ORIGINAL ARTICLE

Polymer Journal (2015) 47, 811-818
© 2015 The Society of Polymer Science, Japan (SPSJ) Al rights reserved 0032-3896/15

g

www.nature.com/pj

Versatile inhibition of marine organism settlement by
zwitterionic polymer brushes

Yuji Higaki'??, Jin Nishida!, Ai Takenaka!, Rika Yoshimatsu', Motoyasu Kobayashi! and Atsushi Takahara!>?

The anti-fouling character of polymer brushes against marine organisms was investigated by performing settlement tests with
barnacle cypris larvae and mussel larvae in their adhesion period, as well as a marine bacteria colonization test. The settlement
behavior of the marine organisms was carefully observed during the assays to obtain insight into the anti-fouling character.
Zwitterionic poly(phosphobetaine) brushes and poly(sulfobetaine) brushes exhibited excellent anti-fouling characteristics for

both macro- and micro-organisms, whereas poly(quaternary ammonium cation) brushes allowed mussel larvae settlement and
bacteria adhesion. Regardless of the surface free energy and chain mobility, all of the hydrophobic polymer brushes showed poor
anti-fouling character for the marine organisms tested. The surface charge and hydration state in saline seawater appear to be
important factors in the versatile anti-fouling performance of zwitterionic polyelectrolyte brushes.
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INTRODUCTION

Biofouling is a critical problem in the marine industry.!> Marine
organism settlement leads to reductions in the fuel efficiency and
navigation performance of ocean vessels, as well as deterioration in
the heat exchange capacity of seawater cooling systems in thermal
and atomic power plants. More than 4000 marine fouling organisms
have been identified and can be categorized as either micro-organisms
(for example, bacteria, diatoms and algae spores) or macro-organisms
(for example, barnacles, tube worms, mussels and algae). Marine
fouling develops in stages, beginning with the formation of an initial
conditioning film (adsorption of proteins, polysaccharides and so on)
and proceeding to primary colonization (adsorption and growth
of bacteria and biofilm formation), secondary colonization (micro-
organism settlement and slime formation) and tertiary colonization
(macro-organism settlement and growth). Versatile solutions for all
fouling stages are desired, but this goal remains elusive due to the wide
variety of fouling species and the associated fouling mechanisms.
The use of anti-biofouling systems in a marine environment requires
extreme durability compared with conventional anti-biofouling
systems addressing non-specific adsorption of single-proteins
(for example, fibrinogen and bovine serum albumin (BSA)) in
moderate ambient conditions. In the marine environment, the diverse
organisms, mechanical damage and harsh environmental conditions,
which span a broad range of temperatures, salinity and sunlight
irradiation, synergistically affect the anti-fouling life. Anti-fouling
marine coatings for ship bottom paints have been developed to
prevent the undesirable settlement of marine organisms but generally
have a significant environmental cost.>® Conventional anti-fouling
marine coatings are extremely effective but adversely affect aquatic life

and have led to serious damage to marine environments. International
prohibition against toxic anti-fouling coatings has stimulated the
development of non-toxic anti-fouling approaches that do not utilize
biocide components. Several alternatives to biocidal coatings have
been already developed, such as fouling release coatings,>* micro-
topographical surfaces™ and self-polishing coatings with a hydrogel-
like swollen layer.” Fouling release coatings release weakly settled
fouling organisms by hydrodynamic shear stress during navigation and
generally consist of silicone and/or fluoropolymer-based resins because
of their low surface free energy. The fouling release property also
depends on other parameters, including the elastic modulus, thickness
and surface roughness of the coatings. Microtopographical surfaces are
employed by natural marine organisms as a defense against bio-
fouling, and numerous artificial biomimetic surfaces have been
reported for super-hydrophobic, oleophobic and anti-biofouling
applications.® While the anti-fouling potential of microtopographical
structures has been demonstrated, the underlying mechanism remains
unclear. Changes in wettability, surface fluid dynamics and attachment
point reduction have been cited as potential factors contributing to the
improved anti-fouling performance.

