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here are significant efforts underway
Tworldwide to produce coatings that

can be applied in the marine environ-
ment, for instance, to address the issue of
biofouling on ship hulls, which can result in
up to 70% increased fuel consumption and
added operational costs.'? Barnacle growth
alone can reach 150 kg/m? in just 6
months.®> Marine biofouling has been con-
trolled, traditionally, through the use of
antibiofouling paints that rely on the release
of toxic agents,* such as organotin com-
pounds, which are banned from use, and
copper ablatives, the usage of which is
being restricted, with a USA-wide regulatory
decision expected in ca. 2015.>° Action had
been taken to ban the use of organotin
paints because of the irreversible accumula-
tion of the leachates in the sediment that
results in unwanted environmental effects;
similar environmental accumulation of copper
in seawater, estimated to be 15 x 10° kg/yr
worldwide, is becoming increasingly problem-
atic.” Next-generation materials that are
environmentally benign are desired.? Lead-
ing commercially available formulations
often incorporate low surface energy poly-
mer components, e.g., silicones (Intersleek700,
SeaGuard, etc) and/or fluoropolymers
(Intersleek900, etc.), to inhibit initial adhe-
sion of biofouling organisms and promote
their release,® each by passive modes of
action. Antibiofouling coatings that present
tethered biocidal groups, for example, qua-
ternary ammonium salts,'® and commercially
available formulations that leach biocides
(Irgarol, ZPT, Diuron, Sea-Nine)” operate by
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ABSTRACT The strategy of decorating anti- °v$‘efé

(ethylene glycol) (HBFP-PEG) networks with a
settlement sensory deterrent, noradrenaline
(NA), and the results of biofouling assays are
presented. This example of a dual-mode surface,

Anti-biofouling Coating

Dual-mode

which combines both passive and active modes of antibiofouling, works in synergy to improve the

overall antibiofouling efficiency against barnacle cyprids. The HBFP-PEG polymer surface, prior to

modification with NA, was analyzed by atomic force microscopy, and a significant distribution of

topographical features was observed, with a nanoscopic roughness measurement of 110 & 8 nm.

NA attachment to the surface was probed by secondary ion mass spectrometry to quantify the

extent of polymer chain-end substitution with NA, where a 3- to 4-fold increase in intensity for a

fragment ion associated with NA was observed and 39% of the available sites for attachment were

substituted. Cytoskeletal assays confirmed the activity of tethered NA on adhering oyster

hemocytes. Settlement assays showed deterrence toward barnacle cyprid settlement, while not

compromising the passive biofouling resistance of the surface. This robust strategy demonstrates a

methodology for the incorporation of actively antibiofouling moieties onto a passively antibiofoul-

ing network.

KEYWORDS: antibiofouling - noradrenaline - fluoropolymers - coating -

amphiphilic - fouling deterrence

active modes of antibiofouling. It was hy-
pothesized that the combination of these
two distinctive modes of action would lead
to superior antibiofouling coatings. As our
interests are in the development of nontoxic
antibiofouling coatings, we chose to avoid the
use of biocidal agents and instead designed a
multifunctional polymer coating that presents
bioactive  fouling-deterrent  molecules'’
across a nanoscopically complex surface that
provides for additional passive antibiofouling.
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Scheme 1. Synthesis of noradrenaline-functionalized HBFP-PEG thin films (NA-HBFP-PEG), 1.

Previous studies by our laboratory investigating anti-
biofouling coatings comprised of hyperbranched fluor-
opolymers (HBFP) cross-linked with poly(ethylene
glycol)s (HBFP-PEG)'? have led to optimization of the
chemistries and mechanical properties."*'* Fluoropoly-
mers were chosen because of their low surface energy
and extensive use in marine applications,'”~"” and PEGs
were incorporated into the system because of their
demonstrated resistance to protein adsorption.'® %
The HBFP-PEG passive mode of antibiofouling is
thought to be generated from a combination of com-
plex surface topographies, morphologies, and compo-
sitions over nano- and microscopic dimensions,?' 2
inhibiting protein adhesion and whole organism set-
tlement simultaneously.

The possibility of using soluble noradrenaline (NA),
an adrenoreceptor agonist that is known to inhibit
larval settlement in oysters®*~® and barnacles,”’*® as
an antibiofouling agent has been explored previously,
without NA being covalently bonded to the sub-
strates.?® Therefore, NA is an attractive moiety for
tethering into environmentally benign, passively anti-
biofouling coatings to add the active mode of action,
directly at the surface. Previous studies by Gohad et al.
probed the interactions between NA tethered to poly-
(methacrylic acid) (PMAA) and poly(2-hydroxyethyl
acrylate) (PHEMA) brushes and hemocytes of the
Eastern Oyster, Crassostrea virginica."' These studies
showed that NA molecules covalently linked to poly-
mer brushes retained their bioactivity and were able to
induce physiological changes in the hemocytes. Set-
tlement assays using barnacle cyprids identified that
the concentration of NA on the surface was sufficient to
preserve the ability of NA-conjugated polymers to
deter larval settlement. Questions remained, however,
as to what extent the NA was covalently bound to the
surface and whether advanced antibiofouling polymer
substrates would provide enhanced performance.

In this work, NA was incorporated into HBFP-PEG to
produce a highly complex, dual-mode antibiofouling
polymer coating, with confirmation of its surface pre-
sentation and biological activity. This system utilized a
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new generation of HBFP bearing ethylene glycol
units,* which was cross-linked with PEG. After deposi-
tion and curing, the passive mode of antibiofouling
was provided by the complex surface topography and
chemical heterogeneity. The coating surface proper-
ties were characterized by atomic force microscopy
and contact angle experiments. Bromoacetyl and bro-
mobenzyl functionalities at the HBFP chain ends, un-
consumed during cross-linking, allowed for surface
modification reactions with NA. Decoration of the
HBFP-PEG with this small molecule provided the active
mode of fouling deterrence. The extent of substitution
was monitored via secondary ion mass spectrometry
(SIMS), a versatile technique capable of analyzing
a wide range of materials, including polymers, semi-
conductor assemblies, metals, biological samples, and
nano-objects.>' ~>* The technique employs a primary ion
that impinges on a surface, resulting in the emission of
secondary ions, electrons, and neutral species.>> Cluster
SIMS exhibits emission from the top 5 to 10 nm of a
surface, allowing for the analysis of only the top fraction
of a material. Therefore, NA that is sequestered into the
bulk of the material, in this study, would not contribute to
the mass spectrum obtained. Understanding the surface
chemistry and the extent to which the substrate is
decorated with this active deterrent allowed for correla-
tion of the surface coverage to biofouling performance.
Additionally, a comprehensive characterization study
was performed against oyster hemocytes and barnacle
cyprids on both unmodified HBFP-PEG and modified
NA-HBFP-PEG surfaces to assess the enhanced organismal
response to the dual-mode surface.

RESULTS AND DISCUSSION

The dual-mode, antibiofouling surface, 1 (Scheme 1),
was designed to combine amphiphilic, morphologic,
and topographic complexities of HBFP-PEG with the
active deterrence of NA. The synthetic approach, there-
fore, relied upon reactive bromoacetyl and bromoben-
zyl functionalities at the chain ends of HBFP, 2, to
undergo the cross-linking reactions with diamino-
terminated PEG, affording 3, and also the chemical
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Figure 1. Atomic force microscopy (AFM) of HBFP-PEG
films, 3 (left), and static water contact angle (right) after
swelling in water overnight. AFM — scan size = 50 x 50 um?;
z-axis = 1.0 um.
modification reactions with NA to give 1. The particular
HBFP utilized, 2, was of a unique chemical composition
and structure, by linking hydrophobic and hydrophilic
characteristics on a molecular level throughout the
hyperbranched polymer framework.*® The HBFP was
synthesized via atom transfer radical self-condensing
vinyl copolymerization (ATR-SCVCP) to control the
molecular weight of the polymer and yield the reac-
tive chain ends. The preparation of 2, therefore, began
from the nucleophilic aromatic substitution of the
para-fluorine of 2,3,4,5,6-pentafluorostyrene (PFS)
with an excess of tri(ethylene glycol) (TrEG), to give 4,
followed by esterification with 2-bromoisopropionyl
bromide to yield the amphiphilic initiating monomer
(inimer) 5 for ATR-SCVCP. Copolymerization of 5 with
three molar equivalents of PFS achieved 2, bearing
TrEG throughout the backbone of the polymer.'>*° A
robust free-standing thin film, 3, was then obtained
from deposition and curing of 2 with a diamino-poly-
(ethylene glycol) (DA-PEG) in the presence of base.
Incubating the cross-linked networks in water leached
residual organic compounds and also released 3 from
the substrate. Films of 3 were incubated in a PBS buffer
solution of noradrenaline at 4 °C in the dark, to allow
for substitution of the alkyl bromide functional handles
on the surface to yield the noradrenaline-modified
HBFP-PEG film, 1 (NA-HBFP-PEG). A series of replicates,
1a—d and 3a—d, was prepared to allow for complete
physicochemical, compositional, and biological studies.
The materials exhibited complex surface topogra-
phy and chemical heterogeneity that were created
through the co-deposition and curing of incompatible
HBFP and PEG components, where the HBFP and PEG
segregated into their respective domains through
differences in topology and composition, yet were
covalently trapped on the molecular level through
covalent bond formation. The properties of the film
surfaces were observed by atomic force microscopy
and static contact angle (Figure 1). It was found that
submicrometer topographical features were distrib-
uted across the surface, with an overall rms roughness
of 110 &= 8 nm, and the film surface had a static water
contact angle of 76 & 2°. This combination of complex

nanoscopic topography and amphiphilicity presents
obstacles for a settling organism, which complicates
the search for an area suitable for adhesion, resulting in
passive resistance to biofouling. It was expected that
marine invertebrate larvae, such as barnacle cyprids,
would sense surface-bound NA unfavorably and would
avoid settling on those areas, resulting in an active
fouling deterrence mode. However, AFM and contact
angle measurements after NA conjugation gave data
similar to those for the unmodified HBFP-PEG, prevent-
ing confirmation and quantification of the presence of
NA on 1.

