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ABSTRACT

Effectively negating the deleterious impact of marine biofouling on the world’s maritime fleet in
an environmentally conscientious manner presents a difficult challenge due to a variety of factors
including the complexity and diversity of fouling species and the differing surface adhesion
strategies. Understanding how surface properties relate to biofouling can inform and guide the
development of new anti-biofouling coatings to address this challenge. Herein, we report on the
development of a living photopolymerization strategy used to tailor the surface properties of
silicone rubber using controlled anisotropic poly(acrylamide) patterns and the resulting antibiofouling efficacy of these surfaces against zoospores of the model marine fouling organism, Ulva
linza. Chemical patterns were fabricated using reversible addition-fragmentation chain-transfer
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(RAFT) polymerization in conjunction with photolithography with pattern geometries inspired by
the physical (i.e., non-chemical) SharkletTM engineered microtopography system that has been
shown effective against the same model organism. Sharklet chemical patterns and analogous
parallel channels were fabricated with sizes ranging from 2-10 µm in the lateral dimension and
tailorable feature heights ranging from 10’s to 100’s of nm. Non-patterned, chemically grafted
poly(acrylamide) silicone surfaces inhibited algal spore attachment density by 59% compared to
the silicone control; however, the chemical nanotopographies were not statistically different from
the control. While these results indicate that the chemical nanotopographies chosen do not
represent an effective anti-biofouling coating, it was found that the Sharklet pattern geometry,
when sized below the 5 µm critical attachment size of the spores, significantly reduced the algal
spore density compared to the equally sized channel geometry. These results indicate that specific
chemical geometry of the proper sizing can impact the behavior of the algal spores and could be
used to further study the mechanistic behavior of biofouling organisms.

INTRODUCTION
Marine biofouling is the undesirable attachment and growth of organisms such as bacteria, algae,
and invertebrates on surfaces, and it is a leading and continuing problem for various maritime
industries. It has a number of undesirable effects including increased maritime shipping costs,1,2
introduction of invasive species into local ecosystems,3 and reduced efficiency for power
generation and water filtration facilities.4 The properties of the fouling surface and characteristics
of the fouling vector are the primary factors that govern fouling severity and strength of the
biofouling interface, and better understanding the most effective and environmentally friendly
strategies to combat biofouling holds the potential to drastically reduce both the human and
material costs of this pernicious global problem. To this end, researchers are studying the impact
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of various surface properties including surface free energy (SFE) and wettability,5–7 chemistry,8
micro/nano roughness,9 and charged chemical groups10,11 on the antifouling (AF) and foulingrelease (FR) efficacy of surfaces; however, the exact impact of specific surface properties on the
macroscale biofouling response is typically complicated by competing and difficult to control
properties that make it challenging to determine the most effective anti-biofouling strategy to
employ.12,13
Engineering surfaces with either physical or chemical patterns with controlled geometries,
dimensions, roughness, etc. offers an excellent platform to study biofouling because patterns allow
for the precise tuning of relevant surface properties that can limit conflicting variables.9,14–16 Our
research group has shown that physically textured surfaces modified with the SharkletTM
engineered microtopography, which was inspired by the placoid scales of sharks,17 can inhibit
surface fouling by marine algae by 86%17 and marine bacteria by >99%18 (compared to nontextured controls), inhibit Staphylococcus aureus biofilm formation,19 and even promote wound
healing20 by controlling the thermodynamics of the organism-surface interaction.16 The SharkletTM
geometry has been found to be unique in its effectiveness compared to equivalently sized patterns
of parallel channels or pillars,9 and modification of the standard SharkletTM pattern geometry and
dimensions can be used to modulate the attachment density of various fouling species informed by
the surface energetics attachment (SEA) model.16 The SEA model utilizes surface thermodynamics
and attachment point theory to accurately predict fouling attachment density (promotion or
inhibition) between different patterns and a variety of organisms. However, physically textured
substrates, such as SharkletTM, are limited in their antifouling efficacy when the relative size
difference between the fouling organism and pattern is large,21 and as such they do not currently
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represent a broad-spectrum antifouling strategy when multiple different fouling vectors are
present.
Modifying surfaces with polymeric chains of varying chemistries has been shown to be another
effective anti-biofouling strategy,22 and chemical patterns that use AF chemical moieties23–26 can
be used to modulate and guide fouling responses. For example, patterning substrates with nonfouling materials like poly(ethylene glycol) (PEG) derivatives23,26 and then growing cells on the
fouling substrate has been used to isolate cells into contained “islands” or channels in order to
study cellular microenvironments and processes. The macroscale antifouling performance of
chemically patterned substrates is typically based on surface area arguments where fouling vectors
avoid the AF chemistry and instead attach to the surrounding non-modified fouling
background.23,24 Many studies have used chemical patterns to isolate the behavior of fouling
vectors to better understand attachment strategies, relationship with SFE, and impact of other
surface properties. However, there has been limited information on the specific effects of pattern
geometry on the macroscale fouling of organisms that cannot be accounted for by simple surface
area arguments, and we believe that the unique SharkletTM geometry is an excellent candidate for
this type of study.
The objective of this study was to investigate the efficacy of anisotropic poly(acrylamide)
(P(AAm)) chemical nanotopographies that utilize lateral geometries inspired by the Sharklet TM AF
physical microtopography, in addition to analogous parallel channels, to inhibit surface fouling by
zoospores of the common marine fouling algae Ulva linza.27 We have long known that the specific
geometry of the physical SharkletTM microtopography effectively controls the local environment
that prevents biofouling in ways not obtained with analogous channels or pillars commonly used
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by other research groups,9 and we hypothesize that similar chemical topographies may have similar
unique effects that have not been realized before.
The substrate of choice for this study was a poly(dimethylsiloxane) elastomer (PDMSe) that has
been widely used by research groups studying physical microtopographies due to its compatibility
with an array of molding/patterning techniques.9,17,28 PDMSe is also biocompatible29 and has been
extensively employed by the anti-biofouling research community due to its low SFE and low
modulus that makes it an excellent standard control for both AF and FR studies against common
marine algae, diatoms, tubeworms, hydrozoans, barnacles, and mussels.22 P(AAm) was chosen
because of its AF efficacy against the chosen fouling organism (unpublished author work) resulting
from its strong binding affinity to water in a fashion similar to PEG. The grafting strategy chosen
to form the P(AAm) patterns on PDMSe utilizes an established UV-photolithography protocol
catalyzed by a benzophenone (BP) surface initiator coupled with a reversible additionfragmentation chain transfer (RAFT) living-polymerization technique recently developed and
discussed in detail.30 The RAFT strategy polymerizes P(AAm) to high conversions (>98%) with
tailorable molecular weight and low dispersity (Đ<1.1) making it an excellent grafting strategy
that allows for the surface characteristics of the patterns to be easily controlled. 30
Zoospores of the green algae U. linza were chosen to test the anti-biofouling properties of the
fabricated anisotropic chemical nanotopographies because they are motile in the water column and
actively probe surfaces in search of the most suitable attachment sites making them ideal
candidates to reveal potential differences between chemical nanotopography geometries.27 U. linza
and smooth PDMSe coatings have also been used in many previous studies by the marine fouling
community to assess AF performance of new coatings,22,31 and it was chosen to maintain these
standards to allow for comparisons between the current study and fouling research performed over
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the past ~20 years. The lateral dimensions of the chemical patterns were chosen to range from 2–
10 µm because 5 µm9,24 is the approximate critical size dimension of the zoospores and this range
encompasses the same size scale used for engineered microtopographies both above and below.
MATERIALS AND METHODS.
Materials
Borosilicate glass slides (76 mm x 25 mm x 1 mm) were purchased from Fisher Scientific
(Hampton, NH, USA). Platinum-catalyzed Xiameter™ RTV-4232-T2 two-part PDMS resin was
purchased from Dow Corning (Midland, MI, USA). Allyltrimethoxysilane (ATS, >98%),
benzophenone (BP, >99%), acrylamide (AAm, >99%), and 2-hydroxy-4′-(2-hydroxyethoxy)-2methylpropiophenone (Irgacure 2959, 98%) were purchased from Millipore-Sigma (Burlington,
MA, USA). 2-(1-carboxy-1-methyl-ethylsulfanylthiocarbonylsulfanyl)-2-methyl-propionic acid
(CMP) was used as the RAFT chain transfer agent (CTA) and synthesized according to Lai et al. 32
AAm was recrystallized 3x from chloroform to remove impurities and vacuum-dried, BP was
recrystallized 3x from acetone and vacuum-dried, and deionized water (DIW, 18.2 MΩ-cm) was
produced in house using a Milli-Q system (Millipore-Sigma, Burlington, MA, USA). All other
materials were used as received.
PDMSe Substrate Preparation
Glass slides were cleaned by a propane torch, reacted with a solution of 5% ATS (vol.%) in 95%
ethanol acidified with glacial acetic acid to pH=4.5, washed with ethanol, and dehydrated at 120
°C. PDMS was prepared by mixing 10:1 (wt.%) resin to curing agent and degassed under vacuum.
The mixture was poured over ATS-glass slides and cured for 24 h at room temperature between
two poly(ethylene terephthalate) coated plates with 1.6 mm spacers resulting in 600 μm thick
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PDMSe-coated glass slides. A razor blade was used to liberate PDMSe glass slides from the
PDMSe sheet.
Photomask Fabrication
Pattern photomasks were designed using Layout Editor software (Juspertor GmbH,
Unterhaching, GER) and exposed onto chrome-quartz photomasks (Nano-Film Microcircuit
Technology, Westlake Village, CA, USA) using a DWL 66FS laser writer (Heidelberg Instruments
GmbH, Heidelberg, GER). Exposed masks were developed in AZ400K (MicroChemicals GmbH,
Ulm, GER) and etched in chrome etchant 1020 (Transene Company, Inc., Danvers, MA, USA).
Three photomasks were made with each containing three different 225 mm2 patterned regions
spaced 10 mm apart. The three patterned regions consisted of parallel channels, Sharklet_n4, and
Sharklet_n10 geometry with features and spacings of 2, 5, or 10 µm (see Photopatterned
Nomenclature below).
PDMSe RAFT Photopatterning
The RAFT PDMSe grafting protocol from Kuliasha et al.30 was adopted for photopatterning
(Sch. 1). Briefly, a RAFT monomer solution was prepared in DIW with 3 M AAm ([M 0]), 3.75
mM Irgacure 2959 ([I0]), and 3.75 mM CMP ([CTA0]) and degassed by bubbling N2. Glass slide
PDMSe substrates were immersed in a 10 wt % BP solution in methanol to impregnate the
substrate with a BP surface photoinitiator. The degassed pre-polymer solution was pipetted onto
the dried BP-PDMSe substrate, evenly distributed by a patterned photomask, and UV polymerized
using a 10 mW/cm2 Lesco CureMax FEM1011 UV curing system (JH Technologies, Bradenton,
FL, USA) resulting in P(AAm) photografted PDMSe (P(AAm)-g-PDMSe). RAFT polymerization
allowed for the molecular weight and resultant height of patterned grafts to be modified by varying
UV treatment time from 2-8 min. Grafted substrates were cleaned of residual AAm monomer, non-
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grafted P(AAm), and CMP/ BP initiators by successive washes/ soaks in DIW and methanol for
48 h. Cleaned P(AAm)-g-PDMSe samples were stored in DIW at 4 ˚C until required for analysis.
Grafting was restricted to three 225 mm2 patterned areas on the PDMSe surface as governed by
the photomasks. Non-patterned P(AAm)-g-PDMSe samples were fabricated according to the same
procedure using quartz plates in place of the photomask (ground and polished, 3.5 in x 3.5 in x
0.062 in, Technical Glass Products, Painesville, OH, USA).

Scheme 1. RAFT photopatterning schematic used to fabricate P(AAm)-g-PDMSe surfaces
attached to glass microscope slides. (1) As-cured PDMSe (blue) attached to glass slide substrate
(grey) is (2) impregnated with BP and coated in a RAFT pre-polymer solution (red and inset) that
is subsequently (3) UV cured using a photomask (grey and inset) resulting in a (4) PDMSe sample
that after cleaning contains three regions of surface grafted, anisotropic P(AAm) chemical
nanotopographies (red) surrounded by non-patterned PDMSe regions (blue).
Photopatterned Nomenclature
Grafted PDMSe samples are labeled in this work as P(AAm)-g-PDMSe, with included pattern
designation using the following format: ‘SK’ indicates the same geometric footprint as the
SharkletTM engineered microtopography, and ‘CH’ refers to parallel channels. Patterned feature
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width and spacing dimensions are reported in microns while feature height is reported in
nanometers. Finally, ‘_n#’ refers to the number of unique repeating features within the Sharklet
pattern’s unit cell. For example, 150SK2x2_n4 indicates a 150 nm tall chemical nanotopography
with 2 µm lateral features spaced 2 µm apart resembling SharkletTM topographies with 4 unique
repeated features:
(Height) (Geometry) (Feature Width)x(Feature Spacing)_(# Unique Features)
Surface Analysis
ATR-FTIR Spectroscopy was performed on vacuum dehydrated PDMSe samples using a
Nicolet 6700 FT-IR spectrometer (Thermo Scientific, Waltham, MA, USA) equipped with a
germanium crystal. A total of 128 scans per spectrum were acquired with a resolution of 4 cm-1.
A background spectrum in air was collected and subtracted from the sample spectrum. A
Dimension Icon AFM (Bruker, Billerica, MA, USA) was used to analyze the surface morphology
of samples fully immersed in DIW using ScanAsyst® fluid+ tips (Bruker) in ScanAsyst® mode.
NanoScope Analysis software (Bruker) was used to calculate pattern dimensions and surface
nanoroughness. Pattern heights were determined by measuring the height sensor’s peak-to-valley
difference on 12 spots per scan between three 93 x 93 μm AFM scans on 3 sample replicates per
pattern type and UV polymerization time. A model A100 goniometer (Ramé-Hart Instrument Co.,
Succasunna, NJ, USA) was used to measure the static water contact angle (CA) of 5 μL DIW
droplets applied to sample surfaces via a glass micropipette. Samples were dried of residual DIW
with N2 gas prior to CA measurements, and 5 individual droplets were measured on each sample
surface.
U. linza Bioassay
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Patterned P(AAm)-g-PDMSe samples were fabricated according to Sch. 1 consisting of three
225 mm2 patterned regions containing nanotopographies with lateral dimensions of 2x2, 5x5, or
10x10 (µm x µm). Each lateral dimension sample group was replicated (n=4) resulting in a total
of 9 different patterns. Non-patterned P(AAm)-g-PDMSe and non-grafted PDMSe coatings were
fabricated as controls (n=4). Test coatings were sterilized by three successive washes in 70%
isopropanol and shipped to Newcastle University, UK in sterile centrifuge tubes filled with 0.2 μm
filtered DIW.
The sample cohort was tested for AF efficacy with a U. linza algal zoospore attachment bioassay.
Coatings were equilibrated in 0.22 μm filtered artificial seawater (ASW) for 24 h prior to testing.
Algal zoospores of U. linza were obtained from mature plants using a standard method.21 A
suspension of zoospores (10 ml; 1x106 spores/ml) was added to individual compartments of
quadriPERM dishes containing the samples. After 45 min in darkness at 20 ˚C, the slides were
washed by passing 10 times through a beaker of ASW to remove unsettled (i.e., swimming) spores.
Slides were fixed using 2.5% glutaraldehyde in ASW. The density of zoospores attached to the
surface was counted using Axiovision 4 software attached to a Zeiss Axioskop fluorescence
microscope. Spores were visualized by autofluorescence of chlorophyll. Counts were made for 30
fields of view (each 0.15 mm2) on each patterned region. The entire bioassay procedure was
performed twice on separate sample cohorts fabricated two months apart in order to determine
batch-to-batch and bioassay variability.
RESULTS AND DISCUSSION
Chemical Nanotopography Analysis
Successful UV-initiated grafting of P(AAm) onto PDMSe was verified with ATR-FTIR analysis
as evidenced by the appearance of primary amine (3379 and 3202 cm-1) and amide I and II (1664
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and 1614 cm-1) peaks (Fig. 1 and SI). IR peaks corresponding to P(AAm) became more prevalent
at increasing UV times due to the increased molecular weight and feature height of the P(AAm)
patterns (discussed below). Impregnating PDMSe with BP using methanol as the carrier solvent
results in a % mass change < 0.2%,30 and PDMSe is highly immiscible to water used as the
monomer carrier solvent. Therefore, it can be safely assumed that P(AAm) grafting was relegated
to the top surface of the PDMSe with minimal penetration of P(AAm) within the bulk PDMSe.
Optical and AFM inspection confirmed that the photolithographic technique was successful at
creating the full range of targeted chemical nanotopographies with lateral features governed by the
photomask design (Fig. 2 and SI). AFM was the primary method used to analyze the pattern
morphology because of the high spatial resolution and ability to measure nanometer scale feature
heights of substrates fully submerged in DIW thus ensuring complete P(AAm) graft layer
hydration.

Figure 1. ATR-FTIR spectra of as-cured PDMSe (black) and P(AAm)-g-PDMSe (red). P(AAm)
grafting is evidenced by new peaks corresponding to the amide I and II and primary amine
absorption bands (insets) of P(AAm) that are not present in as-cured PDMSe.
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Figure 2. Representative 2D AFM height sensor scans of P(AAm)-g-PDMSe surfaces immersed
in DIW. (A) CH2x2, (B) SK2x2_n4, (C) SK2x2_n10, (D) CH5x5, (E) SK5x5_n4, (F) SK5x5_n10,
(G) CH10x10, (H) SK10x10_n4, and (I) SK10x10_n10. Each row represents a different lateral
spacing group (2x2, 5x5, or 10x10 µm) and each column represents different pattern geometries
(Channels, Sharklet_n4, or Sharklet_n10). All scans are approximately 93x93 µm2.
An initial ~2-3 min UV inhibition period, during which minimal photografting occurred,
generated patterns that were less than 10 nm tall. During the inhibition period, no significant
polymerization occurred because the majority of UV-initiated radicals in solution and on the
PDMSe surface fragment the RAFT CTA forming macroCTA radicals33 instead of polymerizing
available monomer as expected for typical chain-growth reactions. Appreciable living
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polymerization of monomers only occurs after available CTA has been converted to macroCTAs
and RAFT equilibrium has been reached.33
Reaction kinetics of BP-modulated RAFT photografting is complicated by the ability of BP to
abstract tertiary α-C from the backbone of AAm to produce a branched polymer graft as opposed
to a strictly linear chain causing deviations from traditional RAFT living chain-growth
polymerization.30 Due to this branching effect of the grafted polymer, the precise evolution of
surface graft molecular weight is not readily analyzable. Therefore, grafted pattern feature height
was studied instead and used as an analog to graft molecular weight. However, non-grafted
P(AAm) collected from solution (i.e., primarily linear, non-branched polymers) exhibits a linear
evolution of molecular weight of ~5.7 kDa/min after a 3 min inhibition period resulting in 99%
conversion after 20 min.30 This reaction rate can be considered as the upper limit for the
photopatterning reaction.
AFM analysis of surfaces submerged in DIW was used to determine grafted feature height and
surface nanoroughness in their fully swollen/hydrated state as a function of UV polymerization
time for all fabricated pattern geometries (Fig. 3 and SI). Surfaces were not characterized in their
dry state because the U. linza AF tests were performed in aqueous/marine environments, and
testing was chosen to replicate the application environment. The average feature height as a
function of increasing UV time for features with lateral dimensions of 2x2, 5x5, and 10x10 (µm x
µm) fit a linear regression (R2 values of 0.999, 0.995, and 0.951, respectively). This analysis
combined pattern geometries of CH, SK_n4, and SK_n10 within the same lateral dimension group
because there was determined to be no effect of pattern geometry on polymerization rate or feature
height. Living polymerization reactions exhibit pseudo first-order kinetics of molecular weight
versus conversion and polymerization time,33 and the linear relationship of grafted feature height
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as an analog to molecular weight versus UV time indicates that the living chain-growth RAFT
moderated photografting was successful.30 However, narrower features polymerized at slower
rates due to the difference in the area exposed to UV irradiation during grafting. Increasing the
lateral pattern dimensions from 2x2 to 5x5 to 10x10 caused the pattern height to increase from 49,
67, and 129 nm/min, respectively. The RRMS nanoroughness for these patterns also showed a linear
relationship (R2=0.991) with increasing feature height irrespective of pattern geometry or lateral
dimension (Fig. 3).

Figure 3. Summary of AFM data collected from chemical nanotopographies with lateral size
ranging from 2 to 10 µm. (A) Representative 3D AFM scan of a 100SK2x2_n4 surface with an
overlaid line scan (white). (B) AFM height sensor vs. lateral distance of a line scan taken from (A)
showing both the height and feature spacing (dashed lines). (C) Compilation of the feature height
vs. UV treatment time for all patterns. Feature heights were consistent across the three different
geometries within the same lateral space group for a given exposure time. Linear regression
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analysis was performed on each lateral dimension group and the results are shown in the inset. (D)
RRMS nanoroughness vs. measured feature height calculated from 93x93 µm2 AFM scans. Data
points represent the arithmetic mean (± standard deviation) of 12 line scans on 3 replicate samples
(n=12, N=3).
The non-patterned P(AAm)-g-PDMSe surface exhibited a controllable decrease in static water
CA with increasing UV time to a minimum of 55˚  6˚ after 8 min UV due to increasing P(AAm)
molecular weight.30 Conversely, water CA analysis of all surfaces patterned with hydrophilic
P(AAm) nanotopographies showed only a modest decrease of ~ 4 to 11° compared to native
PDMSe (110°) irrespective of variations in pattern geometry (CH or SK), feature height (15–760
nm), or lateral dimension size (2–10 µm) (Tab. 1). This indicates that the hydrophobic PDMSe
regions dominate the pattern’s macroscopic surface wettability while the P(AAm) regions have
only a minimal impact. It has been experimentally34 and theoretically35 shown that anisotropic
chemical patterns with alternating hydrophilic/hydrophobic domains cause water droplets to
elongate due to preferential wetting down the long axis of hydrophilic regions. This phenomenon
is also prevalent with physical patterns36 and has been attributed to differences in the energy barrier
of wetting between the parallel or perpendicular pattern directions. It was expected that P(AAm)
anisotropic nanotopographies would display differences in CA caused by such preferential wetting
along the relatively hydrophilic P(AAm), but measuring patterns along the feature’s long axis
(parallel) or short axis (perpendicular) did not reveal any differences (Tab. 1).
Table 1. Static water CA of chemical nanotopographies measured parallel or perpendicular to the
long axis of the topography feature direction.
Sessile Drop Water Contact Angle (˚)
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Lateral Dimension and Measurement Direction
Geometry

2x2∥

2x2⊥

5x5∥

5x5⊥

10x10∥

10x10⊥

CH

101 (4)

103 (3)

106 (3)

105 (2)

103 (4)

103 (3)

SK_n4

100 (4)

102 (2)

104 (4)

104 (4)

101 (3)

99 (3)

SK_n10

100 (3)

106 (2)

102 (5)

106 (2)

102 (6)

104 (3)

Data points represent the arithmetic average (standard deviation) of samples at four UV
treatment times, n=3. Each sample was measured with 5 static droplets with angle measurements
taken on both the left and right side of the droplet.
The Cassie-Baxter wetting theory has been applied to surfaces that demonstrate both solid-liquid
and liquid-air interfaces along the contact area of the liquid droplet (e.g., physical topographies)
or with chemistry1-liquid and chemistry2-liquid (e.g., chemically heterogenous topographies)
interfaces (Eq. 1).37,38 For this case using Eq. 1, θ*theoretical represents the composite theoretical CA,
θ1 and θ2 the experimental CA of the homogenous surfaces (grafted or non-grafted, respectively),
and f1 and f2 their respective surface area fractions. This theory was applied to CH2x2 P(AAm)-gPDMSe surfaces where f1=f2=0.5, θ1 is the experimental CA of PDMSe, and θ2 is the experimental
CA of the analogous non-patterned P(AAm)-g-PDMSe surface (Fig. 4). The Cassie-Baxter theory
predicts that the chemically patterned substrates would exhibit a decrease in CA with increasing
UV time and feature height due to the decrease in the CA of the analogous non-patterned P(AAm)g-PDMSe surfaces;30 however, these predications do not hold true at UV times >6 min as the nonpatterned P(AAm)-g-PDMSe CA decreases with increasing graft molecular weight (Fig. 4). These
same conclusions can be drawn for the other P(AAm) nanotopographies. It is likely that the
hydrophobic PDMSe domains pin the water contact line thus preventing the droplet from wetting
the surface in the manner predicted by Cassie-Baxter.38 It is clear from this behavior that the
PDMSe domains dominate the local surface wettability and effectively pin the motion of water
droplets.
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cos(𝜃 ∗ 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 ) = 𝑓1 cos(𝜃1 ) + 𝑓2 cos(𝜃2 )

Figure 4. Water CA vs. UV polymerization time for experimentally measured surfaces including
non-patterned P(AAm) (θ2, red), CH2x2 (θ*experimental, blue), and the theoretically predicated
composite CA (θ*theoretical, green) assuming a constant non-grafted PDMSe CA of 110 ˚ (θ1, black)
according to Eq. 1. Experimental data points represent the arithmetic average (± standard
deviation), N=3, n=5
The RAFT photopatterning technique does have a maximum achievable pattern height of ~250
nm for the 2x2 patterns. UV polymerization time >8 min resulted in thickening of the 2 µm features
as the grafts polymerized laterally across the surface (Fig. 5). Eventually a point was reached where
the grafts bridged the 2 µm PDMSe region between adjacent P(AAm) features resulting in a
surface that no longer resembled the proper pattern geometry with a corresponding decrease in the
water CA <55˚, similar to non-patterned P(AAm)-g-PDMSe at equivalent UV treatment times.
This limitation was not observed with the larger 5x5 or 10x10 patterns at >8 min UV; however,
rigorous analysis of these patterns was not performed to pinpoint the onset of any pattern
thickening.
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Figure 5. 2D AFM scans of SK2x2_n4 P(AAm)-g-PDMSe with increasing UV polymerization
time showing the onset of pattern formation at 3 min after the RAFT inhibition period, followed
by high-fidelity patterns from 3-8 min, and proceeding to gradual thickening of the patterns at 9
min with complete loss of independent features at 11 min.
AF Efficacy vs. Algal Zoospores of Ulva linza
P(AAm)-g-PDMSe with CH, SK_n4, and SK_n10 nanotopographies with feature dimensions of
2x2, 5x5, and 10x10 (µm x µm) were tested against zoospores of the common marine fouling
green alga U. linza to determine the pattern’s AF efficacy. In order to reduce variables, the 2x2,
5x5, and 10x10 patterned samples were UV treated for 6, 4, and 3 min respectively in order to
produce patterns with equivalent feature heights of 132 nm ± 51 (arithmetic average ± standard
deviation) resulting in chemical topographies with equivalent degrees of swelling and molecular
weight. Non-patterned (i.e., smooth) P(AAm)-g-PDMSe coatings were also tested in order to
determine the effect of a chemically homogenous surface, and these coatings were UV treated for
4 min to produce a water CA of 98° ± 3° equivalent to the chemically patterned substrates. Nonpatterned (i.e., non-grafted, smooth) PDMSe samples with a water CA of 110° ± 2° were used as
controls.
Non-patterned P(AAm)-g-PDMSe surfaces significantly inhibited the attachment density of
algal zoospores by 59% compared to PDMSe controls during two separate bioassays (F10,879 =
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23.68, p < 0.0001) (Fig. 6). This reduction proves that P(AAm) is an effective AF chemistry
against the zoospores; however, the overall % reduction was not as large as that achieved by a
variety of other chemistries including hydrophilic PEG (88%)39 and amphiphilic poly(coacrylates) (85-92%),40 compared to smooth PDMSe control. On the other hand, patterned P(AAm)
nanotopographies, in the size range and geometries investigated, did not significantly change the
attachment density of U. linza compared to the control (Fig. 6). As discussed previously, analysis
of the water CA of the grafted nanotopographies revealed that the PDMSe regions dominate the
macroscale wettability of the patterns, and it is likely that these same regions also control the
macroscale fouling behavior. For the non-patterned surfaces, P(AAm) grafts conformally coat the
entire sample surface, effectively blocking the influencing effect of the underlying PDMSe and
resulting in significant inhibition of algal spores in a manner not evidenced by chemical
nanotopographies with equivalent macroscopic static water CA.

Figure 6. Attachment density of algal zoospores on different surfaces. Smooth P(AAm) showed a
significant reduction in attachment density of 59% (F10,879 = 23.68, p < 0.0001) while the
anisotropic nanotopographies were not statistical different from the control. Inset values indicate
the % change in attachment density compared to the PDMSe controls. Data points represent the
arithmetic average (± 95% confidence intervals) taken from 30 counts each on 8 replicates
separated between two bioassays (4 replicates/bioassay).
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Finlay et al. 24 reported for alternating PEG/fluorinated channels that U. linza attachment density
was governed by competing factors including the hydrophilicity of the region surrounding the
patterned area (i.e., background) and the individual pattern’s size. Algal zoospore attachment
density on patterned regions was similar to the fluorinated control irrespective of channel
size/spacing, for dimensions ranging from 2 to 500 µm, when the background surrounding the
patterned regions was fluorinated. However, when PEG backgrounds replaced the fluorinated
background, the patterns dimensioned at 2 to 5 µm inhibited spore settlement in a fashion similar
to homogenous PEG surfaces. Furthermore, it was shown that spores aggregated in higher densities
on the hydrophobic fluorinated regions compared to hydrophilic PEG regions for channels 20 µm
and larger, which is consistent with earlier assays on self-assembled monolayers.41 It was
concluded that the hydrophobic fluorinated regions attracted spores and dominated the global
fouling effect, and only patterns sized at or below the spore’s body size (i.e., 5 µm 9,24) had a strong
AF effect when the spores were not given attractive regions to settle (i.e., hydrophobic
background) thus forcing them to search for alternative settlement areas. For the analysis presented
here, the non-grafted PDMSe background surrounding the chemically patterned regions can be
considered to be analogous to the fluorinated background. The P(AAm) nanotopographies were
not sufficient to overcome the influencing effect of the hydrophobic PDMSe domains.
Despite this, nanotopography geometry and feature size/spacing did affect algal spore settlement
to a limited degree. By comparing pattern geometry within the three different equally sized lateral
groups, 2x2 patterned SK_n4 and SK_n10 statistically inhibited fouling to a greater degree than
the CH2x2 geometry (F2,239=11.14, p<0.0001) while all the 5x5 patterns (F2,239=1.94, p=0.146)
and 10x10 patterns (F2,239=0.30, p=0.741) were statistically equivalent within their lateral size
group irrespective of pattern geometry. These results indicate that the geometry of a chemical
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pattern, when sized below the spore’s critical attachment size of 5 µm,9,24 can influence the
attachment of algal zoospores, and this effect cannot be based on surface area coverage arguments
alone. SK_n4 patterns have an AF grafted area of ~42% while the CH patterns have ~50% graft
area coverage. Based on surface coverage arguments it would be expected that the SK patterns
would have a higher attachment density if the relative surface area of fouling PDMSe to AF
P(AAm) was the only important parameter; however, this is not the case. The specific SharkletTM
geometry must be imposing some currently unknown thermodynamic penalty on algal adhesion
that is not provided by parallel channels.
It has been shown that for physical topographies of sufficient depth (e.g., 3 µm), the 2x2
SharkletTM pattern geometry is superior to equally sized channels at inhibiting the attachment
density of U. linza.9 Sharklet is thought to inhibit attachment to a greater degree than channels
because the diagonal diamond pattern increases the pattern’s tortuosity and helps to pin advancing
water contact lines thus stabilizing the Cassie-Baxter wetting state. However, these diagonal cuts
also allow for an increased number of attachment points, and the SEA model accurately models
the spore attachment sites, experimentally confirmed, with preference along the diagonal pattern.
The chemical patterns discussed here do not possess analogous depth effects or surface
wettability. The ~130 nm tall chemical patterns can be considered to be 2 dimensional with respect
to the 5 μm zoospores, and they do not provide sufficient surface area increases to significantly
promote attachment in a fashion similar to ≥ 5 μm deep 5x5 and 10x10 physical patterns.
Furthermore, we have shown that the chemical nanotopographies do not follow the Cassie-Baxter
theory and this is supported by the significantly different static water contact angles of chemical
Sharklet (~100°) and physical Sharklet (~135°).
CONCLUSIONS
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A RAFT photografting technique was successfully employed to graft an array of anisotropic
chemical

nanotopographies

composed

of

poly(acrylamide)

onto

the

surface

of

poly(dimethylsiloxane) in the geometry of parallel channels and SharkletTM. AFM analysis
revealed a linear increase in the pattern height with increasing UV polymerization time and surface
nanoroughness. Water contact angle data indicated that the chemical nanotopographies have
minimal impact on the macroscopic wettability of the grafted surfaces and the hydrophobic
PDMSe domains dominate. Anti-biofouling tests using algal zoospores of U. linza showed that the
non-patterned poly(acrylamide) surfaces significantly inhibit fouling attachment compared to the
non-grafted controls. However, patterned poly(acrylamide) surfaces had minimal impact, and the
overall anti-biofouling potential of the anisotropic chemical nanotopographies remains limited.
Future testing will focus on the more effective SK2x2 patterns to determine the effect of feature
height and investigate potentially more effective acrylate/methacrylate chemistries (e.g., acrylic
acid, hydroxyethyl methacrylate, or quaternary ammonium salts).
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