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Abstract

The antifouling performance of a siloxane-based elastomeric impression material
(EIM) was compared to that of two silicone fouling-release coatings, Intersleek 757 and
RTV-11. In field immersion trials, the EIM caused the greatest reduction in fouling by
the solitary tunicate Ciona intestinalis and caused the longest delay in the progression of
fouling by two species of colonial tunicate. However, in pseudobarnacle adhesion tests,
the EIM had higher attachment strengths. Further laboratory analyses showed that the
EIM leached alkylphenol ethoxylates (APES) that were toxic to C. intestinalis larvae.
The EIM thus showed the longest duration of chemical activity measured to date for a
siloxane-based coating (4 months), supporting investigations of fouling-release coatings
that release targeted biocides. However, due to potential widespread effects of APEs, the
current EIM formulation should not be considered as an environmentally-safe antifoulant.
Thus, the data also emphasize consideration of both immediate and long-term effects of

potentially toxic constituents released from fouling-release coatings.

Keywords: alkylphenol ethoxylates; antifouling; fouling-release; silicone coatings;

Ciona intestinalis, surfactants.
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1. Introduction

Antifouling coatings can be divided into two broad categories: chemically-active
coatings that release active compounds that kill or otherwise deter organisms from
settling on a surface, and non-toxic fouling-release coatings that weaken adhesion of
organisms and facilitate their release. To date, the most effective chemically active
coatings have been based on heavy metals, many of which were banned due to their
negative effects on the environment (reviewed by Yebra et al., 2004; Almeida et al.,
2007). Consequently, numerous alternatives have been tested, including chemically-
active coatings using enzymes or other natural products (eg Dobretsov et al. 2006, 2013;
Fusetani, 2011; Quian et al. et al 2010), as well as a range of fouling-release coatings
(reviewed by Almeida et al., 2007; Lejars et al., 2012). The most effective fouling-
release coatings have been those based on polydimethyl siloxane (PDMS). The low
surface energy and elastic modulus of PDMS elastomers decreases the strength of
attachment of marine organisms. A large number of these siloxane-based fouling-release
coatings have been tested (eg Holm et al., 2000; Swain et al., 2000; Terlizzi et al., 2000),
together with additional studies of composition variants intended to enhance antifouling
performance (eg Carl et al., 2012; reviewed by Lejars et al., 2012; Martinelli et al., 2012;
Rahman et al., 2011).

Although siloxane-based coatings tend to have lower toxicity than chemically-
active coatings that deliberately release biocides, there is still the possibility that these
nominally fouling-release coatings leach chemicals that can either directly affect fouling
organisms or have more downstream effects in the environment. A few of studies have

considered this possibility (Nendza, 2007), and most have found acute toxic effects of
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leachates (Feng, 2012; Rittschof & Holm, 1997; Truby, 2000; Watermann, 1997). Thus
it is important that tests of anti-fouling performance for siloxane-based coatings consider
both physical and chemical mechanisms.

The problematic fouling organisms that motivated this study are tunicates.
Tunicates are prominent members of marine fouling communities that have caused
considerable ecological and socioeconomical impacts in some geographic locations
(Reviewed by Aldred & Clare, 2014; Bullard et al., 2010; Lambert 2001; Lambert &
Lambert, 2003; Simkanin et al., 2013). Tunicate fouling has been particularly
troublesome for some aquaculture operations worldwide, creating increased operation
costs and decreased yield and product quality (Adams et al., 2011; Carman et al., 2010;
Fitridge et al., 2012). Eradication techniques used in shellfish aquaculture have focused
on chemical or physical treatments to remove tunicates after fouling has occurred ( Arens
etal., 2011; Carver et al., 2003; LeBlanc et al., 2007; Parent et al., 2011; Piola et al.,
2010) Thus, the overall goal of this study was to test the performance of a silicone-based
coating at limiting tunicate fouling.

The coating tested was chosen based on a serendipitous discovery of its
antifouling properties. Vinyl siloxane polymers (VSP) are vinyl terminated PDMS
elastomers that have outstanding impression accuracy, and are widely used as dental
molds (Mandikos, 1998). VSPs have also been employed for biofouling studies,
including testing their fouling-release characteristics (Kim et al., 2008), using them as
matrices for dual-function biocidal and fouling-release coatings (Choi et al., 2007), and
using them as molding materials for testing natural surface topographies that resist

fouling (Scardino & de Nys, 2004). In a preliminary study, an elastomeric impression
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material (EIM, a commercial dental mold formulation of VVSP) was used to create molds
with different topographies that were then submerged at a site in Nova Scotia, Canada
with a non-indigenous tunicate infestation. Although no effect of topography was found,
little tunicate fouling accumulated on the EIM molds, and those organisms that did attach
were easy to remove (Phillips, Bishop and Wyeth, 2013, unpublished observations).
Based on this preliminary result, surface topography was eliminated from subsequent
experimentation, and, instead, it was hypothesized that fouling-release characteristics
exhibited by the EIM caused the reduced tunicate fouling. The first specific aim of this
study was to test the fouling-release hypothesis, assessing the performance of the EIM
relative to other silicone-based coatings in field immersion trials and pseudobarnacle
adhesion tests. The second aim was to test the alternate possibility of chemical activity,
using larval toxicity assays and chemical analyses to gather evidence regarding any
leachates from the material.
2. Materials and Methods
2.1 Coating Treatments

The antifouling performance of an EIM was compared to that of uncoated
polyvinyl chloride (PVC) controls and two commercially available coatings acting as
performance references. Medical-grade EIM (Kerr Corporation, Part 29036) was
prepared according to package instructions. The two reference treatments were Intersleek
757 (INT, International Coatings Ltd.), a silicone-based fouling-release coating system,
and RTV-11 (RTV; Momentive Performance Materials Holdings LLC), a commercially
available silicone known to have fouling-release properties (Holm et al., 2000; 2006;

Kavanagh et al., 2003; Truby et al., 2000; Wynne et al., 2000). Both INT and RTV were
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prepared in accordance with manufacturer instructions and applied using paintbrushes.
The INT coating was comprised of Parts BXA757, BXA758, and BXA759 and the back
plates were first coated with Intershield 300 primer (Parts ENA301 and ENA303) and
Intersleek 731 tiecoat formula (Parts BXA730 and BXA381). All coatings were applied
to PVC back plates (25 cm x 15 cm), with controls left as bare PVC (see Table 1 for
physical characteristics of the coatings). Nylon bolts were required to secure the EIM to
the back plate, since no attachment system is available for this material. For consistency,
nylon bolts were also placed on all other treatments. No mechanical damage was
observed on any of the coatings during the study, with the exception of one RTV-coated
plate that sustained partial detachment of a 6 cm? area that was still possible to include in
the analysis.
2.2 Field immersion trials
2.2.1. Sites

Field immersion tests were conducted at two sites in Nova Scotia, Canada where
previous observations indicated invasive tunicates were prevalent: Strait of Canso Yacht
Club (decimal degrees of latitude and longitude: 45.6134, -61.3653), in Port Hawkesbury,
infested with Ciona intestinalis, and Cribbons Point Marina (45.7558, -61.8971), on the
Northumberland Strait, where both Botryllus schlosseri and Botrylloides violaceous are
abundant.

Sets of four test plates, one for each treatment, were attached with nylon cable-
ties to rectangular frames constructed from standard household acrylonitrile butadiene
styrene pipe. Ten replicate frames were submerged along a dock at each test site, with

frames (separated by 0.5 m to 3 m) suspended vertically 1 m below the water surface and
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oriented away from direct sunlight. Within frames, treatment plate order was varied
systematically, such that each treatment was adjacent to the other treatments an equal
number of times.
2.2.2. Fouling Measurement

Fouling accumulation, as measured by cover area, was quantified based on a
modification of ASTM D3623 (2012). A time-series of plate images was used, allowing
non-destructive quantification of temporal changes of fouling. Plates were submerged on
the 26 and 27 of June 2013, and temporarily raised out of the water and photographed 14
times (at weekly intervals over 12 weeks, and then after 14 and 17 weeks). The camera
(Nikon Coolpix S5100) was mounted on a box fitted on the inside with a perimeter of
LED lights to ensure similar lighting conditions among photographs. To reduce
interference from organisms attached to the uncoated sides of the back plates, images
were cropped to the 22.0 cm x 11.7 cm rectangular area inside the bolts (257 cm? total
area, final resolution: 3400 x 1750 pixels). Seascape software (Teixidé et al., 2011) was
used to segment downgraded images (850 x 437 pixels) into pixel regions based on
colour. Segmented regions were categorized manually as background (bare surface), C.
intestinalis, colonial tunicates (B. schlosseri and B. violaceous), bryozoans (Bugula sp),
colonial hydroids (species not identified), other fouling organisms, or unknown (when
obscured by growth from outside the plate).
2.2.3. Statistical Analyses

All statistical analyses for the field immersion trial and subsequent experiments
were performed using SPSS v20 or v22 (IBM), with o = 0.05. At both sites, fouling was

dominated by tunicates, with no other fouling organisms exceeding 11% cover on any of
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the treatments (even on plates without tunicate cover). Thus, we were able to exclude
other fouling organisms from our analyses, exclusively comparing cover by tunicates
(either C. intestinalis or the two colonial tunicates) on the different coating treatments.
Repeated measures multivariate analyses of variance (rmMANOVA), followed by
Tukey’s post-hoc comparisons, were used to test for statistical differences in cover
resulting from treatment (between-subject factor), time (number of weeks after
deployment: within-subject factor), and the interaction of treatment with time (O’Brien &
Kaiser, 1985; Ghosh et al., 1999). Percent cover data were arcsine-transformed prior to
analysis, and we relied on the robustness of the rmMANOVA procedure (O’Brien &
Kaiser, 1985) to accommodate departures from normality and homoscedasticity in our
data. Since in both cases the effects of treatment did depend on time, we subsequently
used separate univariate tests of the treatment effects on weeks 5, 7 or 8 (for C.
intestinalis and the colonial tunicates, respectively), 11, 14 and 17 to establish at what
time points there were significant differences among the coatings. These tests did not
include repeated measures, and thus non-parametric methods could be used to better
accommodate the significantly non-normal data in most weeks. Kruskal-Wallis tests
(with pairwise comparisons) were used to compare cover on the different coatings in each
of the 5 weeks, and Bonferroni’s correction was used for the 5 tests required for each site
(setting a = 0.01).
2.3. Adhesion tests

To assess fouling-release performance of all four coating treatments (EIM, RTV,
INT, and controls), pseudobarnacle adhesion measurements were performed based on

ASTM D5618 (2011). Two versions of each coating (including controls) were tested,
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totaling 8 treatments with 3 replicate plates each. Unexposed versions of each coating
were freshly prepared, while previously exposed versions were immersed at the Strait of
Canso Yacht Club for 62 weeks (and subsequently cleaned of all fouling, exposing the
original coating material). Ten pseudobarnacles (aluminum studs of 9 mm diameter) were
glued with a two-component epoxy adhesive (Loctite Hysol 1C) onto the surface of each
plate. The adhesive was allowed to cure for 7 days at room temperature before testing.
The shear force (N) required to detach the studs was measured with a handheld force
gauge (Lutron FG-20KG) that was positioned parallel to the surface of the plates, and the
forces registered were converted into measurements of adhesion strength (MPa).
Adhesion measurements did not differ significantly among replicate plates (separate
Kruskal-Wallis tests for each treatment, testing the effect of plate), and thus were pooled
within coating treatments (n=30 per treatment). A Kruskal-Wallis test followed by
pairwise comparisons, was used to test for statistical differences in the strength of
adhesion. Adhesion strength on control plates exceeded 1 MPa for all replicates, but
could not be measured exactly, since studs could not be detached from the plates.
Consequently, measurements for control plates were not included in the statistical
analysis.
2.4. Larval toxicity assays and chemical leachate identification

To assess any chemical activity effects of the EIM, we used three successive
assays to test the effect of EIM on C. intestinalis larvae. All assays were conducted in
accordance with Canada Council for Animal Care regulations. C. intestinalis larvae were
reared in the laboratory (see supplementary material) and subsequently exposed to

various experimental treatments in artificial seawater (ASW), as well as ASW alone as
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controls. All assays were conducted in sterile 12-well tissue culture plates with 10 larvae
per well (0.5 mL of culture suspension added to 1.5 or 2 mL of experimental solution,
depending on the experiment) and incubated at 18 °C. Using an Olympus SZX16
stereomicroscope, larval morphology, mortality, and developmental stage were scored
periodically for up to 48 h (when 80 % of control larvae had completed metamorphosis).
The exact timing of scoring varied among the three assays, depending on the timing of
any effects of the treatments (see below and Results). Mortality was assessed primarily
by larval movements, as well as presence (dead) or absence (living) of a haze around the
larvae, presumably due to cellular breakdown or microbial growth. To validate this
approach, Sytox Green live/dead stain (Life Technologies) was used to confirm that a
subsample of larvae scored as dead did indeed contain dead larvae. Developmental
progression was divided into 4 stages: pre-metamorphosis, tail resorption, ampullar
extension, and siphon opening (see supplemental Figure 1). A larval progress score,
defined as (% tail resorption x 1) + (% ampulla extension x 2) + (% siphon opening % 3),
was used to measure the capability of larvae to metamorphose and develop, ranging from
0 (no progress towards metamorphosis by any individual in a well) to 300 (complete
metamorphosis of all individuals).
2.4.1. Assay 1: Effects of EIM on Larvae

Larval assays were conducted with EIM discs, leachates of the EIM, and leachates
of EIM components, to test for biocidal effects of EIM on C. intestinalis larvae. EIM
treatments consisted of Kerr Extrude discs (20 mm diameter) that were placed at the
bottom of wells in the culture plates. For EIM leachate treatments, EIM discs were each

placed at the bottom of the wells and incubated in ASW at room temperature for 24 h,

10
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and then removed before the addition of larvae. For EIM component leachate treatments,
the two pastes provided by the commercial suppliers, as well as the two major siloxane
components (listed on the Material Data Safety Sheets), polymethylhydrosiloxane
(PMHS) and vinyl terminated polydimethylsiloxane (PDMS), purchased from Sigma-
Aldrich (Oakville, Canada), were tested. For all components, a 3 g sample of the material
being tested was added to 10 mL ASW. After 24 h, the ASW was aliquoted and mixed
with larval culture aliquots (2.5 mL total volume per culture plate well). In all cases,
trials with three or six replicate wells for each treatment were conducted over 24 h. Due
to the dichotomous effects of the various treatments (either 100% or 0% mortality, with
no variability and no mortality in control wells), statistical analyses were not required.
2.4.2. Identification of APEs in EIM leachates

Since Assay 1 indicated that a leachable component of the EIM was toxic to
larvae and the manufacturer refused to disclose the full recipe for the commercial EIM,
mass spectrometry and UV absorption spectroscopy were used to characterize the EIM
leachates. Leachates of the EIM, as well as both component pastes, were prepared by
placing 2 g of each in 10 mL of distilled water for 48 h. Since previous reports indicated
Igepal CO-630 could be an additive for dental EIMs (Bryan & Anderson, 1987; Chai &
Yeung, 1991; Mandikos, 1998) leachates were compared to an Igepal CO-630 standard
using low-resolution mass spectrometry. Measurements were made using a micrOTOF
from Bruker Daltonics (Bremen, Germany) with positive electrospray ionization (4500
V), a sample flow rate of 2 pL per minute, and drying temperature of 180 °C. Leachates
from discs in ASW or in distilled water were also analyzed on a Cary100 UV-VIS

spectrometer. Absorbance was measured at 221 nm to estimate alkylphenol ethoxylate

11
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(APEs) concentration in the leachate samples, using a standard curve for absorbance vs
concentration derived for Igepal CO-630.
2.4.3. Assay 2: Effects of Igepal CO-630 and EIM leachate on larvae

Since Assay 1 along with the mass spectrometry and UV spectroscopy results
suggested a surfactant similar to Igepal CO-630 as the likely toxic component of EIM
leachates, the effects of this surfactant and the leachate from EIM were compared in
larval assays. Stock solutions of Igepal CO-630 (1000 mg L™) were prepared by
dissolving the surfactant in ASW, then diluting and mixing with larval culture aliquots to
achieve a final concentration of 10 mg L™ (in a total volume of 2 mL per plate well).
This concentration was chosen to allow monitoring of developmental effects over 48 h,
since the higher concentrations of surfactant that leached from EIM discs in the previous
assay were lethal within 30 min (see results). The leachate treatment was prepared by
shaking an EIM disc in 50 mL ASW, with concentration estimated by absorption
spectroscopy (see above). Trials with six replicate plate wells for each treatment were
conducted over 48 h. Again, dichotomous effects made statistical analyses unnecessary.
2.4.4. Assay 3: Effect of EIM leachate concentration on larvae

To explore potential concentration-dependent effects of EIM leachates, larval
assays measuring progress through metamorphosis were performed using three
concentrations of EIM leachates. EIM leachate concentrations were determined by UV
absorption spectroscopy. Leachates were then diluted as needed and added to larval
suspensions in plate wells, to achieve final APE concentrations of 3mg L™, 7 mg L™ and
10 mg L™ respectively (in a total volume of 2 mL per plate well). Trials with six replicate

plate wells for each treatment were conducted over 18 h. Differences in metamorphosis

12
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progress and mortality among concentration treatments were tested for statistical
significance at 5 h and 18 h with either a Kruskal-Wallis test (with pairwise comparisons
among the treatments) or a Mann-Whitney test (depending on the number of treatments
with surviving larvae).

2.4.5 Time course of APEs leached from EIM discs.

Leached APE concentrations from different EIM samples previously immersed in
large volumes of seawater for different durations were measured to characterize how
APEs leached over time. EIM samples were either immersed in seawater tanks or at a
local marina (as part of the initial pilot study noted in the introduction) for 7, 13 or 22
weeks, and compared to freshly prepared EIM samples. EIM discs (7 mm diameter) from
all samples were placed in 2 mL of ASW and stirred for 8 h, to allow release of insoluble
material. Leached APE concentrations were then measured at hourly intervals by
absorption spectroscopy (see above) over a further 8 h while the disc was immersed in 2
mL of newly replaced ASW (stirred except during absorption measurements). Three
replicate discs were used per treatment, and the APE concentrations for all 4 treatments
were compared with a Kruskal-Wallis test at the half-way point of the measurements (4
h).

3. Results
3.1. Field immersion trials
3.1.1. Cover by Ciona intestinalis

At Strait of Canso, plate cover was driven almost exclusively by C. intestinalis

recruitment and growth, which varied over time and among treatments (Figures 1 & 2).

Other common fouling organisms included the colonial tunicate species B. schlosseri and

13
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B. violaceous, as well as colonial hydroids (species not identified), which were observed
on all three silicone coating treatments but were absent on control plates. Erect bryozoans
(Bugula sp.) were also present on all treatments during weeks 8 to 14, however, they
accounted for a small proportion of fouling overall (< 4%) and were therefore not
included in the figures presented here. Statistical analyses for this site were limited to C.
intestinalis, given its high proportion in total fouling cover among treatments (Figure 2a).
Among the coating treatments, control plates experienced the highest C.
intestinalis cover, while EIM experienced the lowest. The two performance references
showed intermediate cover (Figure 3a). On control plates, C. intestinalis recruits were
first measured on week 3 of the experiment. Cover then increased rapidly, reaching
saturation at approximately 90% cover after a 6-week immersion period, and plateauing
during the remaining weeks of the experiment. Compared to controls, cover on other
treatments was lower and accumulated more slowly (Figure 3a). Statistical analysis
confirmed that C. intestinalis cover was strongly affected by coating treatment
(rmMANOVA, F3 3, =17.426 , p < 0.001), and by time (same analysis, Fi3 20 = 34.721 p
< 0.001), and that the effect of treatment depended on time (same analysis, interaction
effect, Fsg 66 = 2.671, p < 0.001). Overall, although cover on EIM increased over time, it
was significantly lower than cover on all other treatments (rmMANOVA Tukey’s post-
hoc comparisons for the main effect of treatment; also confirmed by comparing cover
averaged over time, Kruskal-Wallis Hz = 26.4, p < 0.001 with post-hoc comparisons p <
0.05). Maximum cover on EIM was observed on week 17, when C. intestinalis and
colonial hydroids respectively covered approximately 15% and 11% of the surfaces of the

plates (Figure 2b). It is important to note that C. intestinalis recruitment occurred almost

14
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exclusively on the nylon bolts used to secure the EIM, with subsequent growth of these
recruits resulting in the measured cover. Similarly, hydroid colonies appeared to originate
from the uncoated plate edges, and encroach over the EIM surface. In the analyses of
specific weeks, EIM was the only treatment with significantly lower cover than controls
on a consistent basis (Table 2; Figure 3a). Differences between EIM and both RTV and
INT varied over time. Cover peaked at 60% on RTV and 70% on INT, after an 8-week
exposure period. After this period, cover on INT declined to approximately 30%, as
clumps of C. intestinalis detached under their own weight (Filip, pers. obs.), whereas on
RTV, the cover was maintained at approximately 50%. Differences in cover patterns
between RTV and INT were not statistically significant. Compared to EIM, cover on
RTV was not significantly different up to week 11, but significantly higher thereafter. In
contrast, INT plates had significantly higher cover than EIM up to week 8, but did not in
the following weeks. The overall pattern was thus for EIM to have significantly lower
cover than controls, RTV and INT, and then later convergence with cover on INT.
3.1.2. Cover by colonial tunicates

At Cribbons Point, cover varied among treatments to a far lesser degree than at
Strait of Canso (Figure 1). Cover was almost exclusively driven by colonial tunicates (B.
violaceous and B. schlosseri). Other organisms that occasionally attached to the coating
surfaces (eg bivalves and encrusting bryozoans) contributed < 1% of the total cover and
were therefore not included in statistical analyses. We also noted mussels in small gaps
between the EIM and the back plate.

Although cover patterns were similar across all treatments, there were differences

in the rate of accumulation (Figure 3b). In all treatments, plate cover initially increased

15
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until saturation (90-100% surface cover), but then decreased as tunicate colonies died-off.
Differences amongst the treatments were apparent in the timing of both the initial
increase and subsequent decrease in cover. Statistical analyses confirmed that tunicate
cover was influenced by coating treatment (rmMANOVA, F3 35 = 11.435, p <0.001) and
by time (same analysis, Fi3 24 = 1137.126, p < 0.001), and the effect of treatment
depended on time (same analysis interaction effect, F39 75 = 7.697 , p < 0.001). The
Tukey’s post-hoc comparisons for the main effect of treatment in the rmMANOVA
identified significant differences between EIM and all the other treatments, while
comparing averaged cover over time indicated that the only significant difference was
between EIM and CTL (Kruskal-Wallis H; = 16.7, p < 0.001; post-hoc comparison p <
0.001). All together, these results suggest any differences between treatments were
largely driven by their differing interactions with time, which was also evident in the
analyses of specific weeks. Initial growth of cover on controls and INT was similar, with
no significant differences in weeks 5 or 7 (Table 2), and reaching saturation in week 6
(Figure 3b). Cover on RTV was delayed by one week, resulting in significantly lower
cover than on either controls or INT in week 5 but not week 7, when cover saturated.
EIM cover was also delayed, with significantly lower cover than controls and INT in both
weeks 5 and 7, and not reaching saturation until week 8. However, difference in cover
resulting from the one-week delay between EIM and RTV was not significant in either
week 5 or 7. The lag between treatments continued through the subsequent cover
decreases, which occurred first for INT and controls, resulting in significantly less cover
than both EIM and RTV in week 11. INT was unique in that it experienced a partial

recovery of tunicate cover due to colony re-growth. EIM and RTV plates experienced an
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almost identical rate of cover decrease. At the end of the experiment, cover differences
among treatments were negligible. Thus, the overall pattern was that none of the
siloxane-based coatings ultimately reduced fouling by colonial tunicates compared to
controls, but that EIM and RTV delayed progression of the fouling cover.
3.2. Adhesion tests

In the test of fouling-release performance, EIM, RTV and INT treatments all
substantially reduced adhesion compared to controls (Figure 4). Among the silicone-
based coating treatments, statistical analysis confirmed that the adhesion strength of
pseudobarnacles was strongly affected by coating treatment and by previous exposure
(Kruskal-Wallis Hs = 139, p < 0.001; see Figure 4 for pairwise comparisons). For the
unexposed treatments, the INT treatment was the most effective at decreasing adhesion,
followed by RTV and EIM, which were similarly effective. The 62-week exposure to
ocean conditions affected adhesion strength to varying degrees on the different
treatments. Adhesion on previously exposed INT plates showed no significant change
following exposure, while exposure caused a substantial and significant increase in
adhesion strength for EIM, and an intermediate (but still significant) increase for RTV.
3.3. Larval toxicity assays
3.3.1. Assay 1: Effects of EIM on larvae

When larval assays were carried out with a disc of Kerr EIM in each well, 100 %
of larvae had deformed tails (Figure S2 in supplementary material) and were dead within
30 min of exposure. The larvae did not exhibit any swimming or other activity, while
control larvae had 0% mortality, straight, long tails, and exhibited swimming or other

movements. When an EIM disc was left in ASW in a well for 24 h, and then removed
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before addition of larvae to the well, the same toxic effect on larvae was observed. In an
additional test, when the EIM had been immersed in seawater at a local marina for 7
weeks prior to the assay, 100% of larvae had deformed tails after 15 £ 12 h (mean + SD,
n = 6). Since these results indicated that a leachable component of the EIM was causing
larval mortality, larval assays were performed with various components of the EIM,
including leachates of the base and accelerator pastes as well as the isolated siloxane
polymers used in EIM preparation (PDMS and PMHS). Only leachates from the base
paste produced similar effects to those of EIM discs (included as a positive control), with
exposed larvae showing deformed tails and 100 % mortality after 24 h. In contrast,
leachates of the other components had no effect on larvae during a 24 h exposure, with
0% mortality, and development that was similar to control larvae exposed only to ASW.
Subsequent testing of two additional commercial formulations of VSP yielded similar
results: leachates caused deformed tails and rapid mortality of larvae.
3.3.2. Identification of APEs in EIM leachates

Mass spectrometry and UV absorption spectroscopy showed that APEs were
released from EIM discs on contact with water or ASW. The mass spectra of Kerr EIM
leachates showed characteristic ethyleneoxy branch fragments, also present in the Igepal
CO0-630 standard solutions. The mass to charge ratio (m/z) of the fragmented sodiated ion
species in the leachate matched 82 % of those in the standard, which confirmed the
structural similarity of leached EIM compounds to Igepal CO-630. A comparison of
spectra of leachates of base and accelerator pastes with spectra of disc leachate and Igepal
C0-630 confirmed that APEs similar to those in the disc leachate and Igepal CO-630

were present in the base paste component of the 2-part mixture (Figure S3 in
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supplementary material). In addition, the UV spectra of Kerr EIM leachate and Igepal
CO-630 were comparable, with the most intense peak at a wavelength of 221 nm. These
results thus provide evidence that APEs similar to those of Igepal CO-630 were leached
from the commercial EIMs.
3.3.3. Assay 2: Effects of Igepal CO-630 on larvae

Since an APE similar to those of Igepal CO-630 appeared to be the cause of EIM-
induced mortality, the effects of Igepal CO-630 and EIM leachate on larvae were
compared. Larvae exposed to either of these treatments initiated metamorphosis, as
indicated by tail resorption, but were dead within 24 h.
Assay 3: Effect of EIM leachate concentration on larvae. A delay in metamorphosis was
apparent after 5 h (Figure 5A; Kruskal-Wallis Hs = 13.3, p = 0.004) for the 3mg L™, 7
mg L™ and 10 mg L™ leachate concentrations tested (respective pairwise comparisons
with control ASW: p = 0.007, p = 0.027, p = 0.037), while mortality increased
significantly only in the 10 mg L™ concentration (Figure 5A; Kruskal-Wallis Hz = 17.2, p
= 0.001 and pairwise comparison with control: p = 0.001). After 18 h, all larvae in the 7
and 10 mg L™ treatments were dead, with little or no mortality in controls and the lowest
3 mg L™ treatment, although metamorphosis was significantly slowed in the latter
treatment (Mann-Whitney test, n; = 6; n, = 6; U = 36, p = 0.002).
3.3.4. Time course of APEs leached from EIM discs

APEs were detectable in the leachates of all EIMs tested, regardless of the length
of exposure to seawater. The highest concentration of APEs was produced by EIM
material that had not been previously exposed to seawater, while successively lower

levels were released from samples immersed in seawater for 7, 13 and 22 weeks,
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respectively (Figure 6), with a significant difference between the unexposed and 22 week
exposure treatments after 4 h (Kruskal-Wallis test, H3 = 10.39, p = 0.016, pairwise
comparison p = 0.013).
4. Discussion

The results from field immersion trials demonstrate that the EIM formulation
performed significantly better as an antifouling surface for tunicates than either fouling-
release performance reference coatings or controls. However, in adhesion tests, the EIM
material was significantly less effective as a fouling-release surface than the performance
references. Furthermore, larval toxicity assays demonstrated that the EIM leached a
substance that has biocidal effects on C. intestinalis larvae. Thus, we conclude that the
antifouling mechanism of the EIM is probably a combination of fouling-release and
chemical activity effects, and that its enhanced antifouling performance over the two
performance reference coatings is due to leaching of a biocide. However, given the
potentially negative environmental effects of the leachate (probably a nonylphenol
ethoxylate similar to the commercially available Igepal CO-630), efforts should be
directed towards alternate formulations of siloxane-based fouling-release coatings for
targeting tunicates.
4.1. Fouling-release performance of EIM

The EIM was intermediately effective at decreasing pseudobarnacle adhesion.
Compared to controls, EIM acted as a fouling-releaser, but it was not as effective at
reducing adhesion as other fouling-release coatings (RTV and INT), especially after long
exposure to seawater. Despite the limited compositional information available for all

three commercial siloxane-based products, it is possible to consider mechanisms to
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account for the differences in performance. First, the high filler loading of the EIM may
have interfered with its fouling-release properties. Stein et al. (2003) showed that
antifouling performance decreases when the filler content is augmented from 0 to 29%,
regardless of the filler type, and the calcium silicate filler content of the EIM tested in the
current study was even higher (30-50%, from the MSDS). Alternatively, the presence of
the APE(s) within the siloxane matrix of the EIM may have also affected the fouling-
release performance of the EIM by increasing surface hydrophilicity (Oh et al., 2003).
However, this hypothesis is inconsistent with the results from the adhesion test and the
leachate concentration assays. In these experiments, the fouling-release performance of
the EIM declined after exposure to seawater (Figure 4), and the concentration of
leachates released from material decreased. Had the presence of APEs in the matrix
caused a decrease in the fouling-release performance of the EIM, an increase in
performance following immersion (and depletion of APEs) would be expected. Finally, it
is also possible that the VSPs used in the EIM may have increased adhesion relative to
the other coatings. Although VSPs have been used as matrices for fouling-release
coatings (Choi et al., 2007; Kim et al., 2008), they are less prevalent than standard PDMS
in coatings studied to date, and to our knowledge there are no systematic comparisons of
the consequences of different terminal groups of the siloxane resins. Nonetheless, based
on the evidence available to date, we suggest that the higher filler content is the probable
cause for the reduced fouling-release performance of the EIM.
4.2. Chemical activity effects of EIM specific to C. intestinalis

Our data indicate that despite the moderate fouling-release characteristics of the

EIM, there was a strong antifouling effect observed in the field that was probably the
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result of an APE that was leached from the material. In the field, the APE toxicity
appeared to be highly local, having little effect on recruitment and growth of C.
intestinalis that settled only millimeters away from the EIM material. In contrast, EIM
only delayed fouling by colonial tunicates, while hydroids, bryozoans, and mussels were
all able to grow in close contact with the EIM. Thus the primary antifouling effect of
EIM was specific to pre-metamorphic C. intestinalis (at least compared to the other taxa
observed at the field sites), and was localized to just the surface of the EIM material.
Overall, these data show that a VSP formulation with chemical activity can create an
antifouling surface that inhibits recruitment of specific fouling organisms.
4.3. APE leachate

Spectroscopic methods and larval assays identified an APE similar to those in the
nonionic surfactant, Igepal CO-630, as the likely candidate for the toxic EIM leachate.
EIMs previously immersed in seawater for varying durations showed that APE(s) could
be released for long periods (at least 22 weeks), and that after 7 weeks of exposure, the
leached APE(s) still reached concentrations comparable to the concentrations of Igepal
CO0-630 that caused larval mortality (compare Figure 5 and 6). Nonylphenol ethoxylates
such as Igepal CO-630 can have harmful environmental effects ( Cowan-Ellsberry et al.,
2014; Lewis, 1991; McWilliams & Payne, 2002; Rebello et al., 2014), particularly via
their breakdown products that can act as endocrine disruptors (Meier et al., 2001; Soares
et al., 2008). Consequently, the EIM in its current formulation should not be used as an
antifouling coating. On the other hand, the observation that antifouling effects were
maintained in the field over more than 4 months, suggests that biocides (specific to

particular fouling species and without downstream environmental effects) could be
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combined with VVSPs as a basis for dual-function antifouling coatings with both fouling-
release and chemical activity effects ( Akuzov et al., 2013; Barrios et al., 2005; Choi et
al., 2007; Clarkson & Evans, 1995; Haque et al., 2005; Majumdar et al., 2008).
4.4. Implications for biofouling studies of ephemeral populations

The field results of this study emphasize the importance of adequate replication in
biofouling studies of ephemeral populations in natural habitats. Tunicate populations
varied considerably in this study and in others (Carver et al., 2006; Sephton et al., 2011).
The experimental design included a replicate size of ten, which allowed for significant
cover trends to emerge despite such variation. In contrast, a sample size of four (or less),
which is common among biofouling studies (eg Bonafede & Brady, 1998; Terlizzi et al.,
2000; Truby et al., 2000; Choi et al., 2007; Kristensen et al., 2010; Rahman et al., 2011),
would have undermined the ability to draw conclusions, given the amount of variability
observed (as has occurred in previous studies; Holm et al., 2000; Pelletier et al., 2009).
Consequently, greater replicate numbers will also likely be required for biofouling studies
involving other ephemeral populations.
4.5. Implications for antifouling coatings

Although the EIM we tested is not a candidate for an environmentally-safe
coating, the results reported here nonetheless have three major implications for future
efforts to develop antifouling coatings with low environmental impact. First, the data can
be incorporated into ongoing efforts to develop dual-functioning silicone coatings
combining fouling-release properties with additional biocidal capabilities ( Akuzov et al.,
2013; Barrios et al., 2005; Choi et al., 2007; Clarkson & Evans, 1995; Haque et al., 2005;

Majumdar et al. 2008). Our results demonstrate the longest duration of effectiveness
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(more than 4 months in the field) based on a chemical released from a silicone surface.
Given that the measurements were limited by the seasonality of the fouling species, and
that the EIM was not specifically designed for an antifouling purpose, it is plausible that
future work testing different formulations, including different fillers and other additives (
Beigbeder et al., 2008; Choi et al., 2011; Kavanagh et al., 2003; Price et al., 1992 ), could
substantially extend the duration over which silicone coatings release targeted biocides.
Second, alternative biocides (targeting tunicates or other taxa) that can be released slowly
from VSP elastomers must be investigated. Based on the results reported here,
biodegradable surfactants might be considered, although depending on how they are
incorporated into the surface their amphipathic nature may diminish the fouling-release
characteristics of silicone matrices, which are affected by surface hydrophobicity. In the
context of tunicate fouling, recent work has identified two other promising tunicate
antifoulants, polygodial and ubiquinone-10, which inhibit tunicate metamorphosis with
no apparent adverse effects on non-target organisms (Cahill et al., 2012; 2013). Finally,
the possibility that other siloxane-based coatings with additives may release toxic
leachates must be considered. Leachates from RTV are toxic to crustaceans (Rittschof &
Holm, 1997; Truby, 2000). RTV leachates may also have a relatively minor effect on
tunicates, given the delayed accumulation of C. intestinalis and colonial tunicate cover on
RTV-11 compared to control and INT. Urchin and fish larvae also showed acute effects
(including mortality) from siloxane-based coating leachates, including known silicone oil
additives and unknown additives from commercial coatings (Feng, 2012). Thus,
although the siloxane-based coatings clearly reduce attachment strengths, chemical

activity may also add to their antifouling effects. Future assessments of siloxane-based
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coatings should therefore consider testing both attachment-strength and chemical activity
to properly understand the mechanisms behind any antifouling effects, and also assess the
ultimate environmental fate of any leachates.
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Tables

Table 1. Thicknesses and contact angles of the coatings compared in field immersion

trials. Mean and standard deviation (n=6) for static contact angles were calculated for the

silicone-based coatings and the bare PVC control plates. Since water drops changed

shape considerably over the first 2 min of exposure to EIM (presumably due to surfactant

leaching), drops were measured twice for this coating: immediately after placing the drop

on the surface and again 3 min later. All other coatings showed unchanging contact

angles.
Coating Thickness (mm) Contact Angle (°)
Mean St. Dev.

PVC Control - 74.3 3.4
EIM (0 min) 3.0 68.8 6.9

(3 min) 39.9 1.1
RTV 0.5 104.7 1.8
INT 1.0 104.2 1.9
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Table 2. Kruskal-Wallis statistics for field immersion trials comparing percent cover of

tunicates amongst four treatments (n = 10 replicate plates each): control (CTL),

elastomeric impression material (EIM), Intersleek 757 (INT), and RTV-11 (RTV). Cover

is compared for selected weeks (since immersion) for both Ciona intestinalis (at Straight

of Canso, NS, Canada) and colonial tunicates (Botryllus schlosseri and Botrylloides

violaceous; at Cribbons Point, NS, Canada). All test statistics have 3 degrees of freedom.

Tukey’s post-hoc comparisons were used to separate treatments into homogenous subsets

(within a row, treatments with different letters are significantly different at o = 0.05).

Tunicate Week H P-value Homogeneous Subsets
CTL EIM INT RTV
C. intestinalis 05 30.9 <0.001 c a b,c a,b
C. intestinalis 08 21.4 <0.001 b a b a,b
C. intestinalis 11 15.5 0.001 b a a,b a,b
C. intestinalis 14 17.9 <0.001 b a a,b b
C. intestinalis 17 15.9 0.001 b a a,b b
Colonial tunicates 05 30.7 <0.001 b a b a
Colonial tunicates 07 29.6 <0.001 b a b a,b
Colonial tunicates 11 17.8 <0.001 a,b a b a
Colonial tunicates 14 14.5 0.002 a,b a b a
Colonial tunicates 17 4.94 0.177 a a a a
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Figure Captions

Figure 1. Comprehensive view of field immersion trials showing the progression of
fouling accumulation (darker regions) across all coating treatments. Contrast-enhanced
images of all experimental plates for control (CTL), RTV-11 (RTV), Intersleek 757
(INT), and elastomeric impression material (EIM) treatments are concatenated into
montages by replicate (rows) and time (columns), for all sampling dates at the two sites.
Fouling at the two sites was dominated by either Ciona intestinalis or colonial tunicates
(Botryllus schlosseri and Botrylloides violaceous). Scale: each individual plate image

represents 20.0 x 11.7 cm.

Figure 2. Mean percent cover (n = 10) over time (weeks) for C. intestinalis (solid line),
colonial tunicates (dashed), and hydroids (dot - dashed) on each coating treatment: (a)
control, (b) elastomeric impression material (EIM), (c) Intersleek 757 (INT) and (d)
RTV-11 (RTV). Plates were submerged at Port Hawkesbury, NS, Canada, on June 26,

2013 (week 0). Error bars indicate standard error of the mean.

Figure 3. Changes in mean percent cover of (a) C. intestinalis and (b) colonial tunicates
with duration of immersion (weeks) for the four coating treatments (n = 10 plates each):
control (dot-dashed line), RTV-11 (dashed), Intersleek 757 (dotted), and elastomeric
impression material (solid). Plates were submerged at (a) Port Hawkesbury, and (b)
Cribbons Point, NS, Canada on June 26 and 27 of 2013, respectively (week 0), and

monitored for 17 weeks. Error bars indicate standard error of the mean.
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Figure 4. Mean “pseudobarnacle” adhesion strengths for the elastomeric impression
material (EIM), Intersleek 757 (INT), and RTV-11 (RTV) coating treatments (MPa; n>
28 per treatment). To compare the coatings before and after any leaching that might
occur, both freshly prepared (unexposed) plates and plates that had previously been
submerged in the field for 62 weeks and subsequently cleaned of all fouling (previously
exposed) were tested. Control (CTL) plate data is included in the figure for comparison
to the silicone-based coatings, but was excluded from the statistical analysis as adhesion
strengths exceeded the maximum measurement of the force gauge (1.00 MPa). Error
bars indicate standard error of the mean. Letters indicate subsets of treatments with
adhesion strengths that could not be distinguished based on pairwise comparisons
following a Kruskal-Wallis test (i.e. treatments with different letters were significantly

different).

Figure 5. Larval toxicity assay 3: Effects of leachate concentrations of 0 mg L™ (ASW,
white bars), 3mg L™, 7 mg L™, and 10 mg L™ (increasing concentration corresponds to
increasing grey densities) on C. intestinalis larvae. Higher concentrations (a) reduced
larval progression through metamorphosis (see methods for score calculation), and (b)

increased mortality relative to controls. Error bars indicate standard error of the mean.

Figure 6. Estimated mean concentration of APEs leached from a 7 mm EIM disc in 2 ml

ASW as a function of time. Tests were performed with EIM material that was freshly
prepared (unexposed (x)), or previously immersed in seawater for 7 (o), 13 (A) or 22

weeks (#). Error bars indicate standard deviation of the mean.
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Supplemental Figure Captions

Figure S1. Ciona intestinalis larvae in the four scored metamorphosis stages, which
progress from: (a) Premetamorphosis, showing head or trunk (arrowhead) and tail
(arrow); (b) Tail resorption, showing papilla (arrowhead) and tail sheath from which tail
has been resorbed (arrow); (c) Ampulla extension, showing ampulla (arrowhead) and
resorbed tail (arrow); (d) Siphon opening, showing attachment point to substrate

(arrowhead) and siphon (arrow). Scale bars = 250 pum.

Figure S2. Larval toxicity assay 1: Ciona intestinalis larvae in (a) ASW, and (b) ASW
with 10 mg L"*APE leachate. Arrowheads in (b) point to the deformed tails of larvae.
Larvae in ASW with an EIM disc or in ASW with 10 mg L™ Igepal CO-630, had similar

tail features as (b). Scale bar = 500 pum.

Figure S3. Mass spectra of (a) leachate from cured EIM, (b) pure Igepal CO-630

solution, (c) leachate from EIM accelerator paste, and (d) leachate from EIM base paste.

Note the different intensity scales in each panel.
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Supplementary Material
C. intestinalis larval rearing

C. intestinalis adults were collected from the Strait of Canso Yacht Club, Port
Hawkesbury, NS from June to November 2013. Adults were maintained in chilled UV-
sterilized seawater (8.5 °C). From June to September, the animals were exposed to light
on a natural daylight cycle, while from October to December, light exposure was
increased to 16 h to encourage egg production. Tunicates were fed daily with Shellfish
Diet 1800® microalgal concentrate (Reed Mariculture Inc., Campbell, California), a three
part mix of dried spirulina, kelp and commercial tropical fish flakes crushed together (2
mL, dry measure), and live brine shrimp (hatched from 0.2 mL of eggs). Additionally,
250 mL each of live algae cultures (Dunaliella tertiolecta and Rhodomonas lens) were
provided every other day.
Eggs were collected with a pipette from the oviducts of four to eight adults and washed
several times in a glass bow! containing 20 mL artificial seawater (ASW; pH 8.1 + 0.1,
prepared from 34 g L™ Instant Ocean, United Pet Group, Blacksburg, VA, USA)
dissolved in distilled water. Sperm (from different adults) were suspended in 10 mL
ASW in a Syracuse dish. A 500 ul aliquot of this suspension was added to the eggs,
mixed gently, and left for 1 h in an18 °C incubator. The fertilized eggs were then washed
in ASW and cultured in the incubator. Larvae hatched after 20 h and those having
straight tails and that were swimming were selected for use in larval assays within 2-3 h
of hatching. Larvae were exposed to various treatments in sterile Falcon 12-well tissue
culture plates (VWR, Mississauga, Canada) with 10 larvae per well (0.5 mL of culture

suspension added to 1.5 or 2 mL of experimental solution) and incubated at 18 °C.
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Larval morphology, mortality, and developmental stage were scored periodically for up

to 48 h using an Olympus SZX16 stereomicroscope. Morphology was scored based on

whether tails were straight or deformed (a distinct, morphology, resulting repeatedly from

exposure to some treatments).
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