Extensive investigations have focused on the correlation between the
organic surface components and the adsorption of micro-organisms
and biomacromolecules, particularly proteins, Dbacteria, cells
and marine fouling species.”!! Langmuir-Blodgett monolayers,
self-assembled monolayers and polymer brushes have been used as
model surfaces. Static assays have demonstrated that hydrophobic
surfaces tend to promote more non-specific adsorption compared
with hydrophilic surfaces. The anti-biofouling character of
non-charged hydrophilic polymers has been elucidated and has been
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shown to effectively hinder marine organism settlement. Poly(ethylene
glycol) is one of the best synthetic non-fouling polymers, and it
exhibits resistance to protein adsorption, cell adhesion, bacterial
colonization and marine algae zoospore adsorption.'>”'> The steric
exclusion effect, surface hydration and neutral surface potential are
generally regarded as key factors in the anti-biofouling performance of
poly(ethylene glycol). Zwitterionic polyelectrolytes are promising
alternatives to poly(ethylene glycol) for biofouling applications.
The anti-fouling efficiency of zwitterionic polyelectrolytes against
marine organisms has already demonstrated.'®*?> In particular,
poly(phosphobetaine)s have been recognized as bio-inspired anti-
biofouling materials, and their neutral surface potential and
hydration state are regarded as critical features contributing to the
observed bio-inertness.>>?> Polymer chain grafting is an effective and
facile way to modify surface properties without compromising bulk
material performance.!”2%27 Recent developments in surface-initiated
controlled radical polymerization procedures have enabled the
preparation of so-called high-density ‘polymer brushes,” which are
densely grafted polymer layers without significant defects.?®
The surface-tethered polymer chains swell in good solvents and extend
away from the interface to avoid chain overlap. This long-range
repulsion between individual chains provides a thick shielding layer at
the interface. Zwitterionic polyelectrolyte brushes have been found to
exhibit extraordinary super-hydrophilicity and oil-repellency.?*-3!
The hydrated polyelectrolyte brushes exhibit low adhesion of
foreign objects and outstanding lubrication under wet conditions.
While the anti-fouling efficiency of zwitterionic polyelectrolyte brushes
for marine organisms has been demonstrated, in many cases the
discussion has been limited to the relationship between the number of
the settled organisms and the chemical structure of the polymer
brushes.'® The swelling state,’13> electrostatic interactions>® and
thickness of the hydrodynamic lubrication layer’” of polyelectrolyte
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brushes have been found to have essential roles in determining the
physical properties of polyelectrolyte brushes.

In this paper, the anti-biofouling character of a wide variety of
polymer brushes against three marine organisms, a barnacle cypris
larva, a mussel larva in its adhesion period and marine bacteria, was
investigated by settlement tests and careful observations of the
settlement behavior.

EXPERIMENTAL PROCEDURE

Preparation of polymer brushes

Polymer brush samples were prepared on a Si wafer substrate through SI-ATRP
(surface-initiated atom transfer radical polymerization).*3 Si wafers with
dimensions of 40 mm length, 10 mm width and 0.5 mm thickness were
activated by immersion in piranha solution to remove the oxidized layer
and generate hydroxyl groups, after which a silane-coupling reagent with an
ATRP-initiating moiety was immobilized on the surface. Polymer brushes were
prepared by ATRP in the presence of the initiator-immobilized Si
wafer substrate. A variety of polymer brushes were prepared for the settlement
tests, including a cationic poly(quaternary ammonium salt) (poly[2-
(methacryloyloxy)ethyltrimethylammonium chloride], PMTAC), a zwitterionic
poly(phosphobetaine)  (poly[2-(methacryloyloxy)ethyl ~ phosphorylcholine],
PMPC), zwitterionic poly(sulfobetaine)s (poly(3-[dimethyl(2’-methacryloylox-
yethyl)ammonio]ethanesulfonate), PMAES); poly(3-[dimethyl(2’-methacryloy-
loxyethyl)ammonio]propanesulfonate), PMAPS; poly(3-[dimethyl(2’-metha-
cryloyloxyethyl)Jammonio|butanesulfonate), PMABS, hydrocarbon polymers
(polystyrene, PS; poly(methyl methacrylate), PMMA; poly(butyl acrylate),
PBA), and silicone-containing polymers (poly(3-[tris(trimethylsiloxy)silyl]
propylmethacrylate), ~PTMSM);  poly(3-[poly(dimethylsiloxy)silyl]|propyl-
methacrylate), PDMSM (Figure 1). We chose three types of poly(sulfobetaine)
brushes because they exhibit different hydrophilicity and swelling, as well as
different dependences on temperature and salt concentration. The preparation
of PMTAC, PMPC, PMAES, PMAPS, PMABS, PS and PMMA polymer brushes
was carried out following previously reported procedures.>** The polymer
brush preparation procedures for PTMSM, PDMSM and PBA are described in
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Figure 1 Chemical structure and abbreviations of the polymer brushes used for marine organism fouling tests. PBA, poly(butyl acrylate); PDMSM, poly(3-[poly

(dimethylsiloxy)silyllpropylmethacrylate);  PMABS,

methacryloyloxyethyllammoniolethanesulfonate); ~ PMAPS,

poly(3-[dimethyl(2’-methacryloyloxyethyl)Jammoniolbutanesulfonate);
poly(3-[dimethyl(2’-methacryloyloxyethyl)lammoniolpropanesulfonate);

PMAES,  poly(3-Idimethyl(2'-

PMMA,  poly(methyl

methacrylate); PMPC, poly[2-(methacryloyloxy)ethyl phosphorylcholinel; PMTAC, poly[2-(methacryloyloxy)ethyltrimethylammonium chloridel; PS, polystyrene;

PTMSM, poly(3-[tris(trimethylsiloxy)silyllpropylmethacrylate).
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Supplementary Information. Because residual copper catalyst has an adverse
effect on marine organism settlement, the polymer brush samples were washed
carefully using a Soxhlet apparatus to completely remove residual copper.

The number averaged molecular weight (M) and molecular weight
distribution (M,,/M,) were evaluated by size exclusion chromatography with
a refractive index detector and a multi-angle light scattering detector.
The thicknesses of the polymer brushes were measured by ellipsometry.
The surface chemical composition of the polymer brushes was evaluated using
X-ray photoelectron spectroscopy. The surface free energy was calculated
from the Owens—Wendt equation using static contact angles of water and
diiodomethane droplets. Details of the measurement conditions are provided in
the Supplementary Information. The chemical structures and characteristics of
the polymer brushes used in this paper are summarized in Figure 1 and Table 1.
We previously demonstrated that the molecular weights of polymer brushes
correspond well to those of free polymers that are grown from the sacrificial
initiators.’*3° The M, and M,,/M, given in Table 1 are values for free polymers.
Graft density was calculated from the M, and film thickness.

Preparation of barnacle cypris larvae

Natural seawater was obtained from the Himeji bay area (Hyogo, Japan) and
used after filtration with a 0.45-pm mesh cellulose membrane filter (Toyo
Roshi Kaisha, Ltd., Tokyo, Japan). Adult barnacles were acquired from the
Himeji bay area and stored in plastic 201 circulation aquaria with aeration at a
controlled temperature of 23 °C. The barnacles were fed a daily diet of nauplius
larvae of the brine shrimp Artemia salina. After being hatched from the adults,
the nauplius larvae were collected using a pipette and transferred to a glass
beaker with filtered natural seawater. The larvae were fed with the diatom
Cheatoceros calcitrans to cultivate cypris larvae. The nauplius larvae were stored
at 23°C, and the cypris larvae of Amphibalanus amphitrite were obtained by
metamorphosis. The cypris larvae were kept under cold (6°C) and dark
conditions until the bioassay. The temperature of the seawater was restored to
room temperature (23°C) before the settlement test. A light source was
provided to select photopositive and actively swimming individuals, and the
active individuals were collected and used for the settlement assay.

Preparation of mussel larvae

Natural seawater was collected from the Himeji bay area and used after
filtration through a 0.45-pm mesh cellulose membrane filter (Toyo Roshi
Kaisha, Ltd.). Adult blue mussels were obtained from Kakogawa (Hyogo,
Japan) and maintained in plastic 201 aquaria. Fertilized eggs of the mussels

Table 1 Characteristics of polymer brush samples

M2 My/M2  ThicknessP (nm)  Graft density® (chains per nm?)
PMPC 349000 1.56 85 0.20
PMAES 733000 1.22 173 0.19
PMAPS 326 000 1.20 105 0.26
PMABS 180000 1.85 115 0.52
PMTAC 269000 1.14 110 0.33
PMMA 169000 1.16 104 0.44
PS 401 000 1.87 180 0.28
PBA 98400 1.57 49 0.30
PTMSM 297000 3.10 96 —d
PDMSM 207 000 1.25 47 0.14

Abbreviations: MALS, multi-angle light scattering; PBA, poly(butyl acrylate); PDMSM, poly(3-
[poly(dimethylsiloxy)silyllpropylmethacrylate); PMABS, poly(3-[dimethyl(2’-methacryloyloxyethyl)
ammoniolbutanesulfonate); PMAES, poly(3-[dimethyl(2’-methacryloyloxyethyl)ammoniol
ethanesulfonate); PMAPS, poly(3-[dimethyl(2’-methacryloyloxyethyl)ammoniolpropanesulfonate);
PMMA, poly(methyl methacrylate); PMPC, poly[2-(methacryloyloxy)ethyl phosphorylcholine];
PMTAC, poly[2-(methacryloyloxy)ethyltrimethylammonium chloride]; PS, polystyrene; PTMSM,
poly(3-[tris(trimethylsiloxy)silyllpropylmethacrylate); RI, refractive index; SEC, size exclusion
chromatography.

aM, and M, /M, determined by SEC equipped with a RI detector and MALS detector.
bThickness in dry state (L) estimated by ellipsometry.

CGraft density, o, calculated from determined values of M, and L using equation o= pLNy/M,,
where p is the bulk density of the free (unbound) polymer and N is Avogadro’s constant.

9The graft density calculation was not reliable due to the broad polydispersity index of grafted
chains.
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were obtained by stimulating mussel fertilization and were subsequently washed
and transferred to a glass beaker. D-type larvae were cultured in filtered
seawater by feeding with diatom plankton (Haptophyceae isochrysis). A mixture
of streptomycin and penicillin was added to the beaker to prevent bacterial
growth. After culturing for 45 days, mussel larvae with an average shell length
of 0.7 mm were obtained. The mussel larvae were kept at 6 °C in the dark in
filtered seawater. Active larvae that readily adhered by creeping were collected
and used for the settlement assay.

Barnacle cypris larvae settlement test

A polystyrene container (Highpack S-9) with dimensions of 84 mm length x 57
mm width X 44 mm depth was covered with a plankton filtering net to avoid
barnacle cypris larvae settlement onto the container wall. Natural filtered
seawater (50 ml), 2 pieces of the same type of polymer brush and 40 artificially
grown barnacle cypris larvae were added to the container. Settlement tests were
carried out in discrete containers for each polymer brush species (that is, the
tests were not ‘choice assays’ in which several types of substrates are introduced
into the container). The temperature was maintained at 25°C, and the
container was placed on a lighting table to encourage the photoactive cypris
larvae to approach the test pieces. The cypris larvae trapped at the water surface
were circulated by applying water droplets once every day. Cypris larvae that
actively walked along the substrates with antennule attachment were termed as
‘searching, whereas those in the primary settlement stage and that had
metamorphosed into juveniles were designated as ‘settled’ in this study.
The numbers of ‘searching’ and ‘settled’ cypris larvae were counted daily using
an optical microscope. Because only a single settlement test was performed for
each polymer brush, statistical analysis was not conducted and the data are
provided as the ratio of settled cypris larva to the initial population without
error bars. The condition of the cypris larvae was carefully observed and
monitored with photographs and movies to gain insight on settlement
inhibition.

Mussel larvae settlement test

Natural filtered seawater (15 ml) and two pieces of the same type of polymer
brush were added to a plastic container (30 ml volume) and maintained
at 25 °C. Twenty-five active mussel larvae in their adhesion period were placed
on the polymer brush samples, and the numbers of mussel larvae that were
‘searching’ and ‘settled’ on the substrates were counted daily using an optical
microscope. The tests lasted for 6 days and the anti-settlement efficiency was
evaluated based on the ratio of ‘settled’” mussel larvae to the initial population
after the settlement test period. Because the only one settlement test was
performed for each polymer brush, statistical analysis was not performed and
the data are provided without error bars.

Marine bacteria colonization test

Natural seawater was acquired from Himeji bay area and filtered using a
5.0-um mesh cellulose membrane filter (Toyo Roshi Kaisha, Ltd., qualitative
filter paper No. 2) to remove large objects. The bacteria species and populations
in the natural seawater were not identified, but all the tests were carried out
simultaneously using the same seawater source. The water quality of the filtered
seawater was 29.0 psu and pH 7.90. Filtered seawater (15 ml) and two pieces of
the same type of polymer brush were added into a polystyrene container
(Highpack S-9) with dimensions of 84 mm length x 57 mm width X 44 mm
depth. After 6 days of immersion, a formalin solution was introduced (3%
concentration) to fix the bacteria on the substrate. The test pieces were
subsequently removed from the vessel and then immersed in a filtered and
sterilized tris-buffer solution. A 50 pg ml~! 4’,6-diamidino-2-phenylindole solu-
tion was added to the solution to stain the bacteria for subsequent observation.
The stained bacteria were visualized by fluorescence microscopy (Olympus
Corporation, Tokyo, Japan, BX51-WU, excitation wave length: 330-384 nm),
and the number of bacteria in the field was counted. For each sample, 10 images
were taken to obtain an average number of bacteria adhered to the surface, and
the average number and the standard deviation were calculated.
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RESULTS AND DISCUSSION

Preparation of polymer brushes

All of the polymer brush samples had a high graft density
(>0.1 chains per nm?) with respect to conventional dilute polymer
brushes prepared by chemical reactions or the interaction of polymer
chain-ends with an activated substrate. The thicknesses were above
the radius of gyration of an unperturbed random coil, indicating that
the lateral osmotic pressure in the tethered polymer chains made
the chains adopt a stretched conformation. We assumed that the
thickness (> 50 nm) was sufficient and that the effects of differences in
thickness between the polymer brush samples were not significant for
the marine organism settlement tests; the thickness range was far
beyond the interaction field of the substrate. The surface chemical
compositions obtained from the X-ray photoelectron spectroscopy
spectra were consistent with the chemical compositions of the grafted
polymer chains. The silicon peak disappeared after polymer brush
grafting, indicating that the silicon wafer was covered with a thick
polymer brush layer with thickness greater than the mean free path
of the photoelectron (~10nm) without significant defects. The bulk
glass transition temperatures (Tg), contact angles for water and
diiodomethane droplets and calculated surface free energies of the
polymer brush samples are summarized in Table 2. It should be noted
that the surface free energies calculated from the Owens—Wendt
equation are not reliable, especially for hydrophilic surfaces because
the polymer chains penetrate the probing liquid and reduce the
interfacial tension. A clear glass transition was not observed below
473K for the cationic and zwitterionic polymers due to their strong
electrostatic interactions. For hydrophobic polymers, the bulk T can
be regarded as a reference for thermal molecular motion of the
polymer brushes at the seawater interface. The charged polyelectrolyte
brushes showed characteristic swelling, depending on the temperature
and salt concentration.’* In the swollen state, the polymer brushes

Table 2 Glass transition temperature, contact angles and surface free
energy of polymer brushes

Tg* (K) rsv© rovd © rsvP ©
Static contact angles® (deg) (mJm=2) (mJm™2) (mJm2)
Water Diiodomethane

PMPC — <3 27+1.9 74.5 33.5 41.0
PMAES — 14+4.1 38+15 71.6 29.2 42.4
PMAPS — 15+2.4 33+2.4 71.8 31.5 40.4
PMABS — 52+3.8 48+2.4 50.6 27.5 23.1
PMTAC — 10+3.0 45+0.9 72.0 25.6 46.5
PMMA 378 75+2.6 36+x14 43.5 37.7 5.8
PS 370 89+3.1 37+0.8 41.1 40.0 1.1
PBA 224 91+0.7 57+1.9 30.7 28.4 2.3
PTMSM 276  107+4.5 75+2.6 20.1 19.6 0.5
PDMSM 136 106+0.6 85+2.4 15.4 13.8 1.6

Abbreviations: PBA, poly(butyl acrylate); PDMSM, poly(3-[poly(dimethylsiloxy)silyl]
propylmethacrylate); PMABS, poly(3-[dimethyl(2'-methacryloyloxyethyl)ammoniol
butanesulfonate); PMAES, poly(3-[dimethyl(2'-methacryloyloxyethyl)ammoniolethanesulfonate);
PMAPS, poly(3-[dimethyl(2’-methacryloyloxyethyl)ammoniolpropanesulfonate); PMMA, poly
(methyl methacrylate); PMPC, poly[2-(methacryloyloxy)ethyl phosphorylcholinel; PMTAC, poly[2-
(methacryloyloxy)ethyltrimethylammonium chloride]; PS, polystyrene; PTMSM, poly(3-[tris
(trimethylsiloxy)silyllpropylmethacrylate).

¥Glass transition temperature (7g) of the bulk polymers determined by differential scanning
calorimetry (DSC) measurement. The heating and cooling rate was 10 K per minute.

bAll static contact angles were measured with 2 pl droplet.

ysv? and ysyP are the dispersion and polar force components of the solid-vapor interface free
energy, respectively, and were determined from contact angles of water and diiodomethane
droplets by the Owens —Wendt method using the following parameters: ¢ (water)=21.8, y.,»
(water)=51.0, 7,2 (diiodomethane) =49.5, .\ (diiodomethane) = 1.3 mJm2.
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exhibited a greater number of possible conformations, owing to the
strong hydration, which help prevent the adhesion of foreign bodies.
Each of the cationic and zwitterionic polyelectrolyte brushes exhibited
high surface free energy, whereas the hydrocarbon polymers and
silicone-containing polymers had low surface free energy.

Barnacle cypris larvae settlement test

Barnacles start life as nauplius larvae that feed on plankton, and the
final larval stage is the cypris larva, which is approximately 500 pm in
length and does not feed but rather swims in water. To complete the
transition to adult life, cypris larvae need to attach temporarily to a
hard substrate. During this exploration phase, the cypris larvae explore
suitable sites for attachment by ‘walking’ on substrates using a pair of
attachment apparatuses at their antennule tips that secrete an adhesive
substance.’®*? The antennal tip repeatedly attaches and detaches from
the substrate. Their temporary repeatable adhesion has been explained
by van der Waals interactions during the contact of splitting cuticular
villi at the antennular disk and capillary adhesion of non-polar viscous
glycoproteins at the antennular secretion. After the exploration stage,
the cypris larvae remain on a suitable site and metamorphose into
juveniles. The firmly attached juvenile subsequently metamorphoses
into a calcified adult barnacle that strongly adheres to the substrate by
secreting cementing proteins.*!

The evolution of the number of ‘settled’ cypris larvae on the
polymer brushes is shown in Figure 2. On the bare Si wafer and
hydrophobic polymer brushes, enthusiastic searching was observed
(Supplementary Movie S1). For the bare Si wafer, 63% of the cypris
larvae settled after 10 days of immersion. In contrast, the cypris larvae
showed no searching activity on the cationic and zwitterionic
polyelectrolyte brushes throughout the test period (10 days)
(Supplementary Movie S2). The cypris larvae were positioned
sideways on the cationic and zwitterionic polymer brushes rather
than face-on, as observed on the bare Si wafer and hydrophobic
polymer brushes, and cypris larvae walking with antennule apparatus
attachment were rarely observed. All the introduced cypris larvae
showed active exploration at the plankton filtering net, indicating that
the artificially cultured cypris larvae had a high settlement ability.
To confirm activity of the cypris larvae during the test period, bare Si
wafers were placed in the test containers after the settlement tests.
Most of the remaining unsettled cypris larvae immediately settled on
the Si wafers within a day. Because we selected photopositive and
actively swimming individuals for the settlement assay, they remained
active even after the 10-day test period, while the weak cypris larvae
are usually starved to death in short periods. It is apparent that the
excellent anti-settlement performance of the hydrophilic charged
polymer brushes is related to inhibition of the ‘walking’ and
‘searching’ activities of the barnacle cypris larvae, whereas the
hydrophobic polymer brushes did not appear to discourage
exploration.*> The exploration inhibition observed may be related to
the low adhesion of antennule tips resulting from the lubricating
effects of the hydrated polyelectrolyte brushes.

Mussel larvae settlement test

The marine mussel successfully inhabits niches in intertidal zones
using a byssus to glue itself to a wide variety of substrates. The byssus
consists of a bundle of collagenous threads tipped with an adhesive
plaque. The mussel adhesive plaque proteins have been identified and
are referred to as mussel foot proteins (m.f.p.).#**> Amino acids with
post-translationally modified side chains are present in large quantities
in the m.f.p., and the proteins include a significant number of basic
residues. The secretion contains micromolar concentrations of Fe¥™
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Figure 2 Evolution of the ratio of ‘settled’ barnacle cypris larva on
(@) zwitterionic and cationic polyelectrolytes brushes and (b) hydrocarbon
and silicone-containing polymer brushes during the settlement tests.
PBA, poly(butyl acrylate); PDMSM, poly(3-[poly(dimethylsiloxy)silyllpropyl-
methacrylate); PMABS, poly(3-[dimethyl(2’-methacryloyloxyethyl)ammonio]
butanesulfonate); PMAES, poly(3-[dimethyl(2’-methacryloyloxyethyl)ammo-
niolethanesulfonate);  PMAPS,  poly(3-[dimethyl(2’-methacryloyloxyethyl)
ammoniolpropanesulfonate); PMMA, poly(methyl methacrylate); PMPC, poly
[2-(methacryloyloxy)ethyl  phosphorylcholine]l; PMTAC, poly[2-(methacry-
loyloxy)ethyltrimethylammonium chloridel; PS, polystyrene; PTMSM, poly
(3-[tris(trimethylsiloxy)silyllpropylmethacrylate). A full color version of this
figure is available at Polymer Journal online.

ions to assist with curing. The rapid adhesion and high adhesive
strength of the byssus plaque has drawn considerable attention as a
model system for adhesives that are effective in wet conditions.*6~8
The attachment process of a mussel using byssus threads resembles
reaction injection molding and consists of three major steps:
(a) exploration and identification of a suitable site for settlement by
‘walking’ via temporary attachment of the suction pad at the byssus
tip, (b) pressing the suction pad to the substrate to remove water in
the cavity and (c) secreting m.f.p. into the cavity of the suction pad to
adhere the byssus to the substrate.

Settlement of the mussel larvae was evaluated by counting the
number of settled mussel larvae after the 6-day test period (Figure 3).
The zwitterionic polyelectrolytes (PMPC, PMAES, PMAPS and
PMABS) showed the most significant inhibition of mussel larvae
settlement, followed by more modest inhibition by the cationic
polyelectrolyte (PMTAC) and negligible effects for the hydrophobic
polymers (PS, PMMA, PTMSM and PDMSM) relative to a bare
Si wafer. Similar to the barnacle cypris larvae, the zwitterionic
polyelectrolyte brushes showed excellent anti-settlement efficiency
for mussel larvae. However, unlike the barnacles, the cationic
polyelectrolyte brushes permitted settlement of mussel larvae. The
mussel larvae settled on the hydrophobic polymer brushes to a similar
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Figure 3 The ratio of ‘settled’ mussel larva to the initial population
of mussel larva. The number of ‘settled’ mussel larvae on the polymer
brushes was counted after a settlement test period of 6 days. PBA, poly
(butyl acrylate); PDMSM,  poly(3-[poly(dimethylsiloxy)silyllpropylmetha-
crylate); PMABS, poly(3-[dimethyl(2’-methacryloyloxyethyl)ammoniolbuta-
nesulfonate); PMAES, poly(3-[dimethyl(2’-methacryloyloxyethyl)ammonio]
ethanesulfonate); PMAPS, poly(3-[dimethyl(2’-methacryloyloxyethyl)ammonio]
propanesulfonate); PMMA, poly(methyl methacrylate); PMPC, poly[2-(metha
cryloyloxy)ethyl  phosphorylcholine]l;  PMTAC,  poly[2-(methacryloyloxy)
ethyltrimethylammonium chloridel; PS, polystyrene; PTMSM, poly(3-[tris(tri-
methylsiloxy)silyllpropylmethacrylate).
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Figure 4 Number of bacteria on the polymer brushes in microscopic fields.
The data were averaged from 10 observations. Error bars represent the s.d.
PBA, poly(butyl acrylate); PDMSM, poly(3-[poly(dimethylsiloxy)silyl]
propylmethacrylate); PMABS, poly(3-[dimethyl(2’-methacryloyloxyethyl)
ammonio]butanesulfonate); PMAES, poly(3-[dimethyl(2’-methacryloy-
loxyethyl)Jammoniolethanesulfonate); PMAPS, poly(3-[dimethyl(2’-methacry-
loyloxyethyl)ammonio]propanesulfonate); PMMA, poly(methyl methacrylate);
PMPC, poly[2-(methacryloyloxy)ethyl  phosphorylcholinel; PMTAC, poly
[2-(methacryloyloxy)ethyltrimethylammonium  chloride]; PS, polystyrene;
PTMSM, poly(3-[tris(trimethylsiloxy)silyllpropylmethacrylate).

degree as the bare Si wafers, and no significant dependence on the
chemical structure was observed.

In contrast to the barnacle cypris larvae, the mussel larvae showed
active exploration on all of the polymer brushes, including the
zwitterionic polyelectrolyte brushes (Supplementary Movie 3, play
time: 8-15s). The larvae crept on the polymer brush surfaces by
attaching their feet. However, settlement by the byssus adhesion failed
(Supplementary Movie 3, play time: 17-195s). Radially distributed
byssuses were observed around the larva, which indicated that the
mussel larva attempted to settle on the zwitterionic polyelectrolyte
brush surfaces. The larva got into the position by using their
foot attachments (Supplementary Movie 3, play time: 53s), retried
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settlement and failed again (Supplementary Movie 3, play time: 62s).
The failed attachment was attributed to the low adhesion force
between the plaque and polymer brushes. This result was surprising
because the m.f.p. is known to be a versatile substrate-independent
adhesive. The poor adhesion was attributed to the weak
interaction between charged residues and hydroxylated tyrosine
(Dopa, 3,4-dihydroxyphenyl-L-alanine) residues with the hydrated
poly(zwitterion)s. The zwitterionic polyelectrolyte brushes may be
able to retain hydrated water during the vacuum and dewetting
processes of byssus adhesion. We previously reported on the swelling
of polyelectrolyte brushes, which was analyzed using small angle X-ray
scattering and neutron reflectivity.3>*3 PMPC swells both in pure
water and in aqueous sodium chloride solutions. Poly(sulfobetaine)s
collapse in pure water but swell in aqueous sodium chloride
solutions because of the screening effect of electrostatic attractions
between the sulfobetaine units. In contrast, PMTAC swells in pure
water but collapses in aqueous sodium chloride solutions because of
the screening effect of electrostatic repulsion between quaternary
ammonium cations. The adhesion force of m.f.p. can be correlated
with the volume fraction of the polymer component at the interface,
and the electrostatic adhesion will be greatly diminished in
the presence of media with a high dielectric constant. Therefore, the
PMPC and poly(sulfobetaine)s, which are strongly hydrated in saline

Si-wafer -

seawater, were able to prevent mussel larvae settlement, whereas the
PMTAC, which collapses in a saline environment, permitted m.f.p.
adhesion. The hydration state in saline seawater is a more important
factor than the hydrophilicity of the polymer brush, because
the hydrophilic PMTAC allowed mussel larvae settlement while the
PMABS brushes exhibited efficient anti-settlement for mussel larvae.
In addition, for the zwitterionic betaine moiety, the hydrogen bonding
network structure of the hydrated water was not disrupted due to the
neutral charge, which permitted the formation of a stable hydrated
layer.*® The naturally hydrated water in the zwitterionic polyelectrolyte
brushes remained at the cavity of the suction pad and thereby reduced
the adhesive efficiency of the m.f.p. plaques.

Marine bacteria settlement assay for polymer brushes

Marine bacteria are a major constituent in the formation of bio-films.
Controlling marine bacteria adhesion is critical for inhibiting slime
growth and subsequent macro-fouling settlement. Bacterial adhesion
has been treated with Derjaguin-Landau-Verwey-Overbeek (DLVO)
theory because the size scale is similar to colloids.”® Generally, bacteria
have a negative charge in basic aqueous solutions due to the
dissociation of carboxylic acid and phosphate residues exposed on
their surfaces. Marine bacteria approach substrates by Brownian

motion and adhere to surfaces weakly by van der Waals

Figure 5 Fluorescence microscopy images of stained marine bacteria colonies attached to the polymer brushes, silicon wafer and glass substrates after the
6-day test period. PMAPS, poly(3-[dimethyl(2’-methacryloyloxyethyl)ammoniolpropanesulfonate); PMPC, poly[2-(methacryloyloxy)ethyl phosphorylcholinel;
PMTAC, poly[2-(methacryloyloxy)ethyltrimethylammonium chloride]. A full color version of this figure is available at Polymer Journal online.
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interaction.! Adhesion is achieved by an extracellular polymeric
substance, which mainly consists of polysaccharides, penetrating an
electric bilayer energy barrier at the interface between the bacteria and
the surface.”? In saline seawater, the electric bilayer is thin and the
electrostatic repulsive forces are less effective. In the case of soft
colloids with dangling polymer chains on the surfaces (marine bacteria
have polysaccharide chains on their outer surfaces), the electrostatic
energy barrier is quite low,’>? which permits non-specific adhesion of
marine bacteria to any substrate, regardless of the surface potential.

The anti-bacteria adsorption efficiency of the polymer brushes was
examined by exposing the polymer brush test pieces to natural
seawater containing native bacteria (Figures 4 and 5). The
efficiency at reducing bacterial colonization was as follows:
zwitterionic polyelectrolytes (PMPC, PMAES, PMAPS, PMABS)
>hydrophobic  polymers (PS, PMMA, PTMSM, PDMSM),
unmodified Si wafer > cationic polyelectrolyte (PMTAC). Although
the population of bacteria colonies was less for zwitterionic
polyelectrolyte brushes than other polymer brushes, a moderate
amount of bacteria settlement was observed. Bacteria adhesion to
zwitterionic polyelectrolyte brushes was previously reported by Cheng
et al.'® They reported that PMAPS brushes showed nearly complete
inhibition of bacterial adhesion. However, their test was carried out in
the presence of a laminar flow field. The low bacteria colony
population on zwitterionic polyelectrolyte brushes was likely due to
the detachment of the grown bacteria colonies by shear force during
testing. Bacteria colonies adhere weakly on non-charged hydrated
zwitterionic polyelectrolyte brushes and are easily detached by water
flow. Hydrated water diminishes the electrostatic interactions, and the
penetration of water into the bacteria colony/hydrated polyelectrolyte
brush interface facilitates colony detachment. The cationic polymer
brushes showed a large amount of bacterial adhesion, even after
washing. The strong adhesion could also be attributed to the hydration
state in saline seawater, as the PMTAC brushes collapsed in saline
water to give a non-hydrated positively charged interface. Adhesion
protection by the hydration shell and water penetration effects were
lost in the saline seawater for the PMTAC brushes. Electrostatic
attractions between the ammonium cations and negatively charged
bacteria also led to the large amount of bacteria adhesion. Moreover,
quaternary ammonium cations are known as a conventional germicide
and algicide, and the poly(ammonium cation)s show antibacterial
property. Biofilm formation by dead bacteria or microorganisms is
thought to lead to bacteria colony adhesion.

CONCLUSIONS

The zwitterionic polyelectrolyte brushes exhibited versatile anti-fouling
character for the marine organisms examined. The poly(quaternary
ammonium cation) brushes permitted mussel larvae settlement
and bacteria colonization, whereas barnacle cypris larvae settlement
was prevented. All of the hydrophobic polymer brushes allowed
extreme macro-organism settlement and bacterial colonization.
For barnacle cypris larvae, exploration was prevented on the
polyelectrolyte brushes due to the weak adhesion force of the
antennules to the hydrophilic polymer brush surface. For mussel
larvae, the zwitterionic polyelectrolyte brushes permitted exploration
but prevented m.f.p. adhesion. The m.f.p. were able to adhere to the
poly(quaternary ammonium cation) to a similar degree as was
observed for the hydrophobic polymers. The marine Dbacteria
colonies weakly adhered to the zwitterionic polyelectrolyte brushes,
leading to facile removal of grown bacterial colonies by shear force.
In contrast, the bacteria strongly adhered to the poly(quaternary
ammonium cation) brushes. The results demonstrate that zwitterionic
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polyelectrolyte brushes show a balanced universal anti-fouling nature,
and insight on effective anti-fouling strategies was provided by careful
observations of the settlement behavior.
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