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ABSTRACT
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i n se&xzwattsemr i ous negative Iimpacts on ships,
oceanographnd eséhsmarddd,umam uct ures.colhheai ns @
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KURZFASSUNG
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Aquakul turnetze, Wermetauscher, ozeanograph
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PARTI INTRODUCTI ON

Chapter 1
|l ntroducti on

Mar i ne bdeosfessunlel ughwant ed accumul ation of mi c
ani mals on artificial [slur2fMoaes tihmme rfsoeudr itnl

fouling organisms have been identified worl
include bacteria, diatoms, and al gae spores
tubewor ms, bryozoajh3Warmunses el isqf ocaunldi nagl giase a
causing serious negative | mpxachasn genr ss, hiopcse a

sensaonrds ,o0t h-exa dk u s1fn fgalg es

FiguMarlne biofouling on a ship, aquaculture net,

Bi of ouling on ships causes both economic an

1T Damagtghe ship hulls [a4d propul sion syste
Increasvengurface roughp&$%s and drag up t
| nci efguse | consumptfii®@n7py up to 40%
Coetildb® billion doll ars[&Nery year in tr
Pr omotthienge mi ssi on of hagrmfuO amp @O unds (
Tr anisignrvasi viel G.pkXk]i es

=A =4 =4 4 A
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Bi of ouling on aquaculture nets | eads to seri ol
T Causnget occl usi onl.2f up to 100%
T Di srinugphveat er exchange, resulting in the |

i mpeding the preambwatl 9§ afefeevagttieeesi dues of t
met abolic wh$38eglhfusd d etcltesa) heal t h of the cul
[ 1.5]
T Incrienaghe net weight by up to[2G60) fold and
Causi ntgr metturse fracture and7,&]s of the <cu
f Hosthpgat hogens ,ppma mpdyirsaesa & e sthreatnvsenel ns swiolnd a |
culturddiBst a0k 20]
19 Decrienpgpoduct value byi nighet qrO0% candriircer da
[14, 21]

==

I n order to pgepvdednts hhibaftoyddtaisegdt iTB@a) il ndng h a
been widel yhdadeeke!|l spmbled60i8nasa bi wasdea el eased
continuous!l gexteomi maitret $ httoattached p2Bhni sms

However, the accumul ationt oémd@mBdgami ganee fsfeemonte
notmar get organi sms, such as severe nsahrelnle def
gastrjoxBwds a result, the I nternahaosn@adaniMadith

use otoABAIi ning paint[s2.®luncen2ld@A& ewd mneidi If yo ul
coatliegs,toxbasedaparBTcsommbdeeiealtrmagryysstdudi es
havreepeadr t tihegati ve I ntpaarcget oay @ehoenl eesy at e d CoppeEe
concentrations i[n28ha2r9%lors and mari nas

Towards the goal of moudee smeameht Ahspfotesedom,
environmentally friendly alternatives, such e
reduce the adhesion strength nighet loegaopusmagf
per manent [ &fotPaycdh meenthy | siblaceane o@PbDMg)s have b
on the mar ket durelt®asb@epropgevondyfauisingg from
anldow el astic modul us. The attached edgani sm
surfaces when subjected to a shear force (e.g
properti elsasoefd PcDOMASt i ngs al so | ead waodt heiwr p
adhesion to the substr[a?2.e3Q0elviemmiopi mg theifousb
coatings for aquacul tsuirnec emeansihye ar eVencmocandb &
on t he <toanpiacd edett ahdynamieat dipiegn lal fcu i n

cl eaing ngl ways required, | eadi ndg 3114 t he bi oci de
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This wetrdéteweadmovpi r on me n thailolfyo ufl riinegn dcloynt r o | m
aguacul ture nemasdeasdhcmmadtalbd maen s composec
part s:

Padt | ntr @huacpgt)ern 1
Padtubl i cl@hapti®r 2
PaidtFlut ur e Poi ntasndofSuR@kagt &) 10

InPar tPulbll i ¢gatai srho rotf stunnemaoyd & scr i pti ontof ow
each puibdnclaaitdrweh begi nning of the respecti v

Chaptieac@2mpr ehreervsiiewerecfe nt hg mndervied e peidof oul i
pol ymer Thet driio&lts . hiasfchapter describes the
i n thiisnctlhuedsiinsg t hmmar bhit e foawlcit nagnpfh rs-mbc @b o a |
pr opearftfieecst i n ga bhregxminarbtmge free energy, sur f
wettability, el astic modul us, Theekoed shalaf
this chapter summari zes t heo arte cnegrsto rbparscag rf ea
wettabhVydtgphobicity,andtydarnpphh iplRinde wabt ¢) c oe¢
(renewa-thaia sindebackboati ngsavageaimangr ah
and synthetdtdimalgiertds )swi s(chk,bl te mpear a tnugrned,
bi omi metic coatings

| €Ehaptaen@ha pttelme 4choerlel structured nets based

material and PDMS as shell material wWhee f a
probl em®DM&dhews ohswasotldvygle penetration of
negst cor e, resulting in meGhgdahaeaadel anttieail toy k