Secondary ion mass spectrometry was employed to
confirm the covalent attachment of NA to the polymer
backbone. In SIMS, the primary ion plays a key role in
the emission of ions, specifically the molecular ions,
and for this reason Cgo Was selected as the primary ion.
Ceo is surface sensitive, generates secondary ion emis-
sion from the top 5—10 nm of a substrate, and displays
higher molecular ion emission compared to atomic
and small cluster projectiles.3®*” The SIMS experiments
for this study were conducted in the superstatic re-
gime, where less than 0.1% of the surface is impacted.
This limitation ensured that each time the surface was
impacted by a primary ion, an unperturbed area of the
surface was sampled. Superstatic measurements were
conducted in the event-by-event bombardment-de-
tection mode of operation, where a single primary ion
impacted on the surface and the secondary ions were
collected and analyzed prior to subsequent primary
ions impacting the surface. All secondary ions detected
in a single impact originated from a 10 nm radius on
the surface.®® To minimize variances between surfaces,
a single HBFP-PEG film, 3a, was obtained from a THF
solution of HBFP and PEG (Scheme 1). The film was
divided in half to afford two films with “identical”
surfaces. These unmodified samples were analyzed
by event-by-event cluster SIMS and found to have
equivalent mass spectra (Figure S1). Three different
regions were investigated for each sample to ensure
sample consistency. In these spectra, we observed
several peaks from the HBFP portion of the cross-linked
network corresponding to the PFS monomer, including
191, 167, and 19 m/z. Larger fragments of the polymer
structure were also detected, such as m/z 353, a
fragment of the inimer-based repeat units. One film
was modified by incubation in a noradrenaline/PBS
solution to give 1a, followed by sonication and wash-
ing to ensure removal of physically entrapped NA. The
other film underwent the same procedure, in PBS
solution, to yield 3a. Both surfaces were analyzed after
washing (Figures S2 and S3). A quantitative estimate of
surface coverage of PFS was calculated,®® and we
found that the coverage of the PFS was 70% =+ 5%
for 3a and 77% =+ 2% for 1a. These results supported
sample consistency, given that there was a similar
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Figure 2. Yields for m/z 26 for 3a (before and after PBS
buffer and before NA/PBS buffer) and 1a (after NA/PBS
buffer).

detectable amount of PFS on either of the unmodified
HBFP-PEG or modified NA-HBFP-PEG surfaces.

The existence of the covalently bound NA was
substantiated by the presence of the fragment ion
CN™ in the mass spectra. The intact noradrenaline was
not observed due to its poor ionization in negative
mode. Indirectly, NA was quantified by observing the
change in yield, Y, defined as the number of Sls
detected per projectile impact for a chosen m/z, for
the nominal m/z 26 ion between the unmodified and
modified samples. Although many fragmentions could
potentially contribute to the m/z 26 peak (CN™ from
the PEG chain ends, C;H,™ from the HBFP backbone
and PEG backbone), it was expected that there was an
equal contribution from the polymer backbone in 3a
and 1a because both samples were obtained from a
single parent film. This assumption was verified by the
consistent coverage of PFS on each surface. The 3- to
4-fold increase in m/z 26 yield (Figure 2) between the
surfaces of 3a and 1a was a strong indication of NA on
the surface; however, it did not indicate the selective
attachment of the molecule at the labile chain ends.

To probe substitution of labile Br with NA, a calcula-
tion comparing the relative number of Br sites on 3a
and 1a was employed (eq 1). On the surface of the
films, specifically from the HBFP portion of the cross-
linked network, there are finite numbers of initial Br
sites, which can be viewed as both random and
disperse. The initial amount of sites in 3a was deter-
mined by calculating the ratio of Br~ to F~ yields. After
tethering NA to the surface, the remaining sites were
found by the same calculation for 1a. The quotient of
the ratios of the final sites (0.027 4 0.003) to the initial
sites (0.044 + 0.002) yielded the percentage of Br sites
that remained on the surface after modification (Table 1).
We found that 61% of the Br sites remained after
incubation with noradrenaline, indicating that NA had
replaced 39% of the Br sites on the surface. The
substitution of Br with NA is supported by the increase
in the yield of m/z 26 (Figure 2). It can be shown at the
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TABLE 1. Secondary lon Yields for Br and F from
Unmodified 3a and NA-Modified 1a

sample name yield Br~ yield F~ Yo, /Y-
3a (region 1) 0.0038 0.083 0.046

3a (region 2) 0.0033 0.080 0.042

3a (region 3) 0.0041 0.093 0.044

3a (av &= SD) 0.044 + 0.002
1a (region 1) 0.0034 0.120 0.029

1a (region 2) 0.0027 0.117 0.023

1a (region 3) 0.0035 0.122 0.029

1a (av £ SD) 0.027 £ 0.003

85% confidence level that the Br~ yield for the 3a
samples (mean value of 0.0038) are significantly
different from the Br~ yields measured from sample
1a (mean value of 0.0032), further indicating the
replacement of Br.

YBri‘NA HBFP-PEG
W **100%=percentage of unconsumed sites
Br ,HBFP-PEG

Y'I"',IIIII"I’—I’[L'G ( 1 )

The presence of NA on the surface allowed us to test
the hypothesis that the NA would act in conjunction
with the complicated surface features to improve the
overall antibiofouling efficiency of the system. Hemo-
cytes (cells) of the Eastern Oyster (C. virginica) were
used to determine if the NA molecules retained their
bioactivity after covalent conjugation to the HBFP-PEG
surface. Oyster hemocytes have been found to express
adrenergic receptors (target receptors for NA), and the
effects of NA on oyster hemocyte physiology have
been well documented. In fact, hemocytes are known
to undergo apoptosis (programmed cell death) upon
NA stimulation.**~** Since oysters are a prominent
fouling species and their cells express the target
receptors, hemocytes make for a good model system
to screen NA-conjugated polymer surfaces.'"*° A simi-
lar strategy was employed by Gohad et al. to observe
interactions between NA-conjugated PHEMA and
PMAA polymer brushes and oyster hemocytes."" In
that study, a cytoskeletal assay was used to confirm
that covalently linked NA molecules were able to
induce apoptosis in the adhering hemocytes, which
was demonstrated by the loss of cell membrane
integrity, abnormal accumulation of cytoskeletal ele-
ments, and finally enucleation (dislodgment of the
nucleus) and membrane blebbing, hallmarks of the
apoptotic progression.

A cytoskeletal assay was employed to observe
the effects that unmodified HBFP-PEG and modified
NA-HBFP-PEG films had on settled cell physiology. Cells
adhering to unmodified HBFP-PEG surfaces 3 (Figure 3a
and b) exhibited a diffused pattern of actin filaments
and an absence of stress filaments. The cells had intact
cell membranes and exhibited a normal morphology,
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Figure 3. Cytoskeletal assay I. (A, B) Fluorescent micrograph of hemocytes interacting with unmodified HBFP-PEG surfaces
stained with fluorescent phalloidin labeling F-actin (red) and DAPI labeling nuclei (blue), which display a normal morphology,
intact cell membranes, and lack of actin stress filaments. (C, D) Hemocytes interacting with NA-HBFP-PEG surfaces showing an
abnormal morphology with disintegrated cell membranes and the presence of actin stress filaments, hallmarks of the
apoptotic cascade. Scale bar A—D: ~30 um.

Figure 4. Cytoskeletal assay Il. (A) Laser scanning confocal micrograph of hemocytes interacting with HBFP-PEG surfaces
stained with phalloidin labeling F-actin (green), anti -tubulin antibody labeling microtubules (red), and DAPI labeling nuclei
(blue), which display a normal morphology, intact cell membranes (arrowhead), lack of actin stress filaments, and
microtubules organized around the nucleus as the organizing center (arrow). (B) Hemocytes interacting with NA-HBFP-
PEG surfaces showing disintegrated cell membranes (inset box, arrow) along with actin stress filaments and abnormal
accumulation of actin (arrow). The microtubules seem to have lost the centrally organized structure and accumulate in the
cytoplasm or near plasma membranes (arrowhead), indicating progression of the apoptotic cascade. Scale bars: ~20 um.

indicating that HBFP-PEG surfaces on their own did not
affect the cells adversely. In contrast, cells adhering to
NA-HBFP-PEG surfaces, 1, showed stressed actin fila-
ments, an abnormal aggregation of actin, and dis-
integrated cell membranes. Extensive enucleation
was also evident, indicating that cells interacting with
NA-HBFP-PEG surfaces underwent apoptosis (Figure 3c
and d). To confirm the effects of NA-HBFP-PEG surfaces
on hemocyte physiology, the cytoskeletal assay was
further modified. Gohad et al. had used F-actin as a
marker to demonstrate cytoskeletal deterioration."" In
this study, S-tubulin, a component of microtubules,

IMBESI ET AL.

was used in addition to F-actin. Microtubules, along
with F-actin, form the cytoskeleton of cells, and any
adverse effects of the cell—surface interaction can be
confirmed by observing these cytoskeletal elements.
Cells interacting with unmodified HBFP-PEG showed
no abnormal distribution of either F-actin or S-tubulin
(Figure 4a). Actin stress filaments were absent, and the
microtubules were organized around the nucleus, with
the nucleus serving as the organizing center, indicating
that unmodified HBFP-PEG, 3, did not adversely affect
the cytoskeleton and, in turn, cell physiology. Cells
interacting with NA-HBFP-PEG, 1, not only displayed
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Barnacle Cyprid Settlement Assay
35 |

30
25

20

Percent Larvae Settled

HBFP-PEG

NA-HBFP-PEG

Figure 5. Cyprid settlement assay. Barnacle cyprid settle-
ment on NA-HBFP-PEG was significantly reduced as com-
pared to unmodified HBFP-PEG surfaces.

stressed actin filaments but also showed abnormal
accumulation of microtubules with the loss of a cen-
trally organized structure (Figure 4b).

The hemocytes being unable to internalize the
receptors, considering that the NA molecules were
covalently tethered to polymer surfaces, could lead
to hyperstimulation of the hemocyte f-adrenergic
receptors (3-AR), which could support the observed
apoptosis.'’ The aberrant signaling caused by a hyper-
stimulated [5-AR could result in the observed apopto-
sis in hemocytes that interacted with NA-HBFP-PEG.
Gohad et al. postulated scenarios to explain the
observed cytoskeletal deterioration in hemocytes inter-
acting with NA-conjugated polymer surfaces."' The
observed cytoskeletal deterioration could be a direct
indicator of end stages of the apoptotic cascade, as a
result of NA-induced stimulation of the hemocyte (5-AR).
B-AR stimulation is known to activate L-type Ca*>" chan-
nels, leading to influx and overload of Ca>", which then
leads to apoptosis.'#*~® In rat cardiomyocytes, 5-AR
stimulation induces microtubule disassembly via cAMP-
mediated Ca®" overload.*” From the observed results
(Figure 4b) it is possible that hyperstimulation of 3-AR
by polymer-tethered NA molecules could lead to
microtubule disassembly in hemocytes. G-Protein
coupled receptor kinase-2 (GRK2) is a signal transdu-
cer that mediates the effects of an activated (agonist
bound) GPCR (G-protein coupled receptor) on the
cytoskeleton by forming a complex with tubulin.*®
A hyperactivated GPCR could lead to unregulated
GRK2—tubulin complex formation, causing tubulin to
abnormally accumulate at the plasma membrane,
which could explain the observed loss of a centrally
organized structure (Figure 4b)."" The observed actin
stress filaments and disintegrated actin filaments could
also be results of the apoptotic cascade. Caspases, medi-
ators of apoptosis, cleave actin, which in turn is targeted
to mitochondria and regulates the release of Ca®"
through inositol triphosphate and ryanodine-sensitive
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calcium stores. This process leads to the accumulation
of Ca®" in the mitochondrial matrix, forming a feed-
back loop that progresses the apoptotic cascade even
further.'"*°

Barnacle cyprid settlement assays showed that
cyprid settlement on NA-HBFP-PEG was significantly
reduced as compared to unmodified HBFP-PEG sur-
faces, indicating that cyprid larvae could sense the
HBFP-tethered NA molecules and as a result were
deterred from settling (Figure 5). When exposed to
micromolar solutions of NA, barnacle cyprids are
known to lose their settlement behavior and metamor-
phose into normal juvenile adults, which are not
cemented to the substratum.*® This behavior could
perhaps be explained by the fact that barnacles ex-
press a GPCR that is almost 37% similar to the human
a,-adrenergic receptor.”® In addition, micromolar solu-
tions of many other adrenergic receptor ligands, such
as medetomidine, clonidine, idozaxan, and phentol-
amine, are also known to inhibit barnacle cyprid
settlement.”'2

It is important to discuss the observed settlement
deterrence and how the cyprids are capable of sensing
surface-tethered NA molecules. The fourth antennular
segment of the barnacle cyprids possesses an array of
sophisticated structures, the sole purpose of which is to
examine the various aspects of the substratum prior to
settlement.>>~>° Cyprids are known to respond favor-
ably to surface-adsorbed molecules, as opposed to
soluble ones.>®>” While exploring the surface, the four
subterminal setae and the two postaxial setae of the
cyprid antennule are pressed against the substratum
to possibly sense the surface-adsorbed molecules.>**>
Since the cyprids have such a sophisticated chemo-
sensory apparatus, it can be speculated that when
HBFP-PEG-tethered NA molecules stimulate these sen-
sors, these stimuli are, in turn, perceived as unfavorable
settlement cues by the cyprids, causing deterrence of
settling on such surfaces."’ The observed reduction in
larval settlement (Figure 5) further indicates that a dual
mode of biofouling resistance was attainable through
the addition of an active sensory deterrent to a passive
antibiofouling substrate.

CONCLUSIONS

Dual-mode antibiofouling surfaces were synthe-
sized by modifying passively antibiofouling HBFP-
PEG with NA, and extensive characterization studies
were performed. The co-deposition of HBFP and PEG
afforded surfaces with nanoscopically resolved topo-
graphy and morphology that were passively antibio-
fouling. Modification with the settlement deterrent NA
afforded the dual-mode surface. The extent of substitu-
tion on the surface was determined by SIMS, which was
quantified by the increase of m/z 26 and the reduction
in the ratio of Br to F~. The biological activity of the
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system was investigated through oyster hemocyte and
barnacle cyprid assays. The activity of tethered NA was
confirmed by the observed cytoskeletal deterioration
and apoptosis. The decoration of NA led to reduced
settlement of barnacle cyprid larvae on NA-modified
surfaces. The combination of passive and active

MATERIALS AND METHODS

Reagents and starting materials were purchased from Sigma
Aldrich and used as received unless otherwise noted. 2,3,4,5,6-
Pentafluorostyrene was purchased from Apollo Scientific (UK)
and filtered through a plug of neutral alumina prior to use.
Monomers and polymers were characterized by 'H,3C, and "°F
nuclear magnetic resonance spectroscopies using a Varian
Inova 300 MHz spectrometer. 'H and '*C NMR spectra were
analyzed using the solvent signal as an internal reference, and
"9F NMR spectra were analyzed with CF;COOH as an external
standard. IR spectra were obtained on a Shimadzu IR Prestige
attenuated total reflectance Fourier-transform infrared spectro-
meter (ATR-FTIR). Spectra were analyzed using the IRsolution
software package (Shimadzu). High-resolution mass spectro-
metry (HRMS) was conducted on an Applied Biosystems PE
SCIEX QSTAR. Gel permeation chromatography was performed
on a Waters Chromatography, Inc. (Milford, MA, USA) 1515
isocratic HPLC pump equipped with an inline degasser, a model
PD2020 dual-angle (15° and 90°) light-scattering detector
(Precision Detectors, Inc.), a model 2414 differential refract-
ometer (Waters, Inc.), and four PLye polystyrene-co-divinylben-
zene gel columns (Polymer Laboratories, Inc.) connected in
series: 5 um Guard (50 x 7.5 mm), 5 um Mixed C (300 x 7.5 mm),
5 um 10% (300 x 7.5 mm), and 5 #m 500 A (300 x 7.5 mm) using
the Breeze (version 3.30, Waters, Inc.) software. The instrument
was operated at 35 °C with THF as the eluent (flow rate set to
1.00 mL/min). Polymer solutions were prepared at a known
concentration (ca. 3 mg/mL), and an injection volume of 200 L
was used. Data collection was performed with Precision Acquire
32 acquisition program (Precision Detectors, Inc.), and analyses
were carried out using Discovery32 software (Precision Detec-
tors, Inc) with a system calibration curve generated from
plotting molecular weight as a function of retention time for a
series of broad polydispersity poly(styrene) standards. Differ-
ential scanning calorimetric (DSC) studies were performed on a
Mettler-Toledo DSC822¢ (Mettler-Toledo, Inc., Columbus, OH,
USA), with a heating rate of 10 °C/min. The T, was taken as the
midpoint of the inflection tangent, upon the third heating scan.
Thermogravimetric analysis was performed under an Ar atmo-
sphere using a Mettler-Toledo model TGA/DSC 1 Star® system,
with a heating rate of 10 °C/min. Measurements were analyzed
using Mettler-Toledo Star software version 10.00c. Atomic force
microscopy was performed under ambient conditions in air. The
AFM instrumentation consisted of a MFP-3D-BIO AFM (Asylum
Research; Santa Barbara, CA, USA) and standard silicon tips
(type, OTESPA-70; L, 160 um; normal spring constant, 50 N/m;
resonance frequency, 246—282 kHz). Contact angles were
measured as static contact angles using the sessile drop tech-
nique®® with an Attension Theta optical tensiometer (Biolin
Scientific). Drops were fitted with a Young—Laplace formula
to calculate the static contact angle in the Theta software (Biolin
Scientific). The reported values are an average of five such
measurements on different regions of the same sample. Fluo-
rescence microscopy was carried out using a Nikon Eclipse TiE
microscope equipped with a CoolSnap HQ2 (Roper Scientific)
monochrome CCD camera and appropriate filter sets for the
fluorophores used. Confocal microscopy was performed using a
Nikon Eclipse TiE microscope equipped with a Nikon C1Si
spectral confocal with appropriate laser lines and filter sets for
DAPI, FITC, and TRTC fluorophores.
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modes of antibiofouling increased the overall surface
performance toward the inhibition of barnacle cyprid
settlement. This study provides a new strategy for com-
bining known fouling deterrent methodologies into a
single coating and will be a guide for future formulations
that optimize the effective application of these materials.

4-[Oxy(tri(ethylene glycol))]-2,3,5,6-tetrafluorostyrene (4). To a stir-
ring solution of sodium hydride (60 wt % dispersion in mineral
oil, 4.95 g, 124 mmol) in THF (400 mL) in a 1000 mL two-neck
round-bottomed flask suspended in an ice bath was added
tri(ethylene glycol) (41.3 mL, 309 mmol), followed by the
addition of PFS (14.2 mL, 20.0 g, 103 mmol). The solution was
allowed to warm to room temperature and with stirring under
N, for 14 h. The reaction mixture was then concentrated in
vacuo, dissolved in deionized water (300 mL), and extracted
with ethyl acetate (4 x 300 mL). The organic fractions were
combined, dried over anhydrous MgSQ,, filtered, and concen-
trated in vacuo to afford a clear, pale yellow oil. Further
purification by silica gel flash chromatography using 10% MeOH
in DCM as the eluent afforded 4 as a clear, colorless oil in
62% yield (20.6 g). Tgecomp: 362 °C, 74% mass loss @ 500 °C.
IR = 3600—3200, 3050—2800, 1643, 1489, 1358, 1288, 1250,
1080, 941 cm~". "H NMR (acetone-ds, ppm): & 6.60 (dd, J = 12
and 18 Hz, TH, H,C=CH-R), 5.96 (d, J = 18 Hz, TH, H(H)C=CH-R
(trans)), 5.65 (d, J =12 Hz, 1H, H(H)C=CH-R (cis)), 4.38 (t, /= 5 Hz,
2H, TFS-O-CH,-CH,-OR), 3.78 (t, J = 5 Hz, 2H, TFS-O-CH,-CH,-
OR'), 3.40—3.70 (m, 8H, R-O-(CH4-CH,-0-CH,-CH,-OH) ppm. '3C
NMR (acetone-ds, ppm): 6 147.2, 143.7, 143.0, 140.2, 137.3,
122.5,122.4,122.3,122.2,111.0, 74.8, 73.2,71.1, 70.8, 70.5, and
61.6 ppm. '°F NMR (acetone-ds, ppm): & —147 (m, ortho-F to
C=CH,), —159 (m, meta-F to C=CH,) ppm. HRMS: m/z calcd for
Cy4H16F 404 [M + HIT 325.10, found 325.1063.

4-[Oxy(tri(ethylene glycol))bromoisopropionyl]-2,3,5,6-tetrafluorostyr-
ene (5). To a stirring solution of triethylamine (7.70 mL,
55.5 mmol) in THF (259 mL) in a 500 mL two-neck round-bottom
flask was added 4 (5.00 g, 15.4 mmol). The solution was cooled
to 0 °C, and 2-bromoisopropionyl bromide (3.99 g, 18.5 mmol)
was added dropwise. The solution was allowed to warm to
room temperature with stirring under N, for 16 h. The reaction
mixture was filtered, and the filtrate was then concentrated in
vacuo, dissolved in dichloromethane (500 mL), and washed with
deionized water (4 x 500 mL). The organic fraction was dried
over anhydrous MgSOy, filtered, and concentrated in vacuo to
afford a clear, pale yellow oil. Further purification by silica gel
flash chromatography using 30% ethyl acetate in hexanes as the
eluent afforded 5 as a clear, colorless oil in 82% vyield (5.81 g),
which was stored at 4 °C to prevent side-reaction. Tgecomp: 297
°C, 70% mass loss @ 500 °C. IR = 3050—2800, 2874, 2747, 1738,
1647, 1485, 1451, 1429, 1406, 1377, 1354, 1335, 1223, 1153,
1119, 1078, 1030, 968, 937, 858, 762, 677, 648 cm ™. "H NMR
(acetone-ds, ppm): 0 6.60 (dd, J =12 and 18 Hz, TH, H,C=CH-R),
5.96 (d, J= 18 Hz, TH, H(H)C=CH-R (trans)), 5.65 (d,J= 12 Hz, TH,
H(H)C=CH-R (cis)), 4.6 (q, J = 5 Hz, TH, R-C(H)(Br)CHs), 4.5 (t, J =
5 Hz, 2H, TFS-O-CH,-CH,-OR), 4.3 (t, J = 5 Hz, 2H, R-CH,-CH,-O(0)-
C-R’),3.9(t,J =5 Hz, 2H, TFS-O-CH,-CH,-OR), 3.8—3.6 (m, 6H, R-O-
CH,-CH,-0-CH,-CH,-0(0)C-R’), 1.8 (d, J = 5 Hz, 3H, R-C(H)(Br)CHs)
ppm. >C NMR (CDCls, ppm): & 1713, 145.7, 144.0, 141.8, 140.2,
136.4,122.0,121.8,110.6,74.1,70.6,70.1,64.9,55.6,and 30.5 ppm.
9F NMR (acetone-dg, ppm): & —147 (m, ortho-F to C=CH,), —159
(m, meta-F to C=CH,) ppm. HRMS: m/z calcd for C;;H;9BrF,405
[M + HI* 459.04, found 459.0439.

Hyperbranched Fluoropolymer (HBFP) (2). To a dry 50 mL Schlenk
flask equipped with a stir bar was added 5 (5.00 g, 10.9 mmol,
1 equiv), PFS (6.34 g, 32.7 mmol, 3 equiv), PMDETA (3.33 g, 19.2
mmol, 2 equiv/Br), CuBr (1.57 g, 10.9 mmol, 1 equiv/Br), and
anisole (100 mL). The solution was degassed via free-
ze—pump—thaw (3x), the vessel was backfilled with N, and
then lowered into an oil bath set at 65 °C, and the reaction was
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allowed to proceed for 20 h. The polymerization was quenched
by opening the flask to air and submerging the flask in liquid
nitrogen. Once thawed, the contents were dissolved in dichloro-
methane (450 mL), eluted through a plug of alumina to remove
the catalyst, and concentrated in vacuo, and the product was
isolated by precipitation into cold hexanes (3 x 1.2 L) to afford a
white powder of 2 in 62% yield (7.03 g). M,,S°C = 17400 Da,
M,SPC = 8600 Da, My/My = 1.72. Ty = 73 °C. Tgecomp: 310 °C, 85%
mass loss @ 500 °C. IR = 2947, 2878, 2361, 1744, 1651, 1497,
1296, 956, 864 cm~'. 'H NMR (CDCls, ppm): & 4.6—4.0 (br, m,
TFS-O-CH,-CH»-OR and R-CH,-CH,-O(0)C-R’), 4.0—3.4 (br, m,
R-O-CH,-CH»-OR’), 3.1—1.5 (br, m, CH,-CH(R)- backbone),
0 1.5—0.7 (br m, C-CHs) ppm. ">C NMR (CDCls, ppm): 6 176.6,
144.7,140.7,137.6,122.2,114.7,74.3,70.8—70.0, 68.8, 63.6, 41.7—
32.1,30.7—29.7, 24.7 ppm. '°F NMR (CDCls, ppm): & —143 (br, m,
o-F (PFS) and o-F (TFS)), —157 (br, m, p-F (PFS) and m-F (TFS)),
—162 (br, m, m-F (PFS)) ppm.

General Procedure for the Preparation of HBFP-PEG Films (3). To
a scintillated vial were added 2 (0.70 g) and 1500 Da DA-PEG
(0.35 g, 33 w/w % of total mass) and mixed in THF (8 mL) until
homogeneous. A catalytic amount of diisopropylethylamine
(100 uL) was syringed into the vial. Approximately 0.2 mL of
the solution was drop cast onto precut 1 cm? glass microscope
slides. The THF was allowed to evaporate over ca. 20 min,
affording a pre-gel. The slides were placed in an oven purged
with N, at 110 °C for 45 min to cure followed by submersionin a
water bath overnight to leach any VOCs and release a free-
standing film of 3. 6,150 = 76 £ 2°. rms roughness = 110 £ 8 nm.

