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ABSTRACT: The buildup of organic matter and organisms on surfaces Bamacle Fouling Release
exposed to marine environments, known as biofouling, is a disruptive and
costly process affecting maritime operations. Previous research has
identified some of the surface characteristics particularly suited to the
creation of antifouling and fouling-release surfaces, but there remains
room for improvement against both macrofouling and microfouling
organisms. Characterization of their adhesives has shown that many rely
on oxidative chemistries. In this work, we explore the incorporation of
the stable radical 2,2,6,6-tetramethylpipiderin-1-oxyl (TEMPO) as a

component in an amphiphilic block copolymer system to act as an | s~dostor
inhibitor for marine cements, disrupting adhesion of macrofouling \ /{ =\ jg{(s:i-ol(sﬁo}(ﬁ{o&s:i—
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organisms. Using polystyrene-b-poly(dimethylsiloxane-r-vinylmethysilox-

ane) block copolymers, pendent vinyl groups were functionalized with

TEMPO and poly(ethylene glycol) to construct an amphiphilic material

with redox active character. The antifouling and fouling-release performance of these materials was investigated through settlement
and removal assays of three model fouling organisms and correlated to surface structure and chemistry. Surfaces showed significant
antifouling character and fouling-release performance was increased substantially toward barnacles by the incorporation of stable
radicals, indicating their potential for marine antifouling applications.

KEYWORDS: fouling-release surfaces, antifouling surfaces, block copolymer, polydimethylsiloxane, stable radical, antioxidant, barnacle,
algae

B INTRODUCTION usually adhere foulants to the surface, although diatom slimes
are known to stick well to hydrophobic coatings."> One of the
most successful materials for fouling-release coatings is
poly(dimethyl siloxane) (PDMS)."*"* The low energy surface
limits adhesive interactions, while the soft mechanical
properties lower the force necessary to remove settled
organisms. Modification of PDMS with hydrophilic materials,
like PEG and zwitterions, has shown promise in the

construction of surfaces that possess both antifouling and
16—22

Marine biofouling is the buildup of organic matter and
organisms on surfaces exposed to saltwater environments. On
. . . . 1,2 1.
marine vessels, fouling contributes to increased drag,”” higher
fuel and maintenance costs,” and interference in instrument
functions* and places marine ecosystems at a higher risk of
invasive species.” The majority of current antifouling
technology relies on the use of toxic metal biocides, but
increased scrutiny has prompted growing interest in nontoxic . s

. Y . P P .g 6_10g ’ fouling-release capabilities.
environmentally benign alternatives.

. . . . . Many of the cements that marine organisms use for adhesion
To effectively combat marine biofouling without the use of . o . 1
L . . rely heavily on oxidative mechanisms for cross-linking. Mussels
biocides, coatings can operate through two different mecha-

. 1. . ) . and tubeworms mediate adhesion using catechols, specifically
nisms: antifouling or fouling-release behavior. An antifouling . . . . b
. . . 3,4-dihydroxy phenylalanine (DOPA) residues in their cement,
coating prevents settlement of organisms on a surface, while a . . .
. L L ; which can form strong bonds with the surface and cross-link
fouling-release coating limits adhesive interaction at the surface

to facilitate straightforward removal. Successful antifouling
coatings may incorporate hydrophilic materials, such as
polyethylene glycol (PEG) or zwitterions, as they create a
highly hydrated surface, which makes the adsorption of
biomolecules less energetically favorable.'”'” In contrast, low
surface energy materials serve as the best fouling-release
coatings because they limit strong polar interactions that
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within the cement matrix.”>~>° Catechols and oxidases have

been identified at the barnacle-adhesive interface as well, but
there is mounting evidence that barnacle adhesion is more
complex than previously believed, most likely deriving from
physiological processes used to produce and maintain
tissues.”’>° Other studies have also shown high concen-
trations of disulfide linkages in barnacle cement.”' In a similar
vein, certain species of diatoms incorporate high levels of
tyrosine in proteins released in their adhesive materials.*”
Directly targeting oxidative mechanisms could serve to
improve nontoxic fouling-release performance by interference
with physiological adhesive processes. Indeed, Del Grosso et al.
investigated the incorporation of antioxidants into an epoxy-
based paint and found that loadings of 25% antioxidant
significantly reduced mussel adhesion strength compared to
bare aluminum or a control coating containing 3,5-di-tert-
butyltoluene.™

Nitroxides are a class of organic stable radicals that have
found applications in organic catalysis and polymer syn-
thesis,”*** chemical biology and cell biology,’**’ and organic
electronics.®® One of the most common nitroxides, 2,2,6,6-
tetramethylpipiderine-1-oxyl (TEMPO), has been used in
antifouling applications to inhibit proliferation and trigger
dispersal of biofilms.>”~*" In one study, thin films of
poly(2,2,6,6-tetramethylpipiderine-1-oxyl) methacrylate
(PTMA) reduced adhesion of Pseudomonas by 99.6% as
compared to a poly(methyl methacrylate) control.”* The
mechanism of action is thought to rely on the nitroxide’s
structural and electronic similarity to nitric oxide, which, in
bacteria, is used as a signaling molecule in quorum sensing.*’
Organic nitroxides and their precursors have also long been
used as antioxidants and radical scavengers and have been
shown to effectively quench hydroxyl,"*~* peroxyl,"’ carbon-
centered,” ™" and thiyl radicals®" but have yet to be explored
for use against macroscopic fouling organisms. Because of this
broad-spectrum behavior, nitroxides could be extremely
effective additions to a fouling-release coating by quenching
any oxidative or radical-based reactions at the adhesive
interface, thereby weakening surface attachment.

In this study, a block copolymer system of polystyrene-b-
poly(dimethylsiloxane-r-vinylmethysiloxane) (PS-PDMS) was
functionalized with TEMPO in order to improve the release of
hard foulers. This block copolymer system has been used
previously in the construction and study of antifouling and
fouling-release coatings, demonstrating the utility of segmental
sequence control in marine antifouling®”’ and elucidating the
role of hydrogen bond donors in the fouling release of marine
algae.”*> Since hydrophobic TEMPO is included specifically
for the improvement of fouling release, PEG was also included
as a hydrophilic component to build a coating that also
performs successfully as a more broadly effective antifouling
material. The key to the utility of TEMPO depends on its
presence at the foulant-coating interface; therefore, PEG was
coattached to the same backbone so that both chemistries
could also be successfully delivered to the surface in an
aqueous environment. Through the combined action of
TEMPO, PEG, and PDMS, these coatings should both resist
fouling and enhance fouling release. Surfaces were constructed
on an elastomeric tie layer and characterized for wettability,
surface roughness, and composition by captive bubble contact
angle goniometry, laser confocal profilometry, attenuated total
reflectance-Fourier transform infrared (ATR-FTIR) spectros-
copy, and X-ray photoelectron spectroscopy (XPS) and tested
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against a suite of model fouling organisms to correlate surface
properties with the antifouling and fouling-release perform-
ance.

B MATERIALS AND METHODS

All chemicals purchased from Sigma Aldrich and solvents from VWR
were used as received unless otherwise specified. Hexamethylcyclo-
trisiloxane (D3) and 1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane (V3)
were purchased from Gelest, Inc. 4-Amino TEMPO was purchased
from AK Scientific. Anhydrous ethanol was purchased from Fisher
Scientific. Anhydrous N,N-dimethylformamide (DMF) was purchased
from Alpha Aesar. Benzene was stirred over n-butyl lithium and
diphenylethylene, distilled, and freeze—pump—thawed to degas.
Styrene was dried over calcium hydride, distilled, and freeze—
pump—thawed to degas. D3 was dissolved in benzene and stirred over
calcium hydride for 24 h, at which point a living anionic styrene
polymer was added and allowed to stir until the orange color had
completely disappeared. The benzene was subsequently distilled, the
D3 sublimed, and then, the solution was freeze—pump—thawed to
degas. Solution concentration was determined by NMR. Tetrahy-
drofuran (THF) was stirred over calcium hydride and distilled into a
flask containing sodium and benzophenone, which was stirred for at
least three days. The THF was subsequently distilled and freeze—
pump—thawed to degas. V3 was stirred over calcium hydride, distilled,
and freeze—pump—thawed to degas. Tosyl chloride was dissolved
with ether and washed with 1 M NaOH then crystallized by cooling.
Glass slides were purchased from Fisher Scientific. Polystyrene-b-
poly(ethylene-r-butylene)-b-polystyrene (SEBS, MD6945) and maleic
anhydride-grafted SEBS (MA-SEBS, FG1901X) were generously
provided by Kraton.

Characterization. Nuclear magnetic resonance 'H spectra for
small-molecule synthesis were recorded on a Varian Gemini 400 MHz
and for quantitative polymer spectra on a Bruker INOVA 500 MHz
NMR instrument. Gel permeation chromatograms were obtained on a
Waters ambient temperature GPC with a Waters 1515 isocratic
HPLC pump equipped with both a Waters 2414 differential refractive
index detector and a Waters 2489 UV—Vis detector. Samples were
eluted at 40 °C. The instrument was calibrated using narrow
dispersity polystyrene standards. Attenuated total reflectance-Fourier
transform infrared spectra were acquired on a Bruker Vertex 80v
vacuum FTIR system. Measurements were made under vacuum in
ATR mode using a diamond crystal and recorded using a DTGS
detector at room temperature for both bulk and coated samples.
Electron paramagnetic resonance (EPR) spectra were acquired using
a Bruker EMX X-band CW-EPR spectrometer. Stock solutions were
prepared in THF to achieve a radical content of 1 mM. All spectra
were double integrated and compared to a 1 mM standard prepared
with 4-amino TEMPO to calculate percent radical attachment to the
polymer backbone. Surface roughness values and surface images were
acquired using a noncontact confocal Keyence VK-X260 laser
scanning profilometer. For each coating, average roughness values
were calculated from an area of 1.4 mm? using three replicate
measurements taken over the sample surfaces. Captive bubble contact
angle goniometry measurements were taken using an NRL contact
angle goniometer (Ramé-Hart model 100-00). An in-house-made
sample holder was used to suspend an inverted sample in deionized
water. An air bubble was produced using a 22-gauge stainless steel
needle and trapped on the underside of the suspended sample. For
each coating, a total of five replicate measurements were taken over
the surface of the sample and averaged. Contact angles are reported as
Young contact angles after correction for roughness using the Wenzel
relation and roughness ratios determined from profilometry.*® X-ray
photoelectron spectroscopy measurements were performed on a
Surface Science Instruments SSX-100 using a monochromatic Al Ka
X-ray source at 1486.6 €V at pressures below 10™® Torr. An electron
flood gun was used for surface charge neutralization. Both survey and
high-sensitivity spectra were recorded with a pass energy of 150 eV.
Spectra were obtained at a 55 degree take-off angle. Samples were
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analyzed both as-cast and after soaking in deionized water for 72 h.
Spectra were analyzed using CasaXPS v. 2.3.17PR1.1 software.

Polymer Synthesis. PS-PDMS backbones were prepared
according to a previously reported method as detailed in the
Supporting Information.>

Backbone Modification. Thiol-Ene Click. In a typical reaction, a
polymer and DMPA (0.2 mol, with respect to polymer vinyl groups)
were dissolved in DCM, to which PEG thiol, NHS thiol, or a mixture
of the two (S mol, with respect to polymer vinyl groups) were added.
The solution was degassed by bubbling with nitrogen for 15 min, and
then, the reaction vessel was exposed to 365 nm UV for 2 h. The
polymer was precipitated into methanol, collected by filtration, and
then reprecipitated two more times from THF into a 4:1
methanol:water mixture and collected by vacuum filtration. For
samples with a higher PEG content, precipitated mixtures were
centrifuged to more easily collect the polymer. Samples were dried
under vacuum at SS °C overnight.

TEMPO Incorporation. In a typical reaction, a polymer was
dissolved in an inert atmosphere in anhydrous DMF. A solution of
triethylamine (S mol, with respect to polymer NHS groups) and 4-
amino TEMPO (S mol, with respect to polymer NHS groups) in
anhydrous DMF was added using a cannula. The solution was reacted
at 60 °C for 16 h. The polymer was precipitated into water, collected
by vacuum filtration, and reprecipitated two more times from THF
into water. Samples were dried under vacuum at 55 °C overnight.

Coating Preparation. Coatings were prepared on glass slides
using a commercially available elastomeric tie layer of SEBS according
to a previously reported method as detailed in the Supporting
Information.®’

Fouling Assays. Balanus improvisus. Barnacle larvae were
obtained from broodstocks that are maintained in semicontinuous
culture at the Newcastle University. These stocks were originally
sourced from the Sven Lovén Centre for Marine Sciences, Tjarng,
Sweden. Adult Balanus improvisus were maintained in a 19 °C
recirculating aquarium in brackish conditions, 25 ppt artificial
seawater (ASW; Tropic Marin), and fed daily with Artemia sp. and
ad libitum with the chlorophyte Tetraselmis suecica. To collect larvae,
the adult barnacles were removed from water overnight. On
reimmersion, nauplius larvae were released into the water column
and collected by attraction to a point light source. Nauplii (approx.
10,000) were transferred into 10 L buckets containing aerated ASW at
a salinity of 25 ppt. Nauplii of B. improvisus were initially fed with a
50:50 mixture of T. suecica and Thalassiosira pseudonana with the
proportion of T. pseudonana reducing to zero by the third day of
culture. The nauplii took between 4—5 days to metamorphose into
cyprids, at which point they were collected by filtration and stored in
the dark at 6 °C for 3 days.

Three-day-old cyprids of B. improvisus were used in settlement
experiments. Six replicate surfaces were placed in quadriPERM dishes,
and 1 mL of ASW was initially added to each surface as a droplet. The
droplets were of sufficient height on all surfaces to allow free
movement of the cypris larvae, which were added 20 per drop. Once
all surfaces had cyprids applied, the plates were closed and covered in
moist tissue paper to minimize evaporation. The assay was then
incubated in the dark at 28 °C for 48 h. Numbers of larvae settled at
the end of the assay were expressed as a proportion of the total,
averaged per surface, and then compared between surfaces.

For removal assays, a further six replicate surfaces were prepared
and treated as per the settlement assay above, using approximately
100 three-day-old cyprids of B. improvisus per droplet. After 48 h, the
liquid was removed, and the coatings were rinsed briefly in fresh water
to remove any unattached cyprids and then immersed for a further 4
days in artificial seawater containing a dilute concentration of T.
suecica. After this period, the number of juvenile barnacles on each
surface was counted. Slides were then subjected to water-jetting in a
calibrated automated waterjet device system at a cylinder pressure of
30 psi and recounted thereafter.”® The proportion removed in the
experiment was thus calculated for each surface type.

Navicula incerta. All coatings were equilibrated in 0.22 ym filtered
ASW for 72 h prior to testing. Navicula incerta cells were cultured in

F/2 medium contained in 250 mL conical flasks.’® After 4 days, the
cells were in log phase growth. Cells were washed three times in a
fresh medium before harvesting and diluted to give a suspension with
a chlorophyll content of approximately 0.25 pg/mL.

Cells were settled on three replicate coated slides of each sample, in
individual quadriPERM dishes containing 10 mL of the suspension, at
approx. 20 °C on the laboratory bench. After 2 h, the slides were
exposed to S min of shaking on an orbital shaker (60 rpm) followed
by a submerged wash in seawater to remove cells that had not
attached (the immersion process avoided passing the samples through
the air-water interface). Samples were fixed in 2.5% glutaraldehyde
and air-dried, and the number of cells attached to each surface was
counted on each slide using a Leica LAS X image analysis system
attached to a Zeiss Axioscope fluorescence microscope. Cells were
visualized by autofluorescence of chlorophyll. Counts were made for
30 fields of view (each 0.15 mm?) on each slide.

A further three coated slides of each coating were settled with cells
of N. incerta as described above. Slides with attached cells were
exposed to a shear stress of 30 Pa in a turbulent-flow water channel.”’
Samples were fixed, and the number of cells remaining attached was
counted as described above.

Ulva linza. All coatings were equilibrated in 0.22 ym filtered ASW
for 72 h prior to testing. Zoospores were obtained from mature plants
of Ulva linza by the standard method.®’ A 10 mL suspension of
zoospores (1 X 10° spores/mL) was added to individual compart-
ments of quadriPERM dishes containing the samples. After 45 min in
darkness, at approx. 20 °C, the slides were washed by moving them
backward and forward 10 times through a beaker of ASW to remove
unsettled (i.e, swimming) spores. Attached spores were fixed using
2.5% glutaraldehyde in ASW. The number of zoospores attached to
the surface was counted on each of the three replicate slides using a
Leica LAS X image analysis system attached to an epifluorescence
microscope. Spores were visualized by autofluorescence of chlor-
ophyll. Counts were made for 30 fields of view (each 0.15 mm?) on
each slide.

Spores were allowed to settle and attach to the coatings for 45 min
and then washed as described above. The spores were cultured using a
supplemented seawater medium for 6 days to produce sporelings
(young plants) on six replicate slides of each treatment.”> The
sporeling growth medium was refreshed every 48 h. Sporeling biomass
was determined in situ by measuring the fluorescence of the
chlorophyll contained within the sporelings in a Tecan fluorescence
plate reader. Using this method, the biomass was quantified in terms
of relative fluorescence units (RFU). The RFU value for each sample
is the mean of 70-point fluorescence readings taken from the central
portion. The sporeling growth data are expressed as the mean RFU of
six replicate slides.

Removal of sporelings was assessed using a shear stress of 90 Pa in
a turbulent flow cell.”’ Biomass remaining was determined using the
fluorescence plate reader (as above). The percentage removal was
calculated from readings taken before and after exposure to the shear
stress.

Statistical Analysis. All biological assays are presented as means
with 95% confidence limits. One-way ANOVA was performed to
identify statistically significant differences between groups (p < 0.05)
followed by a post hoc pairwise Tukey comparison test for data
presented in the main text to compare individual means and identify
which are statistically different from one another.’* For assays
reported as a percentage (B. improvisus settlement and removal and
removal of N. incerta and U. linza), statistical tests were performed on
the arcsine transform of fractional data.

B RESULTS AND DISCUSSION

Material and Coating Preparation. Coatings were based
on a previously studied system using a polystyrene-b-
poly(dimethylsiloxane-r-vinylmethysiloxane) (PS-PDMS)
block copolymer.”>™>> When functionalized with sequence-
controlled amphiphilic side groups, this system has shown
promising performance against soft fouling species Ulva linza

https://doi.org/10.1021/acsami.1c05266
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Figure 1. Structures of the unfunctionalized PS-PDMS, PEG-functionalized PS-PDMS, TEMPO-functionalized PS-PDMS, and TEMPO-PEG-
cofunctionalized PS-PDMS backbones used in coating construction.
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Figure 2. Modification of the silicone backbone block cofunctionalized with TEMPO and PEG used in the study of PS-PDMS TEMPO-PEG-
cofunctionalized coatings. (A) Conditions used for the stepwise attachment of TEMPO nitroxide. (B) FTIR data showing the appearance, and
subsequent disappearance, of NHS characteristic peaks and the appearance of amide I and II peaks indicative of the amide used to attach TEMPO.

Table 1. Polymer Functionalization and Corresponding Sample Codes for PS-PDMS TEMPO-PEG-Cofunctionalized Coatings

code T27 T24P7 T21P13 T16P19 PS P10
backbone structure diblock  triblock diblock  triblock diblock  triblock  diblock  triblock  triblock  triblock
mol % NHS with respect to the siloxane 37.5 37.7 322 31.6 25.8 27.5 19.8 19.1
block”
mol % TEMPO with respect to the siloxane ~ 27.2 26.4 23.7 24.0 19.7 222 16.7 16.1
block”
mol % PEG with respect to the siloxane 6.6 8.0 13.4 13.2 19.4 17.7 5.0 10.6
block”
coating avg. mol % TEMPO with respect to ~ 26.8 239 21.0 16.4
the siloxane block®
coating avg. mol % PEG with respect to the 7.3 13.3 18.6 S.0 10.6

siloxane block®

“With respect to the PDMS block determined by H! NMR. “With respect to the PDMS block determined by EPR. “Coatings consist of a 50/50
mixture of the diblock and triblock. The coating content was calculated by averaging the diblock and triblock value.

and Navicula incerta.””™>° Previous studies have shown that triblock copolymer alone, even though all materials had the
coatings composed of a mixture of amphiphilic diblock and same relative content of PS, PDMS, and PEG.” For this
triblock scaffolds promoted higher removal of U. linza than the reason, a blend of the two architectures was used in this study.
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Backbones were constructed with PS blocks of 6—8k and
PDMS blocks of 30—35k; triblocks were generated by the
coupling of two identical diblocks resulting in PDMS block
lengths of 60—70k.

Polymer modification was done using thiol-ene click
chemistry to attach PEG and TEMPO to pendent vinyl
groups on the PDMS block (Figure 1). Due to the radical
nature of the thiol-ene reaction, a two-step attachment scheme
was employed to avoid quenching by the TEMPO radical
(Figure )0 A thiol-bearing N-hydroxysuccinimide (NHS)
ester was synthesized and attached to the PDMS block at the
vinyl functionalities. This chemistry allowed for subsequent
attachment of the TEMPO moiety using a commercially
available, amine-bearing, TEMPO to form an amide. To
achieve amphiphilic surfaces, the stable radical was also
coattached to the same backbones with a seven repeat unit
PEG (350 g/mol), which was done simultaneously to the
attachment of the activated NHS ester. It was found that the
reactivity of the PEG and NHS thiols differs, resulting in lower
ratios of PEG attachment compared to the feed ratio used, as
detailed in the Supporting Information. This was thought to
occur because of the larger size and more hydrophilic nature of
the PEG group compared to the NHS counterpart. Details of
prepared coatings, and their corresponding sample codes, are
in Table 1. Coatings PS and P10 were prepared using only
triblock backbones, as the diblock backbones showed
significant solubility in water and could not be precipitated
effectively.

Polymer functionalization was followed using a combination
of NMR, FTIR, and EPR. Figure 2 shows the sequential
modification monitored by FTIR. Peaks at 1752, 1784, and
1813 cm™" are characteristic of the NHS ester group. Their
subsequent disappearance and the appearance of peaks at 1641
and 1541 cm™!, the amide I and II peaks, indicate the
attachment of TEMPO. The peak at 1362 cm™" is character-
istic of the nitroxide N—O' functionality.”® EPR analysis
further confirms the presence of the nitroxide radicals on the
polymer backbone, and quantification of the radical content
was done by solution-state EPR. EPR spectra also give a
qualitative indication of the distribution and spacing of the
nitroxide along the backbone. Changes in the line shape are
related to the interaction of radicals on the backbone.
Typically, free nitroxides display a distinct triplet line shape,
attributed to the rapid translational and rotational motion of
the radicals, which limit the opportunities for spin exchange.’”
When the radicals are tethered in proximity to other radical
units, translational and rotational motions are limited, leading
to larger electron dipole—dipole interactions and increased
spin exchange frequency. This results in broadening of the
triplet as the signal coalesces into a singlet.”*® Evidence of this
is shown in Figure 3: higher loadings of TEMPO trend toward
line shapes resembling a broad singlet rather than a triplet
because of restricted motion of radicals in close proximity to
one another attached to the polymer backbone.

Coatings were constructed using a previously devised
architecture that utilizes a tie layer of a commercially available
thermoplastic elastomer.*”*”” Glass slides were functionalized
with an amino silane, which was then reacted with a maleic
anhydride-functionalized elastomer. This elastomer, polystyr-
ene-b-poly(ethylene-r-butylene)-b-polystyrene (SEBS), was
then successively spin-coated to build up a thick layer (~1
mm), on top of which the PS-PDMS was deposited by spray-
coating. Spray-coating was used for this deposition to more
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Figure 3. EPR spectra of TEMPO and TEMPO-PEG modified
backbones in the study of PS-PDMS TEMPO-PEG-cofunctionalized
coatings.

directly mimic the methods used for marine paint application.
The SEBS acted as a tie layer ensuring stable attachment of the
functionalized PS-PDMS to the substrate through physical
cross-links between the styrene end blocks of the copoly-
mers.”” The tie layer also provided more consistent bulk
mechanical properties between coating types, which is known
to be important in fouling-release performance.”’ This
combination allows for evaluation of coating surface chemistry
more directly and removes the variable of mechanical
properties from the overall analysis. Using a commercially
available material allowed the deposition of a thick coating,
better for fouling release,”””* and required less of the
synthesized PS-PDMS material.

Coating Characterization. The wettability of the system
was probed through captive bubble contact angle measure-
ments, as shown in Figure 4. This method was carried out with
the sample fully immersed in water, and the contact angle was
measured between a trapped air bubble in contact with the
surface. The measurement is analogous to a typical water
contact angle measurement but allows for the measurement to
be performed in an aqueous environment, similar to the
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Figure 4. Captive bubble advancing contact angles over a 4-day
period of PS-PDMS TEMPO-PEG-cofunctionalized coatings. Error
bars show standard deviation.
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ultimate operating environment of the coating.”* Modification
with either PEG or TEMPO lowered the contact angle
compared to the unfunctionalized control, with greater
amounts of PEG leading to lower initial contact angles.
PEG-functionalized coatings showed lower contact angles than
their equivalent TEMPO-PEG counterparts; coating T16P19
exhibited a contact angle at least 5° greater than coating PS
despite having an almost four times greater loading of PEG,
indicating that the presence of the TEMPO mitigates the
hydrophilic action of PEG. This is not unexpected; TEMPO
materials have been shown to have a surface energy of 30.12
mN/m and so are more hydrophobic than PEG.”* The PEG
coatings also reached equilibration more quickly, with little
change after 24 h, whereas the TEMPO coatings took closer to
72 h on average to reach equilibrium. Competition between
TEMPO and PEG at the surface is the likely cause of the
longer equilibration times and ultimately higher contact angle
values.

ATR-FTIR analysis was carried out to probe the chemical
functionalities at the surface. Evidence of the presence of
TEMPO at the surface (Figure S) can be seen with observation
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Figure 5. ATR-FTIR spectra of PS-PDMS TEMPO-functionalized
and TEMPO-PEG-cofunctionalized coating surfaces (a.u. = arbitrary

of a characteristic N—O" peak at 1362 cm™,°° which shows an

increase in intensity with higher TEMPO attachment to the
polymer backbone. Peaks at 1645 and 1545 cm™" correspond
to the amide I and amide II peaks, respectively, and are
characteristic of the amide used for TEMPO attachment.
There was a significant reduction in the intensity of these two
peaks when the percentage attachment of TEMPO to the
backbone was reduced. This change was also observed in the
N—H stretch at 3290 cm™’, which is also associated with the
amide functionality, and shows decreasing intensity with a
reduction of TEMPO attached to the backbone. An interesting
trend was related to the presence of a peak at 1675 cm™,
which became more obvious with the increasing PEG
attachment to the backbone. This can be explained by a
disruption in hydrogen bonding to the carbonyl oxygen and a
subsequent shift of the carbonyl peak to a higher wave-
number.”” This trend follows the reduction in TEMPO
attachment to the backbone, indicating that the amide groups
were more distantly spaced along the backbone and could no
longer hydrogen-bond with one another. The N—H stretch did
not appear as a second peak at a higher wavenumber, which
would be expected if the amide NH no longer participated in a
hydrogen bond.”® This likely resulted from the N—H hydrogen
bonding with the PEG functionalities instead.

Coatings were analyzed by XPS in both the as-deposited
state and after being immersed in water for 96 h. High-
sensitivity N 1s scans showed a signal both before and after
immersion, as exemplified by T24P7 spectra in Figure 6,
indicating the presence of the nitroxide at the surface in both
aqueous and ambient conditions. Although XPS measurements
are done under high vacuum, surface rearrangement was
shown to occur over days by captive bubble contact angle
measurements, so the presence of the nitrogen signal is likely
indicative of the presence of the nitroxide at the coating
surface, even in water. All coatings showed less nitrogen
content at the surface than theoretically expected, which was
further decreased upon exposure to water, likely due to the
competition of the nitroxide with both PDMS and PEG for
surface dominance. Coatings T24P7, T21P13, and T16P19
showed decreasing nitrogen at the surface with less nitroxide
attached to the backbone. Interestingly, coating T27 showed a
lower percentage of nitrogen at the surface (1.47%) than
coating T24P7 (3.24%) in the as-deposited state, even though
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Figure 6. (Left) Nitrogen composition at the surface of PS-PDMS TEMPO-functionalized and TEMPO-PEG-cofunctionalized coatings and
(right) XPS N 1s scans of T24P7 showing the signal change after immersion in water for 96 h. Error bars show standard deviation.
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it had a higher nitroxide content. This could be a result of the
presence of PEG on the same backbone as the TEMPO, which
may cause the backbone to adopt a conformation that drives
more of the nitroxide to the surface in an effort to bury the
PEG. The discrepancy with the IR results, which showed T27
as having the highest intensity for both the TEMPO N—O
peak and the amide I and II peaks, is likely a result of the
acquisition conditions required for the two measurement
techniques. ATR-FTIR is more indicative of the bulk coating
than XPS since it has a sampling depth of about a micrometer,
which is far greater than the 10 or so nanometers of XPS. All
coatings showed less carbon than would theoretically be
expected, while the percentage of silicon and oxygen was
greater, as detailed in the Supporting Information. This
reflected the surface dominance of the PDMS block that
outcompeted the styrene block to populate the surface because
of its low surface energy (20.4 mN/m).”*

Surface roughness of the coatings was measured by laser
profilometry. Figure 7 and Table 2 show that including

PS-PDMS

Figure 7. Surface morphology of PS-PDMS TEMPO-functionalized
and TEMPO-PEG-cofunctionalized coating surfaces. TEMPO-con-
taining coatings (T27 and T16P19) all exhibit significantly rougher
surfaces than PS-PDMS and PS.

Table 2. Summary of Surface Features for PS-PDMS
TEMPO-PEG-Cofunctionalized Coatings, Determined by
Laser Profilometry

R, (um)* Ry (um)® R, (um)*
PS-PDMS 0935 + 0.176 1222 + 0224  13.050 + 2.331
Ps 0832 + 0.127  1.107 + 0.192 14.100 + 4.731
P10 0959 + 0075 1259 + 0094 13717 + 1.134
T27 3386 + 0202 7405 + 0419 152.546 % 11.520
T24P7 2019 + 0.060  2.573 + 0.135 64434 + 25.611
T21P13 2186 + 0242 2920 + 0553 57.585 + 22.357
T16P19 2060 + 0208 2731 + 0221 61.910 + 38.339
SEBS 0221 + 0033 0286 + 0.054 2719 + 2719

“Arithmetic mean roughness. bRoot-mean-square roughness. “Max-
imum height, sum of the largest peak and largest valley.

TEMPO in the formulation resulted in at least a doubling of
roughness compared to PEG or PS-PDMS control coatings.
The control and PEG coatings showed arithmetic average (R,)
roughness values of around 1 pm, while all TEMPO-PEG
coatings had R, values closer to 2 ym, and coating T27 had an

R, value of almost 3.5 pm. This trend was also reflected in the
maximum feature heights (R,), which showed an almost 10-
fold increase from the maximum height of the unfunctionalized
PS-PDMS and PEG coatings (13—14 pm) to coating T27 (150
pum). Spray-coating contributed somewhat to surface rough-
ness, as evidenced by the increase in roughness between the
SEBS underlayer, which was spin-coated, and the unfunction-
alized PS-PDMS control, which was spray-coated. However,
the increased roughness of TEMPO coatings was likely a result
of more limited solubility of the TEMPO-functionalized
backbones in the deposition solvent. This accounts for the
lower roughness of TEMPO-PEG coatings compared to
coating T27, which can be attributed to the PEG increasing
the solubility of the polymer.

Barnacle Assays. To evaluate the performance of coatings
against hard fouling species, settlement and removal assays
using the acorn barnacle Balanus improvisus were conducted,
the results of which are presented in Figure 8. Incorporation of
TEMPO did not appear to reduce or enhance settlement, with
T27 (70.0 + 9.7% settled cyprids) not performing significantly
differently from the unfunctionalized control (58.0 + 10.7%
settled cyprids). Inclusion of PEG greatly improved resistance
to settlement in coatings both with and without TEMPO; PS,
P10, and T16P19 performed exceptionally well, with no
settlement whatsoever, and T21P13 had very low settlement
(3.3 + 3.3% settled cyprids). In removal assays using a 30 psi
waterjet, functionalization with nitroxide showed promise for
improving fouling release. Coating T27 demonstrated almost a
2-fold increase in removal (58.1 + 5.0% removed) as
compared to the unfunctionalized PS-PDMS control (27.0 +
4.4% removed). T24P7 was further enhanced with three times
greater removal (90.4 + 9.3%) than that of the control. The
very low or complete inhibition of settlement on PS5, P10,
T21P13, and T16P19 meant that acquisition of removal data
was not possible. Notably, there were several metamorphosed
juvenile barnacles floating in the medium above coatings
T21P13 and T16P19. This would indicate that settlement
occurred but that the resulting organisms spontaneously
detached from the surface. There was no such evidence of
settlement on the two PEG coatings, only the presence of
unsettled cyprids swimming above coatings.

These results demonstrate the fouling-release potential of
the nitroxide moiety through interference with barnacle
adhesion and promotion of fouling release. Coating T27
showed twice the fouling release compared to the unfunction-
alized control, while coating T24P7 showed almost three times
greater removal. Despite the bulk having a lower loading of
nitroxide, T24P7 did show a higher percentage of nitrogen
(and therefore nitroxide) at the surface than T27, which may
explain its enhanced performance. The XPS analysis showed
that there was a lower nitrogen content at the surface for
coatings T21P13 and T16P19, and consequently, they would
be expected to show lower removal than T24P7. Coatings also
showed excellent performance against barnacles in terms of
preventing settlement. Despite the nitroxide’s structural and
electronic similarity to nitric oxide, which has been shown to
inhibit larval settlement in the barnacle species Amphibalanus
amphitrite, it did not have any influence on settlement, with the
performances of T27 and T24P7 being statistically the same as
the control.”” T21P13 and T16P19 were able to inhibit
settlement almost completely, similar to the performance of PS
and P10, which indicates that PEG was a major contributing
factor to overall antifouling performance against barnacle
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Figure 8. Settlement of cyprids of Balanus improvisus after 48 h (left) and removal of 6-day-old juveniles (right) following exposure to a 30 psi
waterjet. Samples with little to no settlement (PS, P10, T21P13, and T16P19) could not be evaluated for removal. Bars show 95% confidence limits
derived from arcsine transformed data for settlement and removal. Values that are significantly different at p < 0.05 from a post hoc pairwise Tukey
test are indicated by different labels (a—c). In the case of T21P13 and T16P19, unattached metamorphosed juveniles were observed floating above
the coating surfaces, while PS and P10 only had swimming cyprids.
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Figure 9. Initial attachment density of cells of the diatom N. incerta (left) and removal due to exposure to a shear stress of 30 Pa (right). Bars show
95% confidence limits for settlement and 95% confidence limits derived from arcsine transformed data for removal. Values that are significantly
different at p < 0.0S from a post hoc pairwise Tukey test are indicated by different labels (a—f).
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Figure 10. Density of attached spores of U. linza after 45 min settlement (left) and percent removal of 6-day-old sporelings (young plants) due to a
shear stress of 90 Pa in a turbulent-flow water channel (right). Bars show 95% confidence limits for settlement and 95% confidence limits derived
from arcsine transformed data for removal. Values that are significantly different at p < 0.05 from a post hoc pairwise Tukey test are indicated by
different labels (a—e). Samples with no settlement (PS, P10) could not be evaluated for percent removal.

cyprids. Altogether, these results suggest that fine-tuning the significantly in terms of initial attachment density (243 + 13.4
relative composition of TEMPO and PEG may lead to even and 225 =+ 12.3 cells/mm?, respectively). Coatings PS and P10
more effective antifouling and fouling-release characteristics were the most successful at preventing settlement, with both
against barnacles. maintaining settlement densities at least 20 times less than the
Soft Fouling Assays. The performance against algae was control. The addition of PEG to the nitroxide coatings reduced
also evaluated using the diatom N. incerta and spores of U. settlement relative to the control and T27, with lower
linza. Against N. incerta, functionalization with nitroxide did settlement correlating with greater PEG loading. The improved
not improve the antifouling or fouling-release performance. antifouling performance of those coatings can be assumed to
Figure 9 shows that T27 and the control did not differ derive solely from the inclusion of PEG, but even at the highest
28797 https://doi.org/10.1021/acsami.1c05266
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loading of PEG, performance was still worse than either PS or
P10. In removal assays against N. incerta utilizing a 30 Pa shear
stress water channel, PS5 and P10 coatings showed superior
performance with removal from both coatings above 50%. The
TEMPO coatings all performed similar to or worse than the
control, with no improvement in removal with an increased
loading of PEG. This indicates that the incorporation of
TEMPO does not reduce the adhesion of N. incerta cells.

The coatings were prepared using a blend of both diblock
and triblock backbones. In the initial preparation of these
coatings, it was found that the diblock backbones function-
alized with only PEG showed significant solubility in water.
During purification, these materials could not be precipitated,
so coatings PS and P10 were composed of only triblock
materials. Backbones functionalized with both PEG and
TEMPO, even at the highest PEG functionalization, showed
no solubility issues, so both the diblock and triblock were used
in coating preparation. After the six-day growth period for U.
linza removal assays, however, T16P19 and T21P13 exhibited
delamination from the SEBS underlayer. This was likely caused
by the slow solubilization of the diblock backbone, supported
by the fact that PS and P10, containing only the triblock
backbone, showed no issues with coating stability even when
exposed to a shear stress of 20 Pa waterjet (as detailed in
Supporting Information Figures S10—12). Coatings were
reprepared using only the triblock backbone for U. linza
assays. These coatings showed no instability even in removal
experiments using shear stresses up to 90 Pa.

The coatings in U. linza assays exhibited similar trends to
those used against N. incerta (Figure 10) with the exception
that initial settlement of U. linza was considerably higher on
the T27 (863.8 + 77.1 spores/mm?) and T24P7 (612.8 + 44.9
spores/mm?) coatings than on the unfunctionalized PS-PDMS
control (72.3 + 5.7 spores/mm?). This was mitigated by the
incorporation of PEG, as shown by the trend of decreasing
settlement density with increasing incorporation of PEG with
coating T16P19, having about 50% lower settlement (36.3 +
8.8 spores/mm?) than the PS-PDMS control. PS and P10 had
the best performance, maintaining close to zero settled spores.
After 6 days of culture, the relative trends of growth resembled
those of the initial settlement, with the TEMPO-containing
coatings still having the highest biomass levels (Figure S9).
However, the relative growth on the control was significantly
increased compared to T27, with only two times the biomass
on T27, down from 10 times in settlement assays. Removal
assays indicated that the incorporation of TEMPO did not
enhance the release of sporelings of U. linza. As was the case
for N. incerta, incorporation of increasing amounts of PEG did
not have a strong effect on performance, with all the TEMPO
coatings performing similarly. Settlement and growth were so
low on the PEG coatings that removal experiments could not
be performed, although previous studies have shown that these
coatings tend to perform very well against U. linza.%®

While TEMPO plays a beneficial role in barnacle fouling
release, it did not appear to otherwise impart any benefits
against the soft fouling algae. As a hydrophobic component, it
neither increased nor decreased settlement of N. incerta, but it
increased the settlement of U. linza by almost tenfold. For both
fouling species, the incorporation of PEG helped to mitigate
settlement, although the improvement with an increased
loading of PEG was more pronounced for U. linza. Despite
having higher loadings of PEG, both T21P13 and T16P19
showed higher settlement than P5 or P10. This may in part be

attributable to the greater wettability of PS and P10, for which
contact angles were significantly lower. TP coatings had higher
surface roughness,78 which is known to increase settlement for
U. linza spores, but there may be some other favorable
interactions at play, unrelated to wettability or surface
morphology. The oxidized form of the nitroxide (oxoammo-
nium) is a protonated species with a positive charge, so if
overoxidation of the surface occurred, it could attract the
negatively charged U. linza spore body.”” An additional factor
could be that a primary amide was used to attach the nitroxide
to the backbone. In previous studies of this system that
compared the performance of side groups with and without
hydrogen bond donors, the presence of the hydrogen bond
donor led to both higher settlement and lower removal of U.
linza.>*>> Use of an alternate linkage could improve perform-
ance.

For both algal species, the fouling-release performance was
generally poor, with removal values for all TEMPO coatings
not better than the control. Roughness is likely a large
contributing factor to this performance. U. linza spores are
around 4—S pm in diameter, and N. incerta diatoms are 13 ym
in length.**" With maximum feature heights between 50 and
150 pm, the TEMPO coatings may offer protection from
hydrodynamic forces, which could explain why the TEMPO
coatings had a performance similar to or worse than the PS-
PDMS control, despite having lower contact angle values.
Smoother surfaces, resembling those of the control, P5, and
P10, could greatly improve performance of the TEMPO-
containing materials. Although nitroxides have been shown to
reduce the formation and proliferation of bacterial bio-
films,””~*" these coatings performed considerably better
against barnacles than diatoms. Specifically, nitric oxide has
been shown to act as a signaling molecule in some species of
diatoms, limiting cell growth and reducing adhesion,*”** but
those effects were not seen in the assays against N. incerta. One
reason for this could be that diatom assays were of short
duration, with cells only in contact with the surface for 2 h
before removal experiments were performed, and this may not
have provided enough time for the nitroxide to have an effect.
A longer incubation time using diatom biofilms rather than
single cells might allow any effects on diatom behavior to
become evident.

B CONCLUSIONS

In this study, PS-PDMS block copolymers were functionalized
with a nonpolar stable radical nitroxide and PEG to create
antioxidant, amphiphilic surfaces for use as marine antifouling
and fouling-release coatings. Many marine foulers use
oxidatively cross-linked cements, so incorporation of a stable
radical was explored to probe disruption of cementation to
reduce adhesion and improve fouling release. Coatings were
evaluated for their performance against a barnacle species, as
well as a diatom and spores of a green alga, to ensure that the
antifouling and fouling-release properties of the amphiphilic
siloxane coatings were tested against a range of relevant
organisms.

Performance against the barnacles was promising. Incorpo-
ration of TEMPO alone led to a 2-fold increase in removal
compared to the unfunctionalized control, while a combination
of TEMPO and PEG gave close to 90% removal. The presence
of detached metamorphosed juvenile barnacles above TEMPO
coatings bolsters the hypothesis that the nitroxide works to
limit adhesive interactions at the surface. Coatings also

https://doi.org/10.1021/acsami.1c05266
ACS Appl. Mater. Interfaces 2021, 13, 28790—28801


https://pubs.acs.org/doi/suppl/10.1021/acsami.1c05266/suppl_file/am1c05266_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c05266/suppl_file/am1c05266_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c05266?rel=cite-as&ref=PDF&jav=VoR

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

performed extremely well as antifouling surfaces against
barnacles, with two of the TEMPO compositions completely
inhibiting barnacle settlement. Performance against soft fouling
species was not as pronounced. TEMPO coatings with the
highest loading of PEG were able to reduce settlement by 50%
compared to the control for both algal species, but the
incorporation of TEMPO led to higher settlement of spores of
U. linza. No benefit was seen in fouling release with
incorporation of TEMPO, but the higher surface roughness
of the TEMPO coatings may have contributed to this
performance. Improvement of surface roughness and opti-
mization of TEMPO and PEG ratios could lead to a more
broad-spectrum antifouling and fouling-release coating.

For barnacles, a combination of TEMPO and PEG on
PDMS produces a surface where settlement and removal
appear to be controlled by different components of the coating.
The presence of PEG is essential in maintaining antifouling
activity as evidenced by the performance of T27, but there is
significant improvement of fouling release of barnacles with the
incorporation of TEMPO. Overall, these results offer a
promising new avenue of research for construction of
fouling-release coatings for hard fouling organisms but also
highlight the importance of balancing hydrophilic and
hydrophobic contents to maintain a broad-spectrum efficacy
against a range of fouling species.
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