al ledtwh e net to Memgdnopheki bl amgdelthaese bygur
properties WwWgr e hientPDdbBUu bk alguacul ture- net.
degradation of the nyl &mOne tns ,c rtoeptarrap acd aels s
as a UV blocking materi al

| ChapbS@am@hap6Benechani cal durable pol¥nli our

composites were developed as biofouling <co
Sstruddthurnée. surface ofwat HHiis tcadnbpuaseidt @ ,n RDMS f
embedded in a PTU matrix. The composiathed i nt

hi gh adhesi onigonaubsgratem PTUr dlueasé spr op
due to t he pr emsenceoowmali hBBMSshuer f ade@i-Zn ©n o]

mi cr oparotti cdrelsy enhanced the mechanical pr
contrt d uttowee homogenouRBRDMS smird rbaud a mani g . Bar
easily removed ef rsoum ftahcee om mphoosuit s hel | brea
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| Chaptenvel dynami outasi ngt & héh ano vieaneem td eovfe Ish
for a more realistic fiellkde tdkysnamifd blsibd feduthlnidm
with coatingidammlinensacdhiimerwn® r@ant at i oypaloivagdeed of
mor e real i stic I nformati on on t he -rpedrefacsrema n ¢
pr operotnpeast Beeotnovent i onaf otgetsa@.gapt,enrée & i of oul i ng
contr ol poe® T W/r A28 Ceo mp odseivteel o(pheadp tienr 5 and Cha
wadurther i mproved by the ifhber paddati om of S
|l ubrslcaweéd negligible influeare adhdshieo Mmesthraen
Ssubstrates of t he composite. tWiketoludriemdpse w
per f oroniantchee wampsesignhe fi danttleyr msmporfoveldgae ad|
dynami c cfoinedlidteivoensstCpheadp tiemr 7

Joining palyymaerismpiosrt ant task i n,d.hgo,jmairnge
anticorr osi-roel eaansdef fagouatihngg e nd er waf ea p 9heurh | of
facile and environmentalelltyop fadnpernodsl eyo hahpbper bodabcehn
nosti ck pol ymareosughhaechani cal Il nterl ocking

nanoscale scul ptasednAVemsalk opldhhet spceberl si pnrgo nsot tree
of PDMS from PTU was ampatedOtdi mbat hwghano
mi croparticl es.

| PartFUtidre Poi ntan &U mnkgeCdyeagprt celrmo Wt0l ook on f ut
reseand ht he results from the prédini mirdaenry teoxgan
i mprove the anti f oulbiansge dp ecrofaotri nmagnsc eP DS aRgDUMASC u
pol yet hyl @rEgbIlgd gylcot cpol omemosiled yt « he surface g
PDMSCh(aptaéyx.l1 To fur tthheer aomptiifrotude sngo fpZrnodpe P T U/
composite, t he -(il#id o b mo d2ynl dneehtehi yvle) Na c rcyadnami de
bei ncorporated as an environm€E€hapt ey ALOI 2ndl
combinati &mOofc ofmpUfse rtidd\wiilcti g ht (Chra patde)ra tdir®.n3

periodi cChlagpat)mas@p#i cati oenpiot enime ataanalsy f r i
ef fimareinne bi ofwturlatbgeicebsnt t bk hi ghly stabl e m
good adhesi omnvitroo nsmebnsttarlatye #Z2n@mmsidd necmp odi P&LU

application of the composit ess efao rs tba boafpouueleisn g( ¢
1 ®). , ker osene tQhmakpst efrf, ladind/p Imemd€kapt ere idkse& (
beemomposed and the preliminary experiments wert
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ABSTRACT:

Marine biof-&uwloiwmg mas samiwdehlplrno i lhem:shortest -ti me shi
made submerged surfaces are inevitably popul ated
cases severe economic and environmental probl ems.
rfaces is ofSiuntam stt he mpiddeldaaucreye nt het 2 0and engir
vel oped antifouling coatings mainly based on t
companying booster biocides to repel or kil o]
atings caused-taegieouriganimsitheredodrehetbecaryvel
vironmentally friendly alternative coatings is
pikdTy review comprised concise bas$c theprogviide
introduction into the bdlmdmiudalngs drofranae i Pmo @Aer t
ni pulated in order to achieve an effective biof
e currentl y dceovretlroogple dc dbatoifrnogusl iing presented and
cludes coatings basreedn eowa bsluer fcaocaet iwegt st,a bcidattiyng s
agents, switchable coatings, and biomimetic coati.i
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1 The modern dil emma of marine
The problem of bi oniocud o dh gma ctrhoeo r ggraonwtshmso f
surfaces such as ship hulls or propellers,
ancient times. Today, it becomes more and m
and contr ovenrosdiealn tdoipiecmmaT hoeft mar i nFei gbt)roef o u |
can be summed up as foll ows:
i) On the one hand, biofouling causes dr ame
with sever al psreorhiloeunss eacnod ongu sctalbe preven
i)On t hehamtdhemost of the commonly used, m
can cause severe environment al damage.
bi ofriendly coatings are stil]l |l ess effe

Problems of biofouling

/ Pollution

.
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g
, s

N\
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Figure 1. The modern dilemma of biofouliiigHistorical development and future trends. On the one hand,
biofouling causes problems that are not tolerable. On the other hand, the commercially available biofouling
control coatings still have significant drawbacks eTttistorical development implies, that the future in this

field lies in biofriendly solutions.
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This section provides a |l ook into the nega
bi ofouling film formation as werlrmhe asurtehse. hlitst
help to rank the advantages and risks of biofoc
which wil | be Secvit@dwaed4din det ail I n

Economic |l osses are a major part of the pro
roughens the surfaces and causes increased fri
and maneuverability of a ship. Cal cul ations ¢
extra drag and to maintain thedeomesreatoifo nbailo fsop
in form of a light slime fil mf[ilnclrne acsoenst rtahset ,r ¢
cal careous fouling resultk] Sodtpo@@.t 1 ngc pleaal a
that a high degrsiez eod rEsbowipuilng coanu see dmiadn i ncr e
fuel consumption in comparison f@] d&rheurmMfaowall e
Sur f acaer eWaCdnt er at Carderock (USA) esti mat e
consumption up to 40% as a refd] Nowfadagaded whe
more than 80% of gl obal trade]hyrevsoel venief eicst sc a
huge financial | osses odsutes ,t omoirnec rferaesgeude notp edroactk
as intensive personal and madéili meray sefoffomtav all
a |l arge ship with a | ength of about 150 m, CC
expenses asbobtiuaitedowling were estimated to
$1. 0B over 15 years with costs for increased
[ 2]

Next to these economic considerations, envi
attenti on. |l ncreased fuel consumpbtaonwelalusa sl
NQand xé&m ssions having negative effects on ¢
generation of fine dust, nejgahft Moeebeat t ht henpmi
of -mani ve spéciheusl |lesn asshibpi of ouling 1 bdi-one of
invasions threatening6lhe indigenous biodiver

However, in the first place, it was probably
have been eagemttiooedesvealadpgdrees against biofou
of these strategies reflects the scientific

transportation. For some generations now, t h
furtehweeal odp ment . One of t & edit aamat iics stthoer ireiss ei
tributyltin (TBT) Tc onmetl &ingi,ngdSmesdti ipo.rc Xd.t it mgug ¢ |
sever al technol ogi cal devel opments in the fie
power f ul antifoulants. That ganeatnexibd,oftohudti nagn
on them could be prevented very effectively. )\
of shipping transportation, their environment
i's why, at f'wewreynd sotfr otnlgd y2 oxi ¢ coatings we

many counties and researchers came up with bi
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the fouling rTeilealskneglicabrealtompy (1. 2

1.Ri se and fall of toxic antifouling

The wupcoming of container shipping in t
ansportation and a rapid expansion of th
owmhhasGol[déhAAgapproxi mately the same tim
mpounds, l'i ke tributyltin (TBT) were disc
nquered the mar kteer md uef fiwahci ticitne aprreodvsi gl e dl ona g
vantages for commercial as well as recrea
pes, from small private yachts to | arge ¢
| arge amountsesonHowaVerzedit hat s tbeieo cri eleese
ntained in the antifouling paint formul a
ntaminating the watterrsggedandragcamumsursat il mg til
80s, ogstaem Aulictaemhon Bay (France) suffer
owt h I mpedi ment s, and reproductive failuwur
rket value of oysters but also |l ed to a
ster cultivation and resulted 8irnadverriad ws )
u studies showed that TBT r elreiansaesd wars
onsi ble for shell abnormali€Cia&assast weél
er[ 911aA vsater ong correl ation between the wu
organs i n addiimtpicosjenx t ma rfiemeaN ea sotnteesp dodrp i (
whel k) was drawonduwctneudmeirmus$ heset W&Ki easnd
rference of TBT with [tliDe 1Ahtdecrithe $wnst
i al restrictions prohibiting the use ¢
i tions was obser Veld2, 11&] hr &4 ac éog/fa nmdantithee
ropod popul[altdi|Despwaeavepanmil ed est rictic
small Dboats around the world, the conti
ommer ci al ships | ed to a ubiquitous pr
and f auna&ofostehaendwarelmtai ns a chall enge for 1
2008 the use of TBT antifouling paints was
Organi zatlilon (1 MO)

This development finally | ed to a revival
bi ocidal havepéeene x no'Wcne nstiumrcye atnhde hladve bee
breakt hrough -boafs eldBTpaiCotpspemai nl y @)o,nt@aumpmr atl

o —7T T 9 0 O X -
O O <X O 0 o o =

= O
© O

Q. »w o " T o 3@
O B< o
ﬁ-c,-..r—r

O 9 O 9 S5 O X<
- o —+ o

= 0 - - +TAQ X 0 on

o K O T

>
(@]

t hiocyanate (CuSCN), orf 1é¢Caht acteawvpp bt ovas
formation of 2rowhéechianse (€sponsible for
proximity to the <coating. As copper i ons
neutralized through organic andkiicnoerfgaencitcs |
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t he s[ulk.®]laNceevert hel ess, first concerns regardi|
due to the |l acking toxtiicalt yr ided sag datomrdmavimn eu aot ri g¢
were raised even before the&e8hlew trlregguBay i ohs Al
where the use of TBT was hasredadd pali measdweire 1US$
an increase of the coppdrl9dont d886i mooyalersf
concentrati ohs gafgsatcseppeweor reportedf 4] the <c
Br own Faulcguase v ewsaisc uslhooswins t o be most sensitive t
Unf ortunat elayn,d htihgghr e e@ason ncreased copper re
Baltic Sea coincides with the release time ol

fertilizati onF.and sgwebruncibnsagtainon eocafd t o &idlyange
[ 22 Clopper was also found tAd i b e aagte movdenmcsda nct rtaot i |
present in the sedi2@dénts in coast al regions
Still, copper is only a part oH n ttehreo nporr opbhlae n
Ectoc,@&Arcphwma)ntdaoares resi stant to copper, in order
bi of ouling, antifoul i ngcagdbertast airoec i sdepsp | seuntehn t

herbicides common|[ $.6 b Bleas p eno Badge fi fcaud tt uirmpact o
bi ocides on the marine ecosystem raises consi
warnings were expressed already at the beginn
to 1700 ng/ L) of tIRGARPrLi AWI5tlu rweelr eh édrelsiccoivieer e
coast al wa t[e2r3s] LdtheF fpaanecseence of antifouling I
| RGAROL 10515ni bieurrzdi, ez hl ofl uanid, Chloroth
environment was [r2edpjCCrotheck nwo _altdwinde of | RGAROL
| ower than those found inbeohbamcnatephytopsd
periphyton [@dmmB@rictuimad ati on and/ or interacti
found to affectathet galbogvad a@ahdnobooea cause the
marine microbigali nsommh2RBip&kBicmndan have serio

consequences such as a |l oss of diversity and

Nowadays, -colnlt abinonigdenti fouling paints are
the releasedenge andequstraniomonopdercetse.plFace e
containing antifouling paint on the Ebheopean

Bi oci dal Products Reg[ud.Q]tTihenm ef cEW) Muas®R208 hd2W0
antifouling paintes affaensadbgoéabel pngtedukoto
negative i mpacts on the marine ecosystem, the
fate as TBT.
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1.Riofriendly fouling control technol
The challenge to prevent bi of ouling forr
substances into the aquatic environment, h
free technol ogi es. Especially oeethepti®d0é:
is to fidestioggpgaokaa i ng t hat would make it | mpos:
t o al 3h0u,l 3tepv er It is an extremely difficult
to a huge diversity of adhesi on mechani s ms
orgarSiexm) oan@ with geographic [ ocatidnyand
temperature, and 4d4w8B2I|Oadlef mice omaitmiamprs)da
t hec aslol edr ¢lo@das @mgt echnol ogy based on the 1id
to substrates ewietnlerlgoyw asnur fcaamme bfer & her ef or e
are acting on the surface, e. g. , dFuirgidjirge mo \
The f-oael enage effect-orsmeohasacabtle rdbughness
which | eads to a super hyBdamxdppeholwed B3echRa-uiemn g
release coatings are mostly based on fluoro
siloxanes (mostly designated as silicomres)
considered to be more advantageous i n terms
modul us, which enables mechanical def or mat
propagation mechanism ¢gi3milHawever t hief peeéd
suffers major dr awbaclksbsusxuhsamesptli dwl atdthesi
d a maagse wel | as poor antifouling behavior wun
wi th tstpeecndn c protein adsorption due to th
gives rise to a formation of biofilm and su
forces for release. A | ar geeveviaorpieedt yi no fo rcdoeng
t hese di sadvantSsegetsi,onasd4 .rlevi ewed i n
Furthermore, as humerous organisms exhib
shar ks, pil ot whal es, certain pl ant s, et
envinmeont ally friendly biofouling control <co.

organi sms as an anniitfaotuilnign gt haeg epnhty soi rc olcyh e mi
these o(legani 9ms 6r eanpde c8t i viealbyr)i.c sl @ wenseaorf,f a c e :
|l arge scale or the extraction of active sub

Il n a nutshell, there is stil!]l much wor k t
devel op effective andrgéetcbadofngendThgi bi afd
theoretical introduction Sdotuionmaz iweel | biao
physicochemical factors which can &ea hmeaniomu
(Secti)on FBSrexltlir8omvidew t he progress made in
bi ofriendly marine bBigllgiave ssga cfointstol ovcemra\ii
moar n approaches i n bi ofouling control. P
mul tifunctional and usually cannot be cl as:
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Nonet heless, here, these coatingssaedeogehéaealk
main biofouling control mechani sms, i . e., Coa
seldnewabl e coatings, coatingsi mdohnmded ns wigt cama
coatings, and biomimetic coatings.

Hydrolyzation
& Degradation

Biomimetic coatin®®

Figure 2: Overview of the modern approaches to an alternative and biofriendly marine biofouling control.
[The here used Figures have been reproduced with permission from published papers which have been cited
in this review.]
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2Marinefbuling formation

Marine biofouling describes the unwanted
ot her organisms on artifi[c3ibalThgufbamasi smbwe
on solid surfaces is a very complex process

bi of owlbil e@S5 pAccor di ng 3tachalBohbreeptred @&mdefiorur ma
phases can be distinguished during the deve

MI'n the first seconds odf taercoinmmeéen LiNd m gt H d
adsorption of I norgrmanliec alnas ofrmanti lcy mar o
i)l n the next few hours, transport -cafl | midcr
primary film is generated,r ewleirsh bi g ah:i
bacteria and production of adh3®%k]ive extr

(iOn a time scalceldfpéamiressebumbhl| ais spores
protozoa arrive at the surface, whi ch ar

WVFinally, the formed microfouling film st
as barnacles and mussel[s3.80hi ch bel ong to

Mussels

Algae Barnacles

@ -

. 2 B
@@g?%ﬁg GO e
Proteins ﬁ% Bacteria Diatoms

(&=
: 40 &Y
9 %)
Conditioning Film Primary Film Microfouling Macrofouling
Within Seconds Hours Days Weeks

Figure 3: Complexity of the biofouling formation process: The biofouling formation as a whole evolves with
time which makes it extremely challenging to develop a universal biofouling control technique accounting
for the different species and stages in the process.

Even though the model of biofouling for me
researcher s, it suffé¢B9]Theomphasosvedsi mpt i
strictly one after another, but may instead
agreement on the exact timeganesmé$. tRher sex:
shown that | arvae of some barnacles or bryc

21
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the formati p88popf#dHBhweverf,jleanoncerning the huge ¢

there i s a consensus that among the more than
10 types of micr oorsgamninsdmsa |l (ghasec tseproirae,s )d iaarteo nt
common microorgani sms and barnacles, tubercul
the main macroorgani s njs3 4a, s3sAdgc isautmaide Wiy iutpha chhi of o
of these species foll ows its unique attachm
mechani sms as wel |l as the high variety of f a
i mpostsd bdeeri ve a universal str dt3eBgWelver t mat en
when studying common attachment processes, [
bi ofouling control ei thyyrathtasc htnee ndti r(eacrttl iyf ohuill
per manently weaken the adhesion in-redcaecarseto

strategy). As Swicltli omb&8dksegutseed successful Dbioc
the coatimngpersuetascsecphp as the surface free
chemical activity.
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Tablummary of the different attachment processes

Attachment process a Not es Ref .

o 1. Primary attachment via physicochemical
- interactions (varderWaals, electrostatic, A highly compl ¢
; hydrophobic, etc.) strongl yodepkac|[ 430"
S m 2. Secondary attachment yproperties of t
-~ (capsules, fimbriae, ¢
s —=
o —
— [\ 1. Nomovalent vimat éma etr imo
o - (e.g., van der Waal s, Protein molecul
. o interactions) conformati ons n[5'5_3'
o - . ) hydrophobic sur :
— o 2. lrreversible adhesion hydrophilic sur
= and denaturation of p
[%2]
€
o .
1. Temporary attachment via extracellular polymer
; substances Diverse and abu
_ unicellular prc|[53,
3 2. Permanent attachment ‘component of mi
fil ms
[
o
N 1. Depending on larvae age, species present and
° bacterial density on the surface: Temporary One of the most
i‘ attachment via acid mucopolysaccharide adhesi ma cr oor gani sms [ 561
m 2. Permanent attachment vi@ambination of biofouling
proteins and acid mucopolysaccharides
= o 1. Temporary attachment via cyprid cement
< @ containing crosslinked-quinones
- c Attach to al mos
— . 2. Permanent attachment Y, ngerwater nor [ G@9 "
=) © groups of proteins thiyneir Iife in t '
= a8l amino acids serine, tI
b al anine)
o
—_ 1]
o —
o] (]
= o Temporary attachment via glycoproteins
n Per manent adhes ) .
5 Permanent attachment Ya,4 durabl e [ D9
= scleroproteins
o 1. |Initial attachment via the flagella of motile spore
@ and extracellular residual mucilage presentont P€r manent adhes
o) spore surface brown, and_ r ed ' _
- ) ) gl ycoproteins ([ 883’
< 2. Permanent attachment via secreted adhesive pol ys aeatoareii che
material discharged through the plasma membre . mpl exes)

in the regiorof substratunsurface contact
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3. Coating propkirofies!| iahdg efcon mat it &

There is a huge variety of factors that i nf]l
environment al conditions (temperature, p H, e
surface free energy, cheemica) ) y aadt ipvhey s ic @ Img
(mi canosmm type, growth |[S8t4da g weettabholaimongc t ihwe
only interfacial i nteractions can be mani pul a
formati omaden smathb dTleesr ef or e, taking advantage
properties such as | owowah ftacpo gmraemehy nefr gy oo
bi of ouling control effects has become more ai
[ 86, 8 7]

xon® Physi
‘G Surface topography

e
o

.c°o

/B 2
@
(}C J Hydrophobic Superhydrophobic

@
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Elastic modulus \ ASRL — lmﬁ J

== = TN \ /
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Figure4:Vari ous coating properties can be manipulated i
the surface. While the antifouling performance is governed by physicochemical interactions, the
compatibility with cleaning depends on mechanical properfié® foulingrelease performance can be

manipulated by both types of interactions and offers a vast potential for a targeted coating design.
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The adhesion of bi oorgani sms on submerg
interl ocking amnaiAemr achi ensmol e aadleamol ecul ar

di spersi ve, el ectrostatic, or diffusive. T
interaction, the joint failure mechinaogdgsmm, a
there is a variety of surface properties of
bi of ouling formation at its different growt

I n general, depending on the surface prop
fundament al approaches:

) Prohibiting contacaniosmkibyiamgtiof oalitmag
@) Hi nderi ng pemina ibgnrfeolsiebd sheg ecneat | ng s,
(ilRemoving theasheonigil gf @aul ing by c¢cl eanin

3.83urface free energy

The free energy of a surface is the bas
interaction with appr oacghlidng nbiscoarwgpareirs ms w

Gener al ddé fsi rmi tmecams:ur e of the energy whic
bonds in order to create a new surface from
to break bonds, surface free energy repres
copmrared to the bulk of the material. There
the system is only thermodynamically stabl
surfaces with high surface frwiet henlecwys anmfe:
energy. Materials with strong bonds typical
the concept of surface free energy can be a
be treated i n a vacruaweaemt ,t hiurst,erafsa@ae remeén gy ii
The interface energy is defined as the ener
the interaction and intermolecular forces b
stgohnteractions and result in |l ow interfac

Il nfluence on t he Swirdfacwl ifmrg ef cerneatgiyon:s o
physicochemical properties of solid surface
sur faceast. i drhehirpplbet ween t he suadhhesi odmr ehea se
il lTustrated Fing 6)he bBiasieedr ocnu rwhe c(h mamrelneaaat
coatings cal8hkEeoueeisegne dcoat ifrmge wirtele & nleow
224 mN/ m can reduce interactions between t
mi ni mu-and lbe ©i on. As a resul t, attached orga
shear forcle&5]dme cpmagearstt, Anti fouling coat.
to water (72 mN/ m) provide good r dsihytdamde
| ayer on the coating surface. Since the i1
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mi ni mi zed, it is energetically beneficial for
t han with mgr8i91e organi sms

Fouling-release
Antifouling

2
4\
Py
®
%
o,
Ty
(4
o,
%
A
%
=

Relative adhesion

PDMS

0 10 20 30 40 50 60 70 80
Surface free energy [mMN/m]

FigobDefferent surface free energies promote differeil
of the Baier f8Bhewadgptéde fndmuencat iofg tsher ffaee @m
relative adhesion of a bioorganism on that coating.
opti malr eflceualsiengper f or mance, while a surface with fre
antifouling tthatfiogmadehydrati on | ayer.

3.2urface topography

Surface topography plays a significant rol e
on, and adhgBB]HEws eantsiualflay,e it can influence t
way.

() According to thé&speci atéywghtmeheltm@epodopogr
have a strong influence[ .0] Mehdei aneetdt abbyi |tihey
rati o and spacing of thetd o@iotghrraepl hd acwudf iesarg u
antifouling properties of aSeat3f.eBne. Thi s

iAccording to the Tahei d warbfl @c & othd ppacgdgr apleya :h a s
on the contact area avail abFieg®mnea ntdh et hduisf f
can haveraapwarneldy effect on the organi sms'
more area i s available the more settl ement
per organism the higher the force necessar
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a) Spacing

addda R4 amma
b) Size m

c) Aspect ratio
of2e afZa ALLL

d) Microroughness

Ada £la Ll

Fig6mMéae contact area available during the attach
of the topographic features. a) Spacing, b) size,
Arael ated influence on Thlee abaotfaccttl iea geean

influenced by the si ze,) rsopuagchinnegs,s aosfp etchte rtaot
[ 53, 9, 9Bkxempliddiulsy rates in which way the

correlated with these properties. Since thi
sizes ©OUHGmt esparresOnmza.l az-5a6 Om), 12Bere is
t opogr afpehcitc adn etfhe adhesi on area of a biofo
itself di fferently for each organi sm. Nev:e
attachment point theory, the enginereergetioaw
attachment ( SEA) mod el have been propos e
mechani sms of fouling organisms on 5 Fbace
i nstance, propots[edd3.]bheSaarndicthhone nt point th
attachment points during settl ement result
| owe st degr eet ovwast hebtsaeitntelde mem mi crostruct
spacing being slightly smaller than the si
attachment points availabl e.
3.3. Surface wettability

General A&dsefaBnmemnenre bbratéervateabithetgo
The contact angle is defined as the angl e a
(Fi gurad 941 On an i deal solid surface that
homogeneous, the contact a regslitea brl @ prheesde ntns t
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bet ween -ltihgeui sipmd § sdo lainddgug als i nt efrvf avm@®ntdemm er gi e s
respeydtdis5y®egcri bslEqg bayt iYonbn@glh)e val ueangfidet he co
can be calculated by

Al6 —— (1) .

A completely wetted surface with a contact
(Fi gucy[e9.6 ] Surfaces with contact angFiegiapet o 90
while a hydrophobic surf aceFiegximiebi @aon taa ccto na ragc
above 120A can be only achieved on rough surf
| arger than 150A, such suFifgaiddge®9.6dre call ed su

2 )

Hydrophilicity Hydrophobicity

C) d) !
Superhydrophilicity Superhydrophobicity

e)

Stim:
\i{’?g

Fi gudorTehseur face wettability is r epa)estyndreap hbiyl itch es uwaf
hydrophobic surface, (c) homogeneouBquwdt)tpinndgy desc
heterogeneous wetti-BgxtdesEqmode)idohyBd)hec Catsasdte angl e
described by receding and advancing contact angl e.

I nfluence of the té&pograaplhygbn swet aalkil iYbyun
not apply anymore. When the wetFiggaesthemog:
cont act angl e i s cEducautliaptBerd(Viih)er ehse Waezdlet er
wetting, 1 .e. withFicqudje¢ iies ded owiBiadkd ety st haet te
Equat ifom8](Th)e roughanedesfifmed oas tAhedirwiudghd shuy f
the projected dfdes deffaed asebéhe wetted frac
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ATl-©6 —i (2)

AT-6 ——1QQ p ( 3)
Cont act angAlet hhoyusgthe rceosnitsa:ct angstesi heesuoi
wettability, contact angle alone is insuff
[ 99,.10fh]e F)f onreceed e(d f or a drop to mové&-~favyer a
(ck$cok), Wheesethe surface thkamsdiame otf hd hreed

and advancing contact angle of[ TheThe qdi df e
(daidrg) Is definedghe hheteoasiastofathi amglge vefr r
dropl et on (BRi ¢@d[eld0 1s ulrDfRacaer i ses from the to
surface defects whiedh] pinhéhe wenéeacd hysee
or -ofdl lat the slightest tilt of the surface.
resistance to |iquid or adhegilWel]penetratio

|l nfluence on t he Thieo fweultiabg |fidrymatfi @an:c o a't
i mpact on t he -raenltadsoeul pergf/ dromdnmeg of t he ¢

bi of ouling control coatings, | ow surface el
are commonly wused-)thyf[dalbbphodbt €er she daac@epe o B
/ nanoparticles or | ubricants, super hydr ophc
be achieved, whi ch-riesl eraeslea tpeed ftoa npponacde -f d wnl i

based, and zwitterionid fPpot ymperr$ aaryedgr o@Esum
coatings where the for medr ehgyithsetatat btmchamegat
and mar i neSecrtgami sAms (

3. 4. El astic modulus and thickness
The el astic modul us, as wel | as the thick
on the biofouling control perfodmpreraa.s Whi

type of <coating:

) I'n the caselebdséoabanghgsknetastnaoi by :
order to manipul ate the preferred failuwuw
and the biFogm®Bar&p[i3s2nsl (5]

(i) For antifouling caatickgpe,sshawavterm, aiyts ia
| ohgegr m perHFiog Gudan&ie. (
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Fracture in peeling

Fracture in shear @@ 2 FOTrce @ﬁ
Force @ﬁﬁ ’ %@@Qﬁ

d) Insoluble polymer matrix e) Soluble polymer matrix
MatriX Biocides Pores
™Y o

LR,

'.‘:. o0 4. ® o o

05 0 %:% ®e o.o' .

® ,evee %o N 0,

020 %%’ % 000 e 0 o,
026%0% % 044 9% 0% %%

Time Time

Figure 8: Influence of the elastic modulus and thickness of the coating on the biofouling control performance.
a) - ¢) For foulingrelease coatings, thickness and elastic modulus influence the joint failure mechanism:
While thin, smooth, and hard coatings promofewing-release in shear, thick and soft coatings promote a
fouling-release in peeling when a normal force is applied to an adhered organism. d) and e) For antifouling
coatings, the thickness and solubility of the matrix influence-feng performance.

For foel eéage coatings

The cri tidamal tster ePrs ad ircealho feoracedi Ekkg8hem t he

. T (4)

0 6 — (5)
wheGeK,tanadar e the critical surface energy, bulk
contact radius, respectivekelheaSki someéangstbano
have |l ow surface energy, but should)alrabhke m

thickly applied. By adjusting the surface fre:¢
di fferent rel ease mg8Rat OTShinss ccaann bbee aiclhli uesvterda
closer |l ook at two prominent examples: fluoro

For fluorBlpodbyompolsymers with a glass trans
temperature have a relatively high elastic mo
accor EGquagtti @n .( 4No mentdh 45 s askeouhnngake pl ace
a ntelvaly smoot h an[dl O 60Avd deinteirogrya Isluyr,f adcuee t o t h
their surface to interdiffusion and rearrange
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i n shieq@dh)

For sili conleheelsasttucamerosn: i s a different o
subjected to a norsmaflf ifcoirecnet,| yt hseo fsti Itioc oaev e
where the organFspm@8PeelHowefvereashiyg @l so r

| ayer

Silicones have higher surface energy than
attached organi sms. However, the bul k modul
silicone elastomers. Thus, tnheerjfaaicnet ofcaciulrusr
requiring |l ess energy while the joint on f
[ 32,.105]
For antifouling coatings

Generally, suffictiemm et fad cwdaitoma gafcd nl & @
by:

) The stability of hydr @hydmogthiyleirc foumfeac
(i) The -pscellifshi ng or degrading r &Steetdfont be o

(i) The type and release rate ofSetchté oannt6i f o

Since all t hese aspects ar et hreeltahtiecdk ntecs st |
taken i nto account-r enlogasoenl|pe rffoar nahnec ef, o ubluitn
performance as wel |l

For ()sulpedr ophifForc @ougyedmpp:hi |l i c coating:
brushes, the surface hydration might be 1ins
to worse antifouling properties. However, a
antidgoperhor mancendearesitmg scfl ft he | ong pol yr
pol yweetrer i nft 0 aljforoergpampl e, the optimum f

CPEGLOMA)Y meap dblrushes ranges from 200 to 40
attachment of pr C€odien | gmaamiddn e aboascptoerreist md t I
i h48 8]

For -pscelligs hciommt i ngs and coatingsloobhei cias
sepdl i shing coatings and coaFi g@asend@dent &ihrei
surface is eroded and renewed regul arly, or
matrix continuously. Thus, the thickness of
c 0 a t[i In0g%:s]
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5. Chemically active components

The biofouling control property of a coati
emically activée¢iNadmpande tatned swinh fhéad g infg agen
newabl el igbdil)ymmddisscced switchable component s.

|l ncorporation ofAnantfiofudulnign ga gegarmst sccan pr ev
rine organisms by inhibiting their biologic
t erbniactfirvieend!|l y anti foul ing Zdegfefnltsx ,c atnh usr iigrgt
e?™bCaal me of cells and $det)dolnd WEHh eo fa cdri gvaen iasnms
ents can be either i solated fromMilli3vli ng or
ver al characteristic values are commonly wus
bstances as futurevahoe fosul defgi ageénas. afhef:
the anti foubODO®%gi agebttioduofnbial ogi cal ac

eshCands for the | ethal concentration, i.e.
st organi sms. E&¢cad nipeegtnmd? 5wa nsbe @Gama tLiCo > 15 |
ual | y ¢ on stiodxeirce da natsi[faolididowe gQeé saaghe rett al . repor

en selecting candidates for agtal hegukmlbg age
d ash Es@rCat i o > 50 shoul d be considered f o

vironment al poiont cbmpoewd bkoladdiity and s
sential parameters that should be taken int
r exampl e, a compound with a | ow therapeutdi
siley mamr itnhhe fatbdiaibtpepotreduced wide rFrange ne
rget organisms and therefore the overall ec

Set énewachalteAs gsor-rehewabl £ heoathiangs, of t hese

n be hydrol yZedClley ci.ons n( s.eqa.watha and wunder
achi ever esnuermfaabcl ee dpeelkff jdhmammne i foul ing perfo
atings is related to t hceo gtdd e csih.ionhgo 5a nedx admepmlr a
e degradation process of degradabl e pol ymer
eferenti al degradation of amor phous pol yme
bsequent ide,grtaldd Inlgl cweyparat s[ Islt&Jfhen eof awreag,r atdhece
ystal lliymetry ofetmods the degradation process
adjusting the crystallinity [39]][40].

Switchabl 8wpbthmbte: pol ymers exhibit revers
changes in the sugpkHoutmeammegr &tnwn,e o reasmd ttlii(nggh

rfaces that are unfavorable for organi sms
gani sms can Sectejasn | rel eased (
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4.Coatings based on surface wett a

Surface wettammifll iuteyn ciesd fdrtered megnlew wryf aaa t o

sur faecect ion 1Bt 3i s one of t he most i mportan
devel opment of new mari nfel@mpt icragis bfeo re xlpil ofi
to achi erveel efaosud i angg wel | as amti ftduleien gnopsrto

sur f acae et Wpselsyelm oph-pbhygdr égphpkerc, and amphi
di scuss recently devel oped fabrifcaguom mpoada
surface coatings.

4 . . QSupemhydrophobic coatings

Hydrophobi c sumifoentcteisn g xthelbavtxi or and are o
water contact angle higher than 90A, while
termed supeSdygdinNnpmp B@PBjpcbydr ophohbhiavesberacayp
in various fi edldsa[niwhid3 JeanthipfilodgdgsignBghd bi of o
confi@abpitd@pkprties .lhmvree deretn yeaerds, t here ha
in fabriclatihygr dphupei c C oraetlienagsse wpirtohp et o wle
bofouling in tha883®sPueetserthemyapkl af -) nt er
hydrophobic surfaces reveal | ow surface ence
with biomolecules, which makes th&Howenoemr)
the | ow surface energy of-teabetral d@&tleheemriee
are four different tgpewi bf pel gmecussesatdiing
possess surfaces that -rexlpdaosd apprghddlyed: ff

) Pol ydi met hfPBMSpoxanesextraosdirhaciangneaof
especially prometle asre oddywpfp@Ekleismg

i)Fl uoropbbymeasrel atively smooth and | ow
only adher 1061y weakly

(@) SI'it pper yarceoantyidnrgessphobi c and | ubricated b
of differentl3RiJoorgani sms

(VSuperhydrophpbssesbatehfpg property throu
of | ow surfackemieaoeogygughde[ala3ndo]f t he surf
4 . 1P.oll ydi met hbyalsseidl ocxoaantei n g s

Pol ydi met hy!l si | oxkannoewn( FhD/MIS)o pihso ba cweralt er |
class of elastomers and possesses a | ow su
required f or ar ed uecacsees spfelrBