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ABSTRACT We report on the formation and testing of novel marine coatings comprising hierarchically wrinkled surface topographies
(HWTS) having wrinkles of different length scales (generations) ranging from tens of nanometers to a fraction of a millimeter. The
individual wrinkle generations are arranged in nested patterns, where each larger wrinkle resides underneath and represents a scaled-
up version of the smaller wrinkle. We present and discuss results from field tests in seawater and laboratory experiments. The results
of our field tests reveal that while coatings with flat topographies foul after relatively short time periods (4—15 weeks), the HWST
coatings with the same chemistries as flat coatings remain relatively free of biofouling even after prolonged exposure to seawater (18
months). In contrast to flat coatings, the HWST substrates are not colonized by barnacles. These observations suggest that surface
topography plays a dominant role in governing the coating defense against barnacle fouling even without fine-tuning the chemical
composition of the overcoat. Laboratory experiments indicate that settlement of zoospores of the green alga Ulva and the strength of
attachment of sporelings (young plants) depend on the chemical composition of the coating as well as surface topography.
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INTRODUCTION
or decades, scientists and engineers have strived to

find solutions to marine fouling by designing novel

chemical routes that would facilitate the production
of effective antifouling coatings. While success has been
achieved with some biocidal antifouling coatings, it is clear,
after many years of work, that it may not be possible to
design an effective antifouling coating without the use of
biocides (1, 2). Since biocidal antifouling is under increasing
scrutiny by regulatory authorities, research has shifted in its
focus and currently aims at designing and engineering
fouling-release coatings, which can be cleaned by applying
a weak mechanical force, such as one supplied by shear
forces acting on a boat in motion (3). Recent research on
antifouling or fouling-release coatings has also led to the
realization that surface chemistry alone cannot offer suf-
ficient control over the coating’s characteristics. Thus, in
addition to controlling surface chemistry, additional material
parameters may play a noteworthy role in governing marine
fouling, including (1) surface topography, (2) substrate “soft-
ness” (i.e., modulus), (3) lubricity, and (4) the dynamics of
the functional groups present on the surfaces of coatings (2).
Over the past few years, numerous reports have confirmed
that surface topography does play a significant role in
governing the settlement of marine species on man-made
surfaces (4—8). Field studies by Thomason and colleagues
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demonstrated that recruitment of barnacles onto textured
tiles depended on a number of factors, including tile size and
the scale of roughness (4, 5) as well as environmental and
biological factors such as gregariousness (7, 8). Some of the
most comprehensive and systematic work pertaining to the
use of topography in reducing marine fouling has been
carried out in laboratory studies by Brennan and co-workers
(9—14) and other groups (15—22). The major outcome of
these studies has been a clear demonstration that the degree
of biofouling of various marine organisms is closely cor-
related with the interplay between the size of the coloniza-
tion stages of the marine species and the dimension and
shape of geometrical protrusions on surfaces (as well as
surface chemistry).

While a number of previous studies demonstrated con-
clusively the antifouling potential of topographically cor-
rugated surfaces, the mechanisms governing the ability of
surfaces to minimize fouling, i.e., reduced settlement/at-
tachment, growth, and increased removal, are still not
completely clear. Brennan and co-workers concluded that
effective coatings should possess topographical features
whose sizes are smaller than either the dimension of the
settling stages of the marine organisms or those parts of the
larvae that “explore” the surface: e.g., the antennules of a
barnacle cypris larva (13, 14). De Nys and colleagues showed
that adhesion can be related to the number of attachment
points of the marine organism to the surface (17, 21).
Ignoring momentarily the actual shape of the topographical
features on the surface, one would expect that the number
of attachment points is associated with the match or mis-
match between the size of the organism and the character-
istic topographic dimensions of the coatings. To this end,
the adhesion strength of fouling organisms that are larger
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FIGURE 1. (a) Schematic depicting the technological steps leading to the formation of coatings with uniaxial hierarchically wrinkled surface
topologies (uHWST). (b) Definition of the parameters of HWST surfaces comprising a thin rigid skin (thickness h) resting on top of an elastic
foundation: A, wrinkle amplitude, 4, wrinkle wavelength. (c) Formation of uHWST coatings by uniaxially stretching silicone elastomer (SE)
supports, i.e., PDMS, exposing them to ultraviolet/ozone treatment, a process that creates the rigid skin resting on top of an unmodified soft
PDMS support, and releasing the imposed strain. The last process leads to the formation of uHWST. As a result of a positive Poisson ratio,
cracks develop in samples during the strain release; these are oriented parallel to the direction of the imposed strain.

than the length scale of the surface topographical features
would be reduced because fewer attachment points exist
between the organism and the substrate. Conversely, organ-
isms settling on topographically modulated surfaces with
topographic features larger than the organism’s dimension
would attach more strongly, as there would be more attach-
ment points available for adhesion.

