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Bamacle (Balanus amphitrite) settlement on synthetic hydrogels with various chemical structures was tesisod im
laboratory assays. The results demonstrated that cyprids settle less or not at all on hydrogels and PIDMS cfissummsor
compared with the polystyrene control. The low settlement on gels is most likely due to the “casy release” of mituilly
attached cyprids from the gel surfaces. This low adhesion of cyprids is independent of surface hydroplisiimity wr
hydrophobicity, and of surface charge. The results also revealed that hydrogels can be categorized imtio twar s,
One group showed an extremely strong antifouling (AF) performance that was independent of the elastiaty (Ehaw
swelling degree (g) of the gels. The second group showed relatively less strong AF performance that was i ar
g-dependent. In the latter case, E, rather than the ¢, may be the more important factor for cyprid settiememt
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Introduction

Marine fouling by macrofoulers is a serious economic
problem worldwide. Barnacles are one of the macro-
foulers that attach densely to various submerged
surfaces, such as fishnets, ships™ hulls, and power plant
cooling water intake channels. To inhibit fouling by
macrofoulers, several antifouling (AF) compounds have
been developed. Tributyltin (TBT) is the most popular
of these and exhibits high AF performance. However,
TBT was banned for use worldwide in September 2008
due to its high endocrine disruption effect. Develop-
ment of an alternative AF system is urgently necessary
to protect submerged surfaces, because currently there
is no good replacement for TBT.

Several environmentally benign AF approaches
against barnacles have been reported, such as surface
coating with natural AF compounds from marine
sponges (Fusetani et al. 1996), marine bryozoans
(Kon-ya et al. 1994), and whip corals (Rittschof et al.
1985). Another example is a polydimethylsiloxane
(PDMS) silicone clastomer coating that has a low
surface energy of 20-30 mN m ' (Brady et al. 1987).
These AF approaches are based on solid materials, and
less attention has been paid to soft, wet materials, such
as hydrogels.

It is apparent that certain sofl, wet sumnfmess suthas
external layers of dolphins, porpoises. amdl Hiller
whales in the marine environment, are ma ffovibei by
macrofoulers (Baier et al. 1985 A smiker AF
performance against microfoulers is foumd i Hunman
intraoral mucosa in its saline emvirommens (((Giamz
et al. 1991). Many years ago, Hempel Mismme: Pamtsaif
Denmark introduced a complete hydirassil s :an AF
coating based on Hydron™, but it failled imiheifutil T
has been reported that barnacle scttionmmit m ifhe
laboratory is inhibited on hydrogels orpmmtime (from
natural resources, such as agarose. allpomitc. :and
chitosan, and on photo-crosslinked polw iyl dboihal
substituted with photo-sensitive stilbazsifinm Eoayps)
(PVA-5bQ) gel (Rasmussen et al. 2002} Bliowesvar. @y
a few gels have been tested in the labosstwsy and tthe
AF mechanism of gels against barmmdies iis ooy
understood.

Hydrogels are soft and wet matomils as is
generally known. Normally, their ekester mumiriiss (ies
in a range of 1 kPa-1 MPa and their watter @ontterit iis
as high as 50-99.9% of their total wengin Ty wlso
have extremely low surface frictionall fimncss aypaimst
themselves or solid substrata (Gong et ail SV, 118}
Gong 2006). Thus, the surface properties of gifsciemily
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differ from solid materials. Recently, the authors also
reported that some hydrogels exhibit AF performance
against algae (Katsuyama et al. 2002).

In this article, the settlement behavior of barnacle
cyprids (Balanus amphitrite) on various synthetic
polymer gels was systematically studied in the labora-
tory, focusing on the effects of polymeric electrical and
mechanical properties (elastic modulus) on settlement.
There are three reasons for using synthetic polymer
gels in a settlement test. Firstly, the chemical and
physical properties of the gels can be easily modulated
by selecting monomer species; secondly, industrially
popular synthetic polymers for making gels can be
inexpensively obtained. which would enable mass
production in future applications; and thirdly, syn-
thetic polymer gels generally have low biodegradabil-
ity, which ensures long-term durability in the marine
environment. The chemical structures of the mono-
mers, polymers, crosslinker, and initiator that were
used in this study are shown in Figure 1. As a soft
material reference to the hydrophilic hydrogels, a
hydrophobic PDMS silicone elastomer was also used
in the study.
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Figure 1. The chemical structures of the monomers,
polymers, crosslinker, and initiator used for synthesizing gels.

The settlement test was performed msimgr fnur (yypes
of synthetic polymer gels to mvestigmte ithe Hoy
parameters affecting their AF properties. e finsit ttype
was chemically crosslinked hydrogels withy i il
types of charge: (1) non-charged hydbogeils susth =s
poly(acrylamide) (PAAm), poly(N,N"dimentiyiuryin-
mide) (PDMAAm), poly(2-hydroxyetfmilmettinsmz)
(PHEMA), and poly(2-hydroxyethylkscnwiises) ((FHEAN)
gels; (2) positively charged hydrogels, s ass paily
(N, N-dimethylaminopropylacrylamide, mstiiw/iiibondie
quarternary) (PDMAPAA-Q) and polwfN W-iimurtinil-
aminocthylacrylate,  methylchloride  quuattoman
(PDMAEA-Q) gels; and (3) negatively chausmif igiiro-
gels, such as poly(sodium p-styrenc swullfosmsits ) (5SS

poly(2-acrylamide-2-methyl- 1-propanesulfinmits). and
poly(2-acrylamide-2-methyl- 1-propanesaifiinnic: safinm)
(PNaAMPS) gels. The second type was m jpivwsezilly
crosslinked non-charged synthetic polymer aif oy {myil
alcohol) (PVA) gel with high tensile stnemih and] Hhigh
moldability, which was employed for compursson wiith
the chemically crosslinked gels. The timil wass diouilile
network (DN) gels consisting of twe mtsymsttitng
polymer networks (Gong et al 2005) e fhigh
mechanical strength, such as PAMPS i PA%Sm
(PAMPS/PAAm DN), and poly(acrylic asiil) (FP3\Ac)
and PAAm (PAAc/PAAm DN) gels. The {fourih type
was a chemically crosslinked elastomer puliiiimmstinisi-
loxane) (PDMS), which is a soft but fiimyiiwibic
material. Polystyrene (PS), which s & lwcl and
hydrophobic solid material, was used as @ et for
the settlement test. Agarose and x-carrassmmmgstis o
used as natural polymer controls. The msalits dioman-
strated that fewer cyprids settled om amy afff (e mi
surfaces, compared with PS.

Materials and methods

Reagents

Acrylamide (AAm) (Junsei Chemicals, Ty, [hypan)
was purified by recrystallization from offifoeiform.
2-Hydroxyethylmethacrylate (HEMA) amif 2o
xyethylacrylate (HEA) were purchased fimm Thokye
Kasei Kogyo (Tokyo, Japan). N N™dimmeifydfoemile-
mide (DMAAm), poly (vinyl alcoholl @A) ((NFW
95,000) and x-carrageenan were puniiusert (from
Wako Pure Chemicals (Osaka, Japam) Sgmwosee wos
purchased from Sigma-Aldrich (USA) Sadiem
p-styrene sulfonate (NaSS) (Tokyo Kmss WEamm,
Tokyo, Japan) was purified by recrystailizminom (from
ethanol and dried at 25°C in vacwo. 2-Savylmilis -
methylpropanesulfonic acid (AMPS) was groowiiictlasa
courtesy by Toagosei (Tokyo, Japam), i iits sendinum
salt (NaAMPS) was obtained by mewtmiizatiion ef
AMPS with sodium hydroxide in cthamall i jpuniied
by recrystallization from acetone. Acrufie i ()




(Kanto Chemicals, Tokyo, Japan) was distilled at a
reduced pressure. N, N-dimethylaminopropylacryla-
mide, methylchloride quarternary (DMAPAA-Q) and
N,N-dimethylaminoethylacrylate, methylchloride quar-
ternary (DMAEA-Q) were purchased frorf§Ko-jin Co.
Ltd. (Tokyo, Japan). N,N'-methylencbis(acrylamide)
(MBAA) (Tokyo Kasei Kogyo, Tokyo, Japan) as a
crosslinking agent was purified by recrystallization
from ethanol. 2-Oxoglutaric acid (Wako Pure Chemi-
cals, Osaka, Japan), an initiator of free radical
polymerization, was used as purchased. The precursor
of PDMS (Silpot 184™) and the crosslinker of PDMS
(catalyst of Silpot 184) (Dow Coming Toray Co., Ltd.)
were used as purchased.

Gels for the settlement test

Single network gels by radical polymerization

PAAm, PDMAAm, PHEMA, PHEA, PNaAMPS,
PAMPS, and PNaSS gels were synthesized by radical
polymerization. One mole per litre of monomer in
aqueous solution containing 4 mol% MBAA (as a
crosslinker) and 0.1 mol% 2-oxoglutaric acid (as an
initiator) in a glass reaction cell were purged with
argon gas to eliminate the inhibition effect of oxygen
on polymerization. Each solution was irradiated with
UV light (wavelength 365 nm) for 10 h. PDMAPAA-
Q and PDMAEA-Q gels were polymerized from a
2mol 17! aquecous monomer solution containing
8 mol% MBAA and 0.1 mol% 2-oxoglutaric acid,
under the same conditions of purging and UV
irradiation as described above (Chen et al. 2005).

PV A gel

Physically crosslinked PVA gel was prepared through a
freezing and thawing method from a prescribed
10 wt% PVA aqueous solution. The solution was
prepared by heating a mixture of PVA in an aqueous
medium for 1 h at ~90°C. After the heating step, the
PVA solution was cast between glass plates. PVA gel
was obtained by seven cycles of freezing (—40°C) and
thawing (25°C) (Kagata et al. 2002).

DN gels

PAMPS/PAAm DN and PAAc/PAAm DN ds were
synthesized using a two-step sequential network
formation technique (Gong et al. 2003). As the first
step, PAMPS or PAAc gel (first network) was
synthesized from a 1 mol 1~' monomer aqueous
solution containing 4 mol% MBAA and 0.1 mol%
2-oxoglutaric acid by radical polymerization as
described above. The gel was immersed in a 2 mol 17!
AAm aqueous solution containing 0.1 mol%
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2-oxoglutaric acid for at least | day untill eqpmiifiwrmm
was reached. After the swollen gel was talkewm ot ail e
AAm solution, the second network A&} was
subsequently polymerized in the presemce aif s first
network gel (PAMPS or PAAc) under irradimion ef
UV light for 10 h between two plates of glass.

PDMS elastomer

PDMS elastomer was prepared accordimg i awmmmms—
cially available product instructions. Alfier dispessme,
a mixed solution of the precursor amd ommssiinicer im
weight ratios of 1.5, 2.5 and 3.5% was pousmii xttwomsn
glass plates separated by a silicone spacer. Fuilymerzas-
tion was then carried out at 60°C for 4 b {@unns at .
2008).

Natural polymer gels

Agarose and kx-carrageenan gels were pregummi fhw (the
conventional method. The dissolvime salfwimon wof
autoclaved seawater and polysacchamdie puwdier im a
weight ratio of 10% was stirred for IS mmm att AT,
The hot polymer solution was directly pewssmsil imiio @
PS well and cooled for 30 min at 6°C im & mffingatnr
(Gong et al. 2000).

After gelation

After gelation, gels were immersed in a kamse ot i
autoclaved secawater for sufficient tme o mmone
residual chemicals (usually 1 week) amdl the anttns byl
seawater was changed once or twice emtfi diny. Thhe
resulting thickness of the gels was 0.5 2@ mum. The
PHEMA gel was opaque; the PAAm, PHIER aoarose,
and PAAc/PAAm DN gels were semi-tramspuneit and
colorless; the PDMAPAA-Q gel was sewms tmamsgaaoont
and yellowish and the others were tramsgemeit.

Evaluation of the elastic modulus of gels

The elastic modulus of the gels was evalinsited usme a
compression test with a tensile-compmssve (EsEr
(Tensilon RTC-1310A; Orientec, Co). For tieaonymos-
sion test, samples were cut into a disc (F0 mmndimmmster
0.5-2.0 mm thickness) and compressed il two parlid]
metal platens connected to a load cell at & st nnigeail
10% min ' at room temperature. The el muiiilss
was determined by the average slope of the: simsss- strmin
curve over the strain ratio range of 0-0.1.

Cyprid preparation
The B. amphitrite cyprid larvae were culimmmd ascaod-
ing to standard procedures (Yoshimues e il THNIG).
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Briefly, adult B. amphfffrite brood stocks were main-
tained in plastic 10 aquaria with aeration at a
controlled temperature of 25°C, and were fed a daily
diet of naupliar larvae of the brine shrimp Artemia
salina. Adults maintained under these conditions
spontancously released nauplii within 30 min to a
few hours upon changing the scawater. To collect
photopositive nauplii, a concentrated ligh@ource was
provided without aeration. Nauplii were collected by
pipette and transferred to a beaker at a density of 3
larvae ml ' and fed daily with the diatom Chaetoceros
gracilis. The concentration of diatoms in the beaker
g.kept at 10 x 10* cells ml ' at a temperature of

wnhaphotopumdu‘hhghtandlﬁhdark To
prevent bacterial growth, a mixture of streptomycin
and penicillin was added to the beaker at the beginning
of the culture. When > 60% of [flie larvae had reached
the cyprid stage, usually after 4-5 days, the culture was
filtered through plankton sieves to separate the cyprids
from the nauplii. Cyprids were kept at 6°C in the dark
in autoclaved secawater before settlement assays were
carried out. Autoclaved seawater (120°C, 20 min) was
used in all experiments.

Settlement assay

Assay conditions

Settlement assays were conducted according to stan-
dard procedures (Rittschof et al. 1992). Gel disks were
placed on the bottom surface of a 6-well or 24-well PS
multiplate (Nunclon). After sterilization by autoclav-
ing (120°C, 20 min), gel disks were punched out of the
gel plate by a hole-punch with a radius of 35 mm (used
for the 6-well plate) or 15 mm (used for the 24-well
plate); the thickness of the gel was several millimeters.
The well wall surface of the entire well-plate was bare
PS. Wells with a bare PS bottom surface were also used
as a control. Then, 2 ml (6-well) or 0.5 ml (24-well) of
autoclaved seawater containing 50 + 10 cyprids
stored for 2 days at 6°C in the refrigerator were
poured into each well. The area ratio of the well
bottom to the wall was about four (6-w@§l) or one (24-
well). Larvae-loaded multiplates were cultured in an
incubator (LPH-100S; NK System, Japan) and held at
a temperature of 25°C with a photoperiod of 8 h light
under a cool white fluorescent lamp and 16 h dark for
5 days.

Procedure

Cyprid larvae from B. amphitrite, in the stage that
explores suitable surfaces for settlement, were used for
all the settlement tests. Cyprids that had metamor-
phosed into acorn barnacle were defined as “settled’ in
this study, as schematically illustrated in Figure 2a.

(®) =

Diesast! oyt

Figure 2. Cyprids metamorphosed mfe asmwm Harmstis
were defined as “settled” (a). The terms ‘settled] am Buittom”
‘settled on wall (PS)’, and “dead cyprid” used! im s sy o
schematically illustrated in (b).

The number of cyprids settled on the bottoms aif tihe
wells consisting of various kinds of gels (as welll as PS)),
on the wall surface of PS, and the numdber i diewd
cyprids (shown in Figure 2b) were coumtedl ussmg a
stercomicroscope (SZX-12; Olympus. Fagumi) adfier
exposure for 1, 3, and 5 days. The number aif siled
and of dead cyprids on cach day was averagsl ower at
least three wells.

Results and discassion

Figure 3a-1 shows the number and percemtase sttile-
ment on the bottom surfaces covered wiilh wnimus
kinds of gels and on bare PS. Because te ssiiememi
tests were performed in several different Butaihes tihe
numbers and percentage settlement om e gl e
shown as separate figures, with comtrols (%) conm-
sponding to each batch. The number of settlirmemits for
all tests was averaged over at least three wells Affiar 5
days, 53-75% of the cyprids settled directiy am e FS
bottom surface. In contrast, all types of g=is showaed
much less settlement than that on PS. Espesmiliiy. mo
settlement at all was observed on the PHEMA. FmiSS
and PVA surfaces, or on the agarose gels, evem affior 5
days. On the other hand, the x-carrageenam geil wiith
is made from natural polymer, had e [Hsthest
settlement number (about half that of the F'S o).
Figure 3a-2 shows that most of the cypmids sl wm
the walls of the PS wells instcad of om the: Beittm gl
surfaces. The settlement direction was not! fossmd o e
important for settlement selectivity, as: the sttt
ratio per unit arca of bottom (PS) to wall (IS was ame
on average 0.4-1.8. Furthermore, only & fow aff tihe
cyprids were dead (number dead/mumber off tmitl
cyprids fed x 100% = 0.9-10.4%), which was smmikar
to that of the controls (0.8-6.8%) Figmm: Jud).
indicating that none of the gels was tome t iffecypriis.

Because cyprids arrive at surfaces by mmdlnm
swimming, it is difficult to consider that they mxneme
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Figure 3. The number of (a-1) cyprids settled on the bottom
of wells covered with PS, PAAm, PDMAAm, PHEMA,
PHEA, PNaAMPS, PAMPS, PNaSS. PDMAPAA-Q,
PDMAEA-Q, PAMPS/PAAm DN, PAAc/PAAm DN,
PVA gels, and PDMS elastomer; (a-2) cyprids settled on
the PS wall of wells; (a-3) dead cyprids in wells, after 1,3, and
5 days exposure. The area ratio of bottom to wall was about
four (6-well multiplate). Each set of data in three different
frames was obtained from three different experimental runs.
The number of (b-1) cyprids settled on the bottom of wells
with PS and PDMS with different elastic moduli, (b-2)
cyprids settled on the PS walls of wells, and (b-3) dead
cyprids in wells, after 1, 3, and 5 days exposure. The area
ratio of bottom to wall was about one (24-well multiplate).
Error ranges are SDs over at least three wells in all the tests.

a particular surface at the initial landing. Instead, they
will land on all surfaces with the same probability.
Therefore, lower or even no settlement on hydrogels is

Biofimiinge  S07

most likely due to the ‘ease of release” aff mmitmilly
attached cyprids, which is the main determmumii off e
conversion from random cyprid contact mmfl sanffuce
exploration to settling and metamorphesss: Tt sfbsoallil
be noticed that the “settlement” defimed mm dhis wandfik
required sufficiently strong and persistent sttt
of the surface-contracting cyprid antenmules tis: (fwiith
cement) to trigger metamorphosis of the ongamm D
the acorn barnacle form (Figure Zajh Wliem tihe
strength of adhesion is less than the contiractiile fome
of the retracting cyprid antennules, cyguiils din mat
‘settle” but wander aimlessly and eventmallly die-without
undergoing metamorphosis.

As shown in Figure 3a, although all iie gk
showed an AF effect, settling was different: it
gels. To clarify the main factor that imfmemmss e AF
performance of gels, the results are first disunssenti i
terms of their electric nature. In the case of e moutrsl
gels, cyprids could not settle at all on the PEEMIA und
PVA gels, whereas there was slight settiimemt on e
PDMAAm (6.4%), PAAm (5.8%), and FEEER (D49%)
gels. In the case of the anionic gels, the FNaSS il had
no settlement, although slight settlement wess aiftssrmat
on the PAMPS (2.0%) and PNaAMPS {L3%;) gails.
Low cyprid settlement on the cationic gels. s s tthe
PDMAPAA-Q (13.5%) and the PDMAEA-@ ({1 77%)
gels, was also observed. There was no dicar nfhation-
ship between the electric nature of the stk and
settlement. These findings therefore sugsmesit difmt tthe
electric nature of the gels had no sigmifiwamt afffet am
their AF performance against barnacles. Fantthemmore,
in seawater, which has an ionic stremgti aif’ @77 musil
kg ', the charge effect would be screemed awst i il
the gels would behave like neutral surfaces.

Next, the effect of surface emergy mm aypiid
settlement is discussed. It would be cupsstied] that
the hydrophilic surface of hydrogels might aiffet e
settlement of cyprids. It has been reportes diun the
surface free energy of hydrogels is shghtls Sovweer than,
but quite close to, that of water (abowt 7211 mim ")
(Andrade et al. 1979). For example, e sarfiuee e
energy of the PAMPS gel is reported as 671 mi¥m "
(Szabo et al. 2000). However, similar AF befiomvmrwas
also observed toward soft hydrophobic saxfiess suth
as the PDMS elastomer (19.8-20.4 mN m ) ({hshiii
2001), which is lcm:r in surface free emempy tiian PS
(40.0-44.8 mN m~") (Ishii 2001). The mheioumilip
between the surface energy of several sulstmtw. o ifhe
retention strength of adhered biofouling emmumsmshas
been reported (Baier 2006). The repost shwuwes ithatt ithe
retention strength of the attached biofoulimsapmmisms
is minimal in the critical surface tension s ftvwemn
20 and 30 mN m™ ', and after reachime w jpedk at
60 mN m ', it substantially decreases agsim wiith the
increase in the critical surface temsiom Whe pprssont
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observation of low retention strength on silicone
elastomer and on hydrogels is in agreement with this
report, that is, ‘easy-release’ hydrogel and ‘easy-
release” PDMS silicone elastomer, which are opposite
in the hydrophilic/hydrophobic qualities, share the @
surface” quality.

As mentioned above, on the DN gel composed of
negatively charged PAMPS and neutral polymer PAAm
networks (PAMPS/PAAm DN gel), cyprid settlement
was greatest (16.1%) among all the gels. On the other
hand, on the DN gel composed of weakly negatively
charged PAAc and a neutral polymer PAAm network
(PAAC/PAAm DN gel), low cyprid settlement (1.5%)
was observed. These results suggest that interpenetrat-
ing polymer network structures, such as DN gels, are
not important for cyprid settlement behavior.

Next, the effects of the water content and the
elasticity (E) of the gels, two key parameters for soft
and wet gels, are discussed. The water content of a gel
is usually expressed in terms of swelling degree g,
which is defined as the volume ratio of the swollen gel
to the dried gel. According to the scaling theory, the
elastic modulus E and the swelling degree g obey a
scaling relationship of E-¢ * for a non-charged gel
with its partial chains in a Gaussian distribution
(de Gennes 1979).

The relationships between the elastic moduli and
the swelling degrees of hydrogels with various chemical
structures are shown in Figure 4. Figure 4 shows that
the E of gels substantially decreases with an increase in
the g, approximately obeying the scaling relationship
of E-g >, even for gels with negative or positive
charges. This also indicates that the high ionic strength
of scawater would screen out all of the charge effects
and all of the gels would behave approximately like
neutral surfaces.

The number of cyprids settled on the bottom after a
5-day exposure was replotted against the elastic modu-
lus (Figure 5a) and the swelling degree (Figure 5b) of the
gels. Figure 5a shows that for PHEMA, PHEA,
PNaAMPS, PAMPS, PNaSS, PDMAEA-Q, PAAc/
PAAm DN, agarose, and PVA gels, a relatively low
settlement number was observed over a wide range of
elastic moduli. On the other hand, the relative settlement
number for PAAm, PDMAAm, PDMAPAA-Q and
PAMPS/PAAm DN gels increased with an increase in
the elastic modulus of the gel. These results indicate that
the tested hydrogels can be categorized into two groups,
one (Group 1) showing very low cyprid settlement,
mgnrdlessofelasucmodulm,andthcother{GmupZ)
showing relatively high cyprid settlement, increasing
with the elastic modulus of the gel.

Figure 5b shows that on gels of Group 2, settlement
numbers decreased with an increase in the swelling
degree of the gel; however, the gels of Group 1 did not
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Because E varies with g, it is not clear whether the
E or the g plays the primary role in determining
cyprid settlement on hydrogels of Group 2 (PAAm,
PDMAAm, PDMAPAA-Q, and PAMPS/PAAm DN
gels), as shown in Figure 5. To distinguish between
the effects of E and g, the results for the hydrogels
were compared with that of a non-water swollen
elastomer, PDMS, at various elastic moduli, as well
as with hard and dry PS. The elasticity of PDMS can
be controlled by changing the weight ratio of the
crosslinker during synthesis. For solid materials that
do not hold water, such as PS and PDMS, the
swelling degree equals one for any elastic modulus,
permitting independent investigation of the elasticity
effect.

Five hundred microlitres of autoclaved seawater
containing ~ 15 cyprids were loaded into wells with
their surfaces covered by PDMS of various elastic
moduli. The surface ratio of the bottom (PDMS) to the
wall (PS) was about one. A well without PDMS was
used as a control. The results shown in Figures 3b and
5 indicate that cyprid settlement on the bottom surface
tended to decline with a decrease in the elasticity of the
PDMS. These results indicate that elasticity does
influence cyprid settlement and suggest that the
increase in settlement observed on gels of Group 2
might be due to the change in elasticity rather than the
swelling degree of the gel.

In conclusion, the results of this study demon-
strate that fewer cyprids were retained on all
hydrogels compared with PS. This low adhesion of
cyprids is independent of surface hydrophilicity
(hydrogels) or hydrophobicity (PDMS elastomer)
and of surface charge. From their AF behavior,
hydrogels can be categorized into two groups. Group
1 (PHEMA, PHEA. PNaAMPS, PAMPS, PNaSS,
PDMAEA-Q, PAAc/PAAm DN, agarose, and PVA
gels) showed very low settlement over a wide range of
elastic modulus. On the other hand, Group 2 (PAAm,
PDMAAm, PDMAPAA-Q, and PAMPS/PAAm DN
gels) showed increased settlement of cyprids with an
increase in the elastic modulus (or decrease in
the swelling degree) of the gel. In the latter case,
the elasticity, rather than the swelling degree, may
be the important factor for cyprid settlement, as
suggested by the elasticity effect observed for PDMS.
As a result, the authors believe that these gels could
be good candidates for an environmentally benign
AF system. In particular, PAMPS/PAAm DN and
PVA gels are strong ecnough to undergo a long-
term test in the marine environment. The authors
intend to report, in a scparate paper, the results of an
AF test with several hydrogels, including PAMPS/
PAAm DN and PVA gels, in the marine
environment.

Acknowledgments

This research was financially supported by a gt i
seeds innovation project from Sciemece amdi Timaibomy.
Japan. We are grateful to Mr Satora Takevamas ({0lkestii
oyster seeding center) for his advice andl assistoe wiith ithe
culture of the diatom C. gracilis.

References

Andrade JD, Ma SM, King RN, Grepsuis @ 570
Contact angles at the solid-water mfesfiage [§ @il
Interface S 72:488-494.

Baier RE. 2006. Surface behaviour of biwmsasonimis: (e
surface for biocompatibility. J Mates Nl BT 8D

Baier RE, Gucinski H, Meenaghan MA, Wil |, Gy
P-O. 1985. Biophysical studies of mucesall sunflinoss. -
Glantz P-O, Leach SA, Enicson T, aditors. @il imuey-
facial reactions of bone, soft tissuc and sl @kdiowd,
England: IRL. p. 53-61.

Brady RF, Jr, Gnffith JR, Love KS. Fieki DNE 1967
Nontoxic altermatives to antifoulng pamts § o
Technol 59:113-119.

Chen YM, Shiraishi N, Satokawa H, Kakmgs 8. Wavien T,
Gong JP, Osada Y, Yamamoto K ASmdie [0 "BHS.
Caultivation of endothelial cells on s oot o
synthetic polymer gels. Biomaterials 26: 458 /599,

de Gennes PG. 1979. Polymer gels Soiingr won-
cepts in polymer physics. Ithaca: Comell Winmersisy
Press. p. 128-162.

Fusetani N, Hirota H, Okino T, Tomoao ¥, Yesitsmuns
1996. Antifouling activity of isocyanoterpemmsils <muil
related compounds isolated from a marine s i
nudibranchs. J Nat Toxins 5:249-259.

Glantz P-O, Baier RE, Attstrom R, Meyer AE. Gismsiliiy {51
1991. Comparative clinical wettabdlity off ot Jand
intraoral mucosa. J Adhes Sci Techmel S35 40N

Gong JP. 2006. Friction and lubrication of Byiinmis —
nchness and complexity. Soft Matter T-588% 55

Gong JP, Iwasaki Y, Osada Y. 2000. Frictiom off mils 5.
Negative load dependence of polysaccharide gefis 1) ftws
Chem B 104:3423 3428

Gong JP, Katsuyama Y, Kurokawa T, Osadn W_ THHES.
Double-network hydrogels with extremely B s
ical strength. Adv Mater 15:1155-1158.

Gong JP, Higa M, Iwasaki Y, Katsuyama ¥, Osais W17
Friction of gels. J Phys Chem 101:5487- 5488

Gong JP, Iwasaki Y, Osada Y, Kurihara K B W 1099
Friction of gels. 3. Friction on solid saifecs. [ s
Chem 103:6001-6006.

Ishii T. 2001. The wettability of plastic matevialis. T i T,
Koishi M, Tsunoda T, editors. The handboolk for e
technology of wettability. Tokyo: Teclnoswstem. e p.
149-218.

Kagata G, Gong JP, Osada Y. 2002. Frictiom off s .
Effects of sliding velocity and viscoelastic: respomss @il
the network. J Phys Chem B 106:4596 4601

Katsuyama Y, Kurokawa T, Kaneko T, Gong I, @smifi W
Yotsukura N, Motomura T. 2002 Inlibntewy ctffietss i’
hydrogels on the adhesion, germination. amdl divetiop-
ment of zoospores onginating from Lamimri semaiioia.
Macromol Biosa 2:163-169.

Kon-ya K, Shimizu N, Miki W, Endo M. 1994 T 5 @&

Fish Sci 60:773-775.




320 T. Murosaki et al.

Putra A, Kakugo A, Furukawa H, Gong JP, Osada Y,
Uemura T, Yamamoto M. 2008. Production of bacterial
cellulose with well oriented fibril on PDMS substrate.
Polymer J 40:137-142.

Rasmussen K, Willemsen PR, @stgaard K. 2002. Bamnacle
settlement on hydrogels. Biofouling 18:177-191.

Rittschof D, Hooper IR, Branscomb ES, Costlow JD. 1985.
Inhibition of barnacle settlement and behavior by
natural products from whip corals, Leptogorgia virgulata
(Lamarck, 1815). J Chem Ecol 11:551-563.

Rittschof D, Clare AS, Gerhart DJ, Mimmy A% .. [owmaern-
tura J. 1992. Bamacle in vitro asspes e oy
active substamces: toxicity and setifemsn inifiiiizon
Darwin. Biofouling 6:115-122.

Szabo D, Akiyoshi S, Matsunaga T. Goug I @haslis .
2000. Spreading of liquids on gel surfaces:. ¥ @i Pives
113:8253-82%9.

Yoshimura E, Nogata Y, Sakaguchi L. 2006.
for mass culture of barnacle larvae. Sessilir @y 7595 90,




Antifouling Activity of synthetic polymer gels against cyprids of
the barnacle (balanus amphitrite) in vitro

ORIGINALITY REPORT

O.. 6o Sy, Os

SIMILARITY INDEX INTERNET SOURCES PUBLICATIONS STUDENT PAPERS

MATCH ALL SOURCES (ONLY SELECTED SOURCE PRINTED)

3%
* www.tandfonline.com

Internet Source

Exclude quotes Off Exclude matches Off
Exclude bibliography Off