General Procedure for the Preparation of Noradrenaline-Functionalized
HBFP-PEG Films (1). Samples of 3 (1 x 1 cm?) were placed indi-
vidually into wells of a 12-well plate. To each well was added a
solution of noradrenaline-HClin pH 7.4 PBS (ca.2 mL, 1 mg/mL).
The plate was covered in Parafilm and aluminum foil and placed
on an orbital shaker at 4 °C for 48 h. The solution was decanted
and the coatings were rinsed with fresh, cold PBS, followed by
brief sonication in cold PBS, and were stored dry under N,
at —20 °C prior to use.

SIMS. The instrument used in these studies is a custom-built
instrument equipped with a custom-built Cg, source capable of
producing Ceo>" at 43 keV total impact energy.>**?%° The
instrument is equipped with a 1 m linear time-of-flight (ToF)
and an electron emission microscope. All samples were ana-
lyzed in negative ion mode using the emitted electrons as the
start for the ToF measurement. SIMS analysis was performed on
a series of samples throughout the production/modification
of the HBFP-PEG: two HBFP-PEG samples after hydration,
unmodified HBFP-PEG after incubation in PBS, and modified
NA-HBFP-PEG after incubation in NA/PBS. Two or three 200 um
radius spots were analyzed for each sample to ensure sample
consistency.

Oyster Culture. Eastern Oyster (Crasostrea Virginica) adults
were purchased from Pemaquid Oyster Company Inc.
(Waldoboro, ME, USA). The oysters were maintained in a 180
gal (681 L) tank at 18 °C in artificial seawater (ASW) at 21%
salinity with saturating levels of dissolved oxygen. Shellfish Diet
1800 (Reed Mariculture Inc.) was used to feed the animals.
Hemocytes (immune cells) were obtained by notching the
oyster shell with a cement saw and extracting the hemolymph
from the adductor muscle with a 22-guage needle affixed to a
disposable syringe.*’ Depending on the size and weight of the
oyster, 1—2 mL of hemolymph was extracted.

Cytoskeletal Assay I. Cytoskeletal assay | was performed as
described by Gohad et al."" Briefly, 500 uL of hemolymph was
aliquated onto unmodified HBFP-PEG and NA-HBFP-PEG sub-
strates, and hemocytes were allowed to settle on surfaces for
60 min. Cells were then fixed with 4% formaldehyde freshly
prepared from paraformaldehyde, made up in phosphate buf-
fer saline (PBS) for 40 min. Surfaces were rinsed twice for 5 min
each on an orbital shaker to remove any unreacted formalde-
hyde. For staining with fluorescent phalloidin labeling F-actin,
cells were permeabalized by incubating in 0.1% Triton-X100 in
PBS for 5 min. Surfaces were then washed twice for 5 min each,
then incubated in a 50 «M solution of TRITC-Phalloidin (Sigma)
for 45 min, and washed twice to remove excess phalloidin.
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Hemocytes were then counterstained with DAPI, labeling nuclei,
and fluorescence microscopy was carried out.

Cytoskeletal Assay Il. Hemocytes incubated on HBFP-PEG and
NA-HBFP-PEG were fixed and permeabalized as described
above. Cells on surfaces were then blocked using a 4% solution
of bovine serum albumin (Sigma) made up in PBS for 40 min.
Then, the surfaces were incubated in a 1:500 dilution of anti-
beta tubulin antibody (Developmental Studies Hybridoma
Bank) overnight at 4 °C. The surfaces were then washed twice
for 5 min each and incubated with a 1:1000 dilution of Alexa-
Fluor-555 fluorescent secondary antibody (Life Technologies)
for 1 h. Surfaces were washed twice for 5 min each and
incubated with a 50 uM solution of FITC-Phalloidin (Sigma)
labeling F-actin for 45 min, the samples were counterstained
with DAPI, labeling nuclei, and confocal microscopy was carried
out.

Control samples for cytoskeletal assay Il (hemocytes on
HBFP-PEG and NA-HBFP-PEG) were labeled only with the
fluorescent secondary antibody to rule out any nonspecific
interactions between the secondary antibody and samples.
Control samples did not show any nonspecific labeling with
the fluorescent secondary antibody.

Unstained HBFP-PEG and NA-HBFP-PEG with hemocytes
were also used as autofluorescence controls and inspected
under the microscope using the same excitation and emission
filter sets and imaging modalities (wide field fluorescence and
confocal microscopy) for DAPI, FITC, and TRITC fluorophores.
Unstained samples were not found to be autofluorescent in
either of the imaging modalities.

Cyprid Settlement Assays. Cyprid (settlement stage) larvae of
the striped barnacle Balanus amphitrite were obtained from
Dr. Dan Rittschof's laboratory at Duke University Marine Laboratory
and were shipped and handled as described previously.?® HBFP-
PEG and NA-HBFP-PEG surfaces were placed in 24-well plates
(Kimtec), filled with ASW, washed several times, and allowed to
equilibrate with ASW for 10 min. The 1 x 1 cm? samples covered
the majority of the surface area of the well bottom. Approxi-
mately 16 to 20 cyprids were added to each well in ASW, after
which the plates were covered with aluminum foil and placed in
a humid chamber at room temperature for 48 h. At the end of
the incubation period, number of settled cyprids was counted
for each well using the Nikon-AZ100 macroscope. The percen-
tage of total larvae settled was calculated for NA-conjugated
and control surfaces and subjected to a one-way ANOVA with
the significance cutoff set to p < 0.05.
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