Biofouling encompasses a very diverse range of marine
organisms (e.g., bacteria, algae, barnacles) with settling
stages that span several orders of magnitude ranging from
hundreds of nanometers to centimeters. For this reason, a
topographical pattern having a single length scale is unlikely
to perform as a well as generic antifouling and/or fouling-
release coating. Instead, surface corrugations having mul-
tiple length scales acting in concert should be utilized in the
design of an effective antifouling surface. In this paper we
describe the fabrication of such coatings that comprise
hierarchically patterned topographies with dimensions rang-
ing from nanometers to millimeters. We present and discuss
the results of field tests performed in seawater as well as
laboratory assays with a common fouling macroalga, Ulva.
Specifically, we have prepared a coating comprising hierar-
chical wrinkles in a poly(dimethylsiloxane) base layer and
tune their surface chemical composition by organosilane and
polymeric amphiphilic layers. Two types of wrinkled geom-
etries are explored in which the wrinkles are oriented either
uniaxially or biaxially. We will demonstrate that, while not
yet fully optimized, such coatings may represent a promising
new platform for fabricating efficient fouling-release marine
coatings.

IEDAPPLIED MATERIALS

XINTERFACES

1032

VOL. 1 « NO. 5 1031-1040 * 2009

MATERIALS AND METHODS

Preparation of Flat Substrates. Flat substrates for this study
were prepared from a commercial poly(dimethylsiloxane)
(PDMS) Kit, Sylgard-184 (Dow Corning), following the procedure
suggested by the manufacturer. Self-standing PDMS films (thick-
ness of ~500 um) were first modified with ultraviolet/ozone
(UVO) treatment for 30—35 min, which rendered the surface
hydrophilic (23). Such PDMS films were further treated with
one of three different surface modifications. In one of them, the
UVO-modified surfaces were decorated with a self-assembled
monolayer (SAM) made of 1H,1H,2H,2H-perfluorodecyltrichlo-
rosilane (tF8H2, Gelest) that was applied via vapor deposition
for 15 min, followed by washing the substrates copiously with
ethanol (in order to remove any weakly physisorbed tF8H2) and
drying with nitrogen gas. The second set of substrates was
prepared by spin-coating a film of poly(2-hydroxyethyl meth-
acrylate) (PHEMA), synthesized by free radical polymerization,
from 2 % solutions in methanol onto UVO-modified PDMS and
annealing the sample at 70 °C for 72 h. The thickness of the
PHEMA layer was approximately 50—70 nm, as determined
from ellipsometry measured on PHEMA-coated silicon wafer
substrates. In the third set of experiments we repeated the
procedure from the previous set and exposed the PHEMA-
coated substrate after annealing to tF8H2 vapor for 15 min. The
samples were subsequently washed with ethanol and dried with
nitrogen gas.

Preparation of Hierarchically Wrinkled Surfaces. Speci-
mens with uniaxial hierarchically wrinkled surface topographies
(UHWST) were fabricated using the methodology developed by
Efimenko and co-workers (24); the process is shown schemati-
cally in Figure 1a. After a PDMS flat sheet was mounted into a
stretching device, a uniaxial strain, Ax (Ax =30 % in this work),
was applied. The substrate was then exposed to the UVO
treatment for 30 min. Subsequently, the sample was exposed
to the vapor of tF8H2 for 15 min and the strain was released
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FIGURE 2. (a) Schematic illustrating the formation and properties
of biaxial hierarchically wrinkled surface topologies (b HWST). (b)—(d)
Optical micrographs of the bHWST taken at different location along
the sample (b, close to the edge, c, halfway between the edge and
the center; d, center). (e)—(g) variation of the wrinkle geometrical
features (defined in the insets) as a function of the position along
the substrate (0, edge; 12.5 mm, center). The scale bars in (c) and
(d) are identical with that in (b).

from the sample. As discussed in the original publication (24),
the latter process resulted in the formation of HWST substrates
comprising wrinkles of five distinct periodicities ranging from
a few nanometers to a fraction of a millimeter; the individual
wrinkle generations were organized such that smaller wrinkles
rested on top of larger wrinkles. In an alternative procedure,
the tF8H2 deposition was carried out after the strain was
released from the sample. In our test, we did not detect any
difference between the substrates fabricated by the two meth-
ods. In addition to tF8H2-covered substrates, HWST specimens
were prepared that were covered with PHEMA and PHEMA/
tF8H2 coatings. These coatings were applied on the HWST
samples using the procedure discussed earlier.

We have also prepared coatings with biaxial wrinkle topog-
raphies (bHWST). Those were generated by following the
procedure that is schematically depicted in Figure 2a. A flat
sheet of PDMS was stretched over a support containing a
hemispherical protrusion. After the UVO treatment (30 min),
the substrate was removed from the assembly; the wrinkling
pattern was present in a circular area (diameter ~25 mm). In
this biaxial stretching geometry, the surface topographies con-
sist of three wrinkling patterns. Close to the edge circular
uniaxial pattern aligned parallel to the edge can be found (Figure
2b). The center of the circular wrinkled regions is covered with
disordered wrinkles (Figure 2d). Wrinkles that reside between
the uniaxial and disordered geometries adopt chevron-type
patterns (Figure 2c¢); such geometries have been reported
previously (25, 26). The variations of the sizes of the three
structural characteristics of the chevrons with their definition
are plotted in Figure 2e—g as a function of the position of the
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distance from the edge of the wrinkling pattern. A fraction of
samples was decorated with the tF8H2 monolayers using the
method described earlier. The biaxial strain was estimated to
be ~20%.

Mounting Coatings onto Solid Supports. For the field and
laboratory tests, the samples were mounted onto flat solid
supports. Field test specimens were first cut into 15 x 30 cm?
dimensions and attached to polycarbonate sheets via epoxy
glue. Prior to attachment, the back side of the coating was
briefly exposed to UVO treatment (~3 min) in order to generate
a sufficient number of hydrophilic groups that would facilitate
good adhesion of the coating with the epoxy glue. The samples
for laboratory experiments were cut into 2.5 cm x 7.5 cm
dimensions, exposed briefly (~3 min) to UVO and attached to
microscope glass slides via Correz Flex™ adhesive (Microphase
Coatings) or by depositing a drop of PDMS without a cross-linker
and briefly exposing it to UVO. Neither of the adhesive materials
was found to cause detrimental effects to the marine test
organisms.

Field Tests in Seawater. The field tests were performed
during the time period from April 2005 until October 2006 at
the Microphase Coatings testing site located at Wrightsville
Beach (34° 13" N, 77° 48 W) near Wilmington, NC. The
samples mounted onto polycarbonate supports were lowered
into seawater at depths of about 1 m below the surface, facing
the open ocean. The samples were not caged. After different
periods of time, the samples were removed, photographed,
washed with a stream of fresh water aimed perpendicularly to
the substrate (distance ~20 cm), and photographed again.

Settlement and Adhesion Assays with Zoospores of
Ulva. Samples were immersed in distilled water for 24 h and
then transferred to artificial seawater (ASW) for 1 h prior to the
start of the experiments.

Zoospores were released from fertile plants of Ulva linza and
prepared for assays as described previously (27). In brief, 10
mL of zoospore suspension was pipetted into individual com-
partments of polystyrene Quadriperm culture dishes (Greiner)
each containing a glass microscope slide. The dishes were
incubated in darkness at approximately 20 °C. After 1 h the
slides were gently washed in seawater to remove zoospores that
had not attached. After fixation in glutaraldehyde, the density
of zoospores attached to the surface was counted on each of
three replicate slides using an image analysis system attached
to a fluorescence microscope (9). Spores were visualized by
autofluorescence of chlorophyll. Counts were made for 30 fields
of view (each 0.17 mm?) on each of 3 replicate slides.

Spore counts on the biaxially HWST samples were obtained
from 30 random fields of view on each of 4 replicate samples.
The strength of attachment of spores was determined by
exposing replicate samples to an impact pressure of 132 kPa
generated by an automated water jet (28, 29). Surfaces re-
mained wetted during fixing of slides to the support prior to
exposure to water jet. The percentage removal was calculated
from the difference between samples before and after exposure
to the water jet.

Adhesion Assays with Sporelings of Ulva. Spores were
allowed to settle as described above. After unsettled spores were
washed away, the attached spores were cultured in enriched
seawater medium in Quadriperm dishes as described in ref 29.
The medium was refreshed every 2 days, and the sporelings
were cultured for 8 days. Sporeling biomass was determined
in situ by measuring the fluorescence of the chlorophyll, as
relative fluorescence units (RFU), contained within the sporel-
ings using a Tecan fluorescent plate reader. The RFU value for
each slide is the mean of 196 point fluorescence readings. The
strength of attachment of sporelings was quantified after ex-
posure to a wall shear stress of 53 Pa generated in a custom-
built flow channel (30). The surfaces remained wet during fixing
the slides in the flow channel. This method was used for
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FIGURE 3. Schematic depicting the structure of HWST coatings comprising nested wrinkled topographies ranging from tens of nanometers to
a fraction of a millimeter. The right panel shows typical dimensions of selected marine organisms. Credits: Hydroides elegans larva (B. Nedved,
University of Hawaii, USA), Balanus amphitrite cyprid (A. S. Clare, University of Newcastle, U.K.)

sporelings, as their adhesion strength is lower than that of
zoospores (31, 32). An additional standard of PDMS, Silatic T2
(Dow Corning), was included for comparative purposes, since
it shows good release properties for sporelings of Ulva (33).

RESULTS

Coating Formation. In our previous publication we
have reported on the formation of surfaces comprising
uniaxial HWSTs (uHWSTSs) on elastomeric supports (24). In
the original work we described the mechanism leading to
the production of such uHWST patterns by invoking a simple
model that explains wrinkling/buckling as a result of the
competition between the bending-dominated deformations
of a rigid skin resting on an infinitely thick soft foundation.
The thin skin on top of soft silicone elastomer foundation,
i.e., PDMS, is formed by exposing the PDMS network to UVO
treatment for extended periods of time (tens of minutes).
Efimenko and co-workers reported that the thickness of the
skin, whose electron density is ~50 % of that of silica, is ~5
nm (23). The stretching/shearing-dominated deformations
of the substrate cause the skin to wrinkle in response to the
relaxation of the applied strain, attaining a characteristic
wavelength, 4 ~ h(E/Ep'”, where h is the thickness of the
skin and Es and E; are the elastic moduli of the skin and the
foundation, respectively (Figure 1b). Using experimentally
measured values of E¢/E; (nanoindentation) and h (X-ray
reflectivity), we have established that upon releasing the
strain from the sample, the first generation of wrinkles (G1)
appeared, which formed an “effective skin” that was thicker
and much stiffer than the original skin. Upon further release
of strain from the sample, a new generation (G2) of wrinkles
formed that had a larger wavelength and amplitude. The
formation of higher generations of wrinkles continued until
the strain was completely removed from the substrate. For
strains in the range of 30—70%, we established that up to
five generations of wrinkles can be formed, thus producing
1034
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a hierarchically nested wrinkled pattern, where each wrinkle
was a scaled-up version of the primary wrinkle (Figure 3,
left panel). Eiimenko and co-workers further reported that
the strain release from the sample was accompanied with
the formation of structural defects: i.e., typical layered
dislocations and cracks. The latter structures (Figure 1c)
resulted from the finite value of the Poisson ratio in PDMS
(v & 0.5). The interplay between the density of dislocations
and cracks in the sample was found to depend on the rate
of strain release. To this end, the density of dislocations
increased and that of the cracks decreased with increasing
strain release rates; the opposite trend was observed when
the strain was released relatively slowly (~50 gm/min).
Seawater Field Marine Fouling Tests. In order for
the substrate to act as an effective antifouling coating, its
roughness should be smaller than the size of the settling cell/
organism. Having multiple length scales of topographies, one
would expect that a coating that possesses HWSTs should
be effective in preventing fouling of a broad range of marine
organisms (Figure 3). However, it should be noted that
the relevant scale may not be that of the size of the whole
organism: e.g., the antennules of the cyprid of B. amphitrite
are only ~20 um in width, while the whole cyprid is ~500
um. We performed two series of tests. The first one involved
along-term field immersion test in seawater, and the second
aimed at establishing the performance of HWST coatings in
laboratory experiments. In Figure 4 we reproduce photo-
graphs of uHWST coatings after removing them from sea-
water (upper panel) and after cleaning them with a garden
hose water jet held perpendicular to the sample surface
(lower panel). Visual assessment of the images shown in
Figure 4 revealed some interesting trends. Even after 1
month of seawater immersion, the flat samples were fouled
considerably. The fouling was not removed after extensive
washing with a stream of water (bottom panels). After more
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FIGURE 4. Images of marine coatings comprising flat PDMS (left panel) and uHWST (middle and right panels) sheets covered with a SAM made
of tF8H2 after immersion in seawater (April—August 2005, Wilmington, NC) for various times. The sample set shown in the middle panel had
tF8H2 deposited onto prestretched substrate before releasing the strain. The right panel represents substrates that were decorated with tF8H2
SAMs after the strain was removed from the specimens. The upper row shows images of specimens immediately after the removal from the
seawater, and the bottom row depicts samples after washing with a water stream.

than 1 month exposure in the sea, the fouling progressively
worsened (images not shown). The performance of uHWST
specimens was different from that of the flat samples; the
uHWST coatings remained relatively clean even after exten-
sive immersion times in seawater. Most of the deposits
found immediately after sample removal were successfully
cleaned off by spraying the specimens with a jet of water.
There was no visible difference between the two series of
the uHWST samples. The images of the uHWST coatings
taken after 15 weeks revealed that while some samples
delaminated from the polycarbonate supports, the modified
surfaces remained relatively clean. More detailed imaging
was performed on the samples that completely delaminated
from the supports after 15 weeks (series of samples prepared
by depositing the tF8H2 organosilane after the formation of
hierarchical wrinkles). The specimens were placed into
standing water for 24 h and subsequently gently swept with
a Kimwipe. Because only one sample was available from
each series, the analysis that follows reveals average deposits
determined from different areas on one sample. Optical
microscopy imaging revealed that the uHWST coatings
remained relatively clean; only a few spots on the sample,
primarily those that contained a large fraction of structural
defects, revealed the presence of diatoms. The diatom
density was determined to be 615 =+ 480 cells mm™2 of the
surface projected area (the error represents the standard
deviation determined by averaging 10 measurements on
different areas of the same sample). The specimens that
stayed attached to the polycarbonate support were kept in
the seawater for an additional 14 months, and their surfaces
were examined afterward after letting them stand in water
for 24 h and gently rubbing them with a water-soaked
Kimwipe. While there were no major differences observed
in the two sets of samples (15 weeks vs nearly 18 months),
the latter sample series that remained in the seawater for
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the entire duration of the experiment exhibited a substantial
increase of the density of cracks (Figure 5a). These ran
randomly across the sample; we could not distinguish them
from the “expected” cracks formed during the strain release,
as described earlier in the paper. In addition, more diatom
deposits were found in these coatings. While the top surfaces
of the wrinkles remained clean (Figure 5b), large deposits
of diatoms were detected between the wrinkles (“wrinkle
valleys”) (Figure 5¢). The diatom density estimated from the
optical microscopy images was 1825 + 596 mm~? of the
surface projected area; these diatoms were presumably
trapped in the confined wrinkled spaces and could not be
freed even after rubbing the surfaces of the coatings.

One distinctive difference between the flat coatings and
those decorated with the uHWSTs was their response to
barnacle settlement and growth. The flat surfaces started to
exhibit barnacle recruitment after approximately 2 months
in seawater. However, no barnacles were found on the
uHWST coatings even after 16 months of immersion. There
was one notable exception; a single barnacle was found on
one of the coatings that delaminated after 2 months. A close
inspection of the coating from the back side revealed that
the barnacle grew on a position on the substrate that had a
large structural defect. After the barnacle was removed from
the substrate, the back side of the barnacle was imaged with
optical microscopy (Figure 5d). From the image in Figure 5d
it is evident that the wrinkled topologies “imprinted” into
the base of the barnacle. We could not determine, however,
how many wrinkle generations were reproduced into the
barnacle base.

Laboratory Marine Fouling Tests. In addition to the
field test, we also carried out a series of laboratory experi-
ments to understand which factors are important for the
settlement of zoospores of the green alga Ulva. The experi-
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FIGURE 5. a) Photograph of a uHWST coating covered with a SAM made of tF8H2 after immersion in seawater for 18 months (April 2005—October
2006, Wilmington, NC). Parts (b) and (c) depict zoom-ins into picture (a) focusing on top (b) and bottom (c) of the wrinkled topography. (d)
Photograph of a barnacle growing on top of an uHWST coating covered with a tF8H2 SAM. The coating was exposed to seawater during
April—August 2005 (Wilmington, NC). The barnacle was found to grow on a defect site on the sample; it was removed gently from the substrate.
Note that the wrinkled topology was “imprinted” into the barnacle base.

100 T T T
90 E
80
70
60
50
40
30
20
10

Removal (%)

F(S) F(StF8H2) uHW(S-tF8H2)

FIGURE 6. Removal of sporelings of Ulva from various substrates:
F(S), flat Sylgard-184; F(S-tF8H2), flat Sylgard-184/tF8H2; uHW(S-
tF8H2), uniaxial HWST Sylgard-184/tF8H2. The thickness of the
Sylgard-184 was ~800 um. The removal of sporelings was ac-
complished in a water channel at a wall shear stress of 53 Pa. Each
point is the mean removal from five replicate slides. Bars represent
the standard error of the mean derived from arc-sine transformed
data.

ments to quantify adhesion strength (measured as percent
removal) of sporelings growing on the same samples used
in the field trial are described first, followed by spore
attachment data and sporeling adhesion strength data for
uniaxially stretched amphiphilic chemistries. Finally, spore
settlement and adhesion strength on novel biaxially stretched
samples are described.

The percent removal of sporelings (young plants) of Ulva
from smooth Sylgard-184, smooth hydrophobic and uniaxi-
ally stretched hydrophobic surfaces following exposure in a
flow channel to a wall shear stress of 53 Pa is shown in
Figure 6. One-way analysis of variance (F,;, = 17.7, P <
0.05) confirmed that sporelings were most weakly attached
to the smooth PDMS and attachment strength was higher
on the wrinkled than on the smooth fluorinated surface.
Examination of the wrinkled surface showed that spores
settled preferentially in wrinkles and cracks, which resulted
in low removal of sporelings from this surface. A more
comprehensive description is provided later in the Discus-
sion.
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In order to improve the release characteristics, surfaces
with combined fluorine based and ethylene oxide based
chemistries were examined. In Figure 7 we plot (a) spore
settlement and (b) the removal of sporelings (young plants)
from substrates comprising different combinations of the
surface topography (stretched uniaxially) and chemistry.
One-way analysis of variance (Fs 534 = 128.6, P < 0.05) with
the Tukey test showed that spore settlement density was
lowest on the wrinkled fluorinated and the smooth and
wrinkled amphiphilic surfaces (Figure 7a). The highest den-
sity of spores was associated with the uHWST PHEMA
surface, which also had poor sporeling release properties
(Figure 8b). The HW fluorinated surface possessed release
properties that were comparable to those of the PDMS
standard, Silastic T2. The percent removal of sporelings from
the hydrophilic and amphiphilic surfaces was low (<30 %),
irrespective of whether they were flat or wrinkled. One-way
analysis of variance (F5,4 = 6.7, P < 0.05) and Tukey tests
showed that the release of sporelings from the HWST
PHEMA-tF8H2 substrate was not significantly different from
that from flat PHEMA.

Spore settlement density and percent removal of spores
by exposure to an impact pressure of 132 kPa from a water
jet are shown in Figure 8 for smooth and bHWST surfaces.
One-way analysis of variance and Tukey tests showed that
spore settlement densities on the two UVO-treated surfaces
were not significantly different but that settlement densities
on the other coatings were all significantly different (F4 505
=128, P < 0.05). Of the three smooth surfaces, the highest
density of settled spores was found on Sylgard-184 and the
lowest density on the UVO-treated sample. The highest
number of spores settled on the bHWST fluorinated surface,
more than double on the smooth surface of equivalent
chemistry. Spores settled preferentially in depressions (Fig-
ure 9b—d). Spore removal was high from the flat PDMS-
UVO, flat fluorinated, and the bHWST-UVO surfaces. Re-
moval was not significantly different from any of these three
surfaces (determined by using one-way ANOVA and Tukey
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FIGURE 7. (a) Settlement of zoospores on and (b) removal of
sporelings of Ulva from various substrates: F(T2), flat Silastic T2;
uHW(S-tF8H2), uniaxial HWST Sylgard-184/tF8H2; F(S-PHEMA), flat
Sylgard-184/PHEMA; F(S-PHEMA/tF8H2), flat Sylgard-184/PHEMA-
tF8H2; uHW(S-PHEMA), uniaxial HWST Sylgard-184/PHEMA; uHW(S-
PHEMA/tF8H2), uniaxial HWST Sylgard-184/PHEMA-tF8H2. The thick-
ness of the Sylgard-184 was ~500 um. The removal of sporelings
was accomplished in a water channel at a wall shear stress of 53
Pa. Points in (a) represent the mean of 90 counts, 30 from each of 3
replicate slides. Bars show 95% confidence limits. Points in (b) show
mean removal from 5 replicate slides. Bars represent the standard
error of the mean derived from arc-sine transformed data.

tests (Fa 505 = 100, P<0.05)). The combination of chemistry
(UVO treatment) and biaxial wrinkles in bHW(S-UVO) pro-
duced a surface which inhibited spore settlement and pro-
moted release characteristics. While it is difficult to decon-
volute the effect of topography and chemistry, it appears that
substrate hydrophilicity plays a major role in inhibiting spore
settlement.

DISCUSSION
In this paper we describe the formation of hierarchically

wrinkled surface topology (HWST) coatings and test their
performance in both field and laboratory tests. The specific
aim was to detect whether the multiple levels of roughness
present on top of the coatings inhibited settlement (attach-
ment) and growth of marine organisms. Coatings with two
levels of roughness were tested by Schumacher and co-
workers (14) against the settlement of spores of Ulva and
barnacle cyprids; their results provided encouraging evi-
dence that different scales of roughness would inhibit settle-
ment of the two species. However, their first attempt to
combine the two levels of roughness showed that that
enhanced numbers of spores of Ulva settled on the hierar-
chical surfaces, because the larger features that inhibited
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FIGURE 8. (a) Settlement of zoospores and (b) removal of zoospores
of Ulva from various substrates: F(S), flat Sylgard-184; F(S-UVO), flat
Sylgard-184 after UVO treatment; F(S-tF8H2), flat Sylgard-184/tF8H2;
bHW(S-UVO), biaxial HWST Sylgard-184 after UVO treatment; bHW(S-
tF8H2), biaxial HWST Sylgard-184/tF8H2. The thickness of the
Sylgard-184 was ~500 um. The removal of spores was accomplished
by exposure to a water impact pressure of 132 kPa. Points represent
the mean of 120 counts, 30 from each of 4 replicate slides, taken
from random fields of view across the whole area of the biaxially
stretched samples. Bars show 95% confidence limits. Bars on the
percentage data in (b) are derived from arc-sine transformed data.

settlement of cyprids provided attractive settlement sites for
the smaller spores.

The field tests carried out with the HWST samples en-
abled us to make some interesting observations. While the
chemistry of the coatings was not optimal (see below), our
tests revealed that HWST coatings performed better than
those that possessed flat topographies. The flat surfaces were
seen to foul extensively after 1 month in seawater, whereas
the HWST coatings remained relatively clean for more than
1 year and any deposits could be removed easily. However,
while the topmost layers of the coatings could be cleaned
completely (Figure 5b), some deposits, primarily of diatoms,
remained trapped in the “valleys” of the wrinkles (Figure 5¢).
One striking difference between the two types of coatings
was their dissimilar affinity toward barnacle recruitment.
While barnacles were detected on the flat substrates after
15 weeks, no barnacles were present on the HWST coating
even after more than 12 months of seawater immersion. The
absence of barnacles on the HWST coatings may be a
consequence of the inhibition of settlement by cyprid larvae
or loss of juvenile and adult barnacles (see ref 34 for a review
of barnacle settlement). Since the samples were not caged,
the possibility that “cleaning” was mediated by grazing by
fish cannot be excluded (35). Even if grazing accounts for
the results, our findings suggest that barnacle adhesion on
HWST surfaces is much weaker than that on flat coatings.
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and bHW(S-tF8H2) (b)—(d) substrates. The spores have settled
preferentially in the wrinkle valleys (and cracks) present in uHW-
(S-tF8H2) specimens. The inset shows sporelings on the surface after
exposure to a wall shear stress of 53 kPa in a flow channel.
Sporelings are retained in the cracks and, to a lesser extent, in the
wrinkle valleys. For details of Ulva settlement in cracks, see the inset
to (a). The positions of wrinkle “hills” and “valleys” in uniaxial HW
substrates are denoted schematically by the profile shown on the
bottom of (a). The bottom row denotes settlement on various
locations along the biaxially buckled sample (b, close to the edge;
c, halfway between the edge and the center; d, center). See Figure
2 for details of the substrate morphologies.

While more work still needs to be done in order to verify
these results, our observation confirms that the coating
topography plays a major role in controlling barnacle fouling
on surfaces.

Concurrently with the field tests, laboratory experiments
were conducted that aimed at understanding the settlement
of zoospores of the green alga Ulva and the ease of removal
of sporelings (young plants). Initially, we tested the fouling
release performance of coatings on the basis of the same
chemistries and same topographies as those used in the field
experiments. Our results did not show an improvement in
the release of sporelings relative to flat silicone elastomer
coatings. Microscopic observation revealed that spores settled
preferentially in the wrinkles and the cracks that developed
during the stretching procedure. Spores have been shown
to settle preferentially in depressions, especially when the
dimensions are similar in size to those of the spore body
(11, 12). Although the mature plants of Ulva are classed as
macrofouling organisms, the settling stage, i.e., spores, is
within the size range of cells referred to as microfouling.
Once spores have settled in the valleys (Figure 9), they are
protected from the hydrodynamic forces used to “clean” the
samples. The laboratory data for Ulva thus concur with the
observations of the field samples, which showed the ac-
cumulation and resistance to cleaning of diatoms in valleys
of the uHWST samples. Furthermore, the valleys also pro-
vide shelter for the rhizoids (“roots”) of the sporelings of Ulva
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as they develop, thus counteracting the fouling-release
properties of the flat surface.

It is important to note that while the topography clearly
plays some role in controlling the fouling of barnacles, the
combination of surface topography and surface chemistry
may also be important when considering fouling of smaller
marine organisms. All coatings discussed thus far have been
decorated with a thin layer of a semifluorinated surfactant,
tF8H2, which was chemisorbed onto the surface and formed
well-organized SAM films. Although fluorine chemistry has
been paramount in designing superhydrophobic surfaces (1),
it may not represent the best overcoat to inhibit settlement
and adhesion. Furthermore, it is well-known that highly
hydrophobic surfaces are not the best candidates for design-
ing efficient protein-repellent coatings. In order to ascertain
the influence of chemical composition of the coatings used
in this study, we performed preliminary experiments using
(1) protein-repellent PHEMA layers (36) deposited directly
onto the UVO-modified PDMS and (2) amphiphilic layers
comprising PHEMA films decorated with semifluorinated
tF8H2 moieties (PHEMA/tF8H?2). The design of the latter set
of samples was motivated by recent work (37, 38), which
reported that coatings composed of mixtures of ethylene
oxide and semifluorinated groups exhibited an enhanced
ability toward minimizing spore settlement on and enhanc-
ing cleaning of marine coatings. Our findings revealed that
while coatings with flat topologies containing either PHEMA
or PHEMA/tF8H?2 overcoats reduced the amount of spores
that settled, the latter being more effective, the removal of
sporelings from the substrates relative to a bare silicone
elastomer standards was reduced: i.e., adhesion strength
was higher on the experimental coatings. As discussed
earlier, the results were affected by settlement in valleys and
cracks as shown in Figure 9a.

Much more systematic work needs to be done to establish
the precise combination of physicochemical parameters that
fine-tune the coating performance. As pointed out by Gudi-
pati and co-workers, the performance of their amphiphilic
coatings depended crucially on the substrate composition
(37). What needs to be established in our case is the optimal
concentration of the tF8H2 moieties attached to the PHEMA
supporting “primer”. The quality of PHEMA primers depos-
ited onto UVO-modified supports has to also be considered.
In the samples prepared for this study, we have created such
layers by spin-coating PHEMA that was polymerized ex situ.
One possible avenue, currently under investigation, would
be to form the PHEMA/tF8H2 layer directly on the PDMS-
UVO substrate by mixing HEMA monomer with tF8H2 and
carrying out the polymerization reaction via free radical
polymerization (initiated by adding a minute amount of
initiator, i.e. AIBN, or directly by UV light). This method
allows us to (1) coat conformally the HWST support without
losing any structural features presented at small length scales
and (2) control readily the chemical composition of the
amphiphilic overcoat. Recent experiments (39) reveal that
such coatings can be fabricated; moreover, they do not
decompose when exposed to solutions of various pH (40).
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FIGURE 10. (top) Optical micrograph of a sample with biaxial
hierarchically wrinkled surface topography (bHWST). (bottom) Den-
sity of attached zoospores after 1 h settlement (in number per field
of view, no/FOV) on bHWST(S-UVO) (squares) and bHWST(S-tF8H2)
(circles) following transects across the diameter of the patterned
area. The middle of the circular pattern is shown as zero. Each point
is the mean from eight transects. Bars show standard error of the
mean. The dotted line represents the spore density on the flat
Sylgard-184 specimen.

We attribute the latter observation to the fact that even if
the C—O—Si bonds cleave, HEMA and tF8H2 form chains
of individual networks (PHEMA and “polymerized” tF8H2)
that are mutually interlocked. Finally, fine-tuning the proper-
ties of the HWST substrates themselves is needed. To this
end, varying the UVO time, strain extent, strain release rate,
strain direction, and sample dimension will be among the
parameters of interest. Adjusting the UVO time and strain
extent will allow for tailoring the dimension and number of
generations of wrinkles. Strain release rate is known to
dictate the number of structural defects and the density
cracks (Figure 1¢) in the coating. These defects were shown
to enhance spore settlement and reduce the removal of
sporelings by hydrodynamic forces from the wrinkled sur-
faces (Figure 9a). While in uniaxially stretched samples these
defects cannot be completely eliminated, some degree of
control may still be achieved by fabricating larger specimens
and concentrating on areas that are relatively defect/crack-
free. We have demonstrated that an alternative way of
minimizing structural defects in HWST samples employs
biaxial stretching, which, depending on the type of stretch-
ing geometry, changes the alignment of wrinkles from
parallel to coaxially oriented. Furthermore, the random
arrangement of wrinkles is expected to moderate spore
settlement behavior and enable areas where settlement was
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reduced to be identified. The wrinkle geometry does appear
to make some difference in the density of settled spores, at
least for hydrophobic coatings. In Figure 10 we plot the
mean number of spores (per field of view in an optical
microscope) as a function of the position on the coating.
Specifically, for coatings decorated with tF8H2 SAMs, the
density of spores appears to be lower in the middle of the
substrate, where the wrinkles are oriented at random.
Moving away from the center of the coating, the morphology
of the wrinkles changes from random to chevron-like; in this
region the number of spores settled on the substrate initially
increases and then decreases again as the dimensions of the
chevron patterns decrease (Figure 2). However, the settle-
ment of spores on hydrophilic biaxially wrinkled geometries
does not seem to depend on the type of dimension of the
wrinkling pattern, but this may be masked by the low
number of spores that settled on this surface. Clearly ad-
ditional work is necessary in order to understand the inter-
relationship between the wrinkle physical dimension and the
surface chemistry on settlement and attachment strength
of algae and other fouling organisms.

SUMMARY

The results from field and laboratory tests presented and
discussed here provide useful insight into the performance
of coatings with regard to marine fouling. Barnacle fouling
is minimized on topographically corrugated surfaces (even
without tuning the surface chemistry), while the settlement
and removal of spores and sporelings of Ulva is governed
by the combination of chemical composition and surface
topography. While these conclusions still need to be verified
by additional experiments, our results disclose that efficient
control of both surface topography and chemistry is impor-
tant in designing and fabricating an efficient marine coating.
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