it. The soluble EPS is weakly bonded to diatom and dissolves in the fluid
environment’?. Due to preference of diatoms for agglomeration, diatoms form a raft which
constitutes of each individual EPS.% The SPM study in Figure 7a confirms this structure for

EPS around the diatoms and both tightly bound and loosely bound EPS are highlighted . Figure
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7b shows the deformation graph which is a representative of the SPM cantilever indentation. The
highest deflection of cantilever occurs for the softest material which is EPS in this case. Less
deformation can be seen for diatom due to its hard silica shield’*>’*. Figure 7¢ represents the
maximum adhesion for EPS and also shows the deposition of adhesive complex further away
from the diatom on the surface. Figure 7d shows high modulus of elasticity of diatom compared
to its surrounding. We analyzed the concentration of diatoms on the substrates through
florescence microscopy. The results for PDMS and ABF3 sample are shown in Figures 7e and
7f. As shown, the superior anti-biofouling characteristics of ABF coatings are evident. The
concentration of diatoms on PDMS sample is 20 %, while this value for ABF3 coating is 2%
indicating an order of magnitude drop in diatom accumulation. Diatom attachment and biofilm
growth are shown in Figure 8. All the ABF coatings have almost the same order of diatom

attachment similar to Intesleek 700, Silastic T2, and PU.
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Figure 7. Diatom attachment and EPS formation on the surface of ABF3. (a) Tightly bound EPS is

formed around the diatom and loosely bound EPS dispersed on the surface further away from diatom. (b)

Deformation, (c) adhesion, and (d) modulus of elasticity of diatom and EPS. Highest deformation and

adhesion is observed for EPS due to their sticky and soft nature. Diatom attachment has been compared

between (e) PDMS control sample and (f) ABF3.
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Figure 8. Diatom attachment measured after 2 hours and biofilm growth after 48 hours of incubation. The
fluorescence values present concentration of diatoms attached to the coatings and biofilm growth on the
surface. Error bars represent one standard deviation of the mean.

Water jet adhesion was conducted after 2 hours of initial cell attachment. The first column of
each plate was not treated and served as the measure of cell attachment after 2 hours. The second
and third column of each coating were jetted for 10 seconds at a pressure of 10 psi and 20 psi,
respectively. Diatom adhesion was reported as a function of percentage removal, Figure 9a, and
remained biomass measured by Fluorescence microscopy, Figure 9b. For 10 psi pressure, all the
samples show the same performance. However, for 20 psi, Intersleek 700 shows slightly better

performance than ABF samples.
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Figure 9. (a) Diatom Navicula removal by exposing to water jet for 10 seconds for two different
pressures of 10 psi and 20 psi. (b) Remained biomass after exposure to water jet. Error bars represent one
standard deviation of the mean.

Attachment and Adhesion of Barnacle: Barnacle is among the most common marine fouling
organisms that has received considerable attention due to its strong and durable adhesive
behaviour’’¢. This specie goes through six developmental stages starting from nauplii to adult
cypris stage’’. Similar to other marine organisms, barnacle is able to sense a wide range of
physical and chemical surface parameters to find the most suitable coordinate for settlement?’.
By secreting proteinaceous cement from the cement gland, barnacle produces strong adhesion
after going through several functions including establishment of interfacial contact and
molecular attraction between dissimilar materials’®7’°. Coatings were analyzed after 2 weeks of
reattachment with daily feedings of brine shrimp. The number of barnacles that were able to
attach to each surface were recorded and then reattachment efficiency calculated as shown in
Figure 10a. ABF2 possesses the lowest barnacle attachment. Adhesion strength of barnacles was
calculated then by dividing the measured force required to remove the barnacle by the basal area
and reported in MPa. Each data point is the mean value of the total number of barnacles that

reattached to the coating surface as shown in Figure 10b. The small shear value required to
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remove the barnacle from ABF1, grants the privilege of high removal percentage. Adhesion
strength is also relatively low for ABF2 and ABF3 and no significant difference can be seen with
Intersleek 700. PU was not considered for barnacle test in this study as the result reported by
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Galhenage ef al’” which is almost 0 within the accuracy of their measurements.
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Figure 10. Assessment of barnacles (a) reattached efficiency after 2 weeks of daily feedings of brine
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shrimp, and (b) reattached adhesion on ABF (1, 2, and 3), Intersleek 700, and standard sample
(polysiloxane) surfaces. Error bars represent one standard deviation of the mean.

Attachment and Adhesion of Mussel: Mussels attach to hydrophilic and hydrophobic solid
surfaces via adhesive elastomeric protein based byssal threads*’. This special protein equips
mussels to adhere to various surfaces including metals, minerals, plastics, cement, and even low
surface energy fluoropolymers in their chemically heterogonous habbit®’. Their adhesion must be
fast and strong to avoid them from getting dislodged and dashed by incoming waves®!'. Mussel
Geukensia demissa was studied for its attachment and adhesion behavior. Coatings were
analyzed after 3 days of attachment with two feedings of phytoplankton. Each data point is the
mean value of all mussels that attached to the coating surface. The mean number of mussels

settled on ABF1 and ABF2 are approximately half of Intersleek 700, illustrated in Figure 11a.
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The required force for detachment of mussels from the surface was measured by using a tensile
force gauge and minimum belongs to ABF1 (Figure 11b). PU was not tested for mussels in this

study but result reported by Galhenage ef al*® which is 10 N.
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Figure 11. (a) Evaluation of mussel attachment on ABF (1, 2, and 3) and Intersleck coatings (700) after 3
days of feedings of phytoplankton. (b) Demonstrates the required adhesion to remove the mussels from
the surface after measuring the attachment efficiency in part (a). Error bars represent one standard

deviation of the mean.
Durability Test

We assessed mechanical, chemical and environmental durability of these surfaces. The
mechanical durability was examined through abrasion of these surfaces by files and sands as
shown in Figure 12a. The abrasion test was conducted using a Taber Reciprocating Abraser,
model 5900 according to ASTM D4060. In this test, we measured material removal thickness at
three different loading conditions (i.e. 1N, 5N, and 10 N) for 1000 abrasion cycles. Abrasion test
results are presented in Figure 13 for all three ABF coatings and standard PDMS. The primary
thickness of each sample is 300 pm. Minimum thickness loss belongs to ABF 3 which has the

minimum percentage of organogels. The samples are durable with no sign of degradation in
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response to mechanical stresses. For chemical durability, we immersed these samples in
solutions with pH varying from 1.1 to 13.1 and kept the samples for a duration of 48 hrs in these
solutions, Figure 12b. The anti-biofouling coatings show complete integrity with no sign of
degradation. For environmental durability, the coated samples were examined according to
ASTM G154. In this standard, the samples are exposed to 2000 hrs cycling. Each cycle includes
8 hrs exposure to UV-irradiation (0.49 W/m? nm at 310 nm at 70 °C) followed by 4 hrs of
condensation at 50 °C. After this test, integrity of the coatings is examined to determine any
surface defects on the surface. As shown in Figure 12¢, the coatings are intact with no
degradation. Finally, we demonstrated on-field reparability of these stress-localized coatings,
Figure 12d. The coating was damaged by a sharp object and it is repaired through spraying of
the new material. The sprayed material cures and integrates in the coating. This highlight facile
implementation and application of these sprayable coatings compared to the other surface-

modified approaches.
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Figure 12. (a) Mechanical durability test of ABF3 (25% of phase (II)) by files and sands with no
degradation in response to mechanical stresses. (b) Different range of pH from 1.1 to 13.1 for chemical
durability test without any change in anti-biofouling performance of coatings. (c) The anti-biofouling
surface was exposed to UV radiation for 2000 hours. No change in its performance was measured. (d)
On-field reparability is demonstrated by removing some part of the material with a sharp blade and re-

spraying of the material on the damaged area. The scale bar is 10 mm.
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Figure 13. Abrasion test results for ABF coatings and PDMS. Primary thickness of each sample is 300
um. PDMS sample has considered as the standard sample. ABF 3 with lowest concentration of

organogels shows the best mechanical durability.

CONCLUSION

23



We have implemented the idea of stress-localization to minimize adhesion of bio-species on a
surface and have developed durable anti-biofouling surfaces. As demonstrated, these surfaces are
bio-friendly and have no negative impact on marine environment. In a comprehensive study, we
analyzed performance of these stress-localized surfaces with soft and hard bio-species including
Ulva, bacteria, diatoms, barnacles and mussels. ABF1 sample provides minimal attachment to
diatom, Ulva, barnacle and mussel. The stress-localization effect is maximum for ABF1 sample
(i.e. (g(@)=0.1) and leads to its minimal adhesion to hard bio-species. The performance of
ABF1 is better than state-of-the-art anti-biofouling samples. For anti-bacterial characteristics to
minimize growth, ABF3 is the winner sample in comparison to state-of-the-art and control
samples. Lower concentration of second phase (i.e. organogel) may have contributed to this anti-
bacterial characteristic. Stress-localized coatings provide less suitable environment for
attachment of marine fouling organisms and allows to minimize adhesion of hard objects on a

surface with no compromise in durability of these coatings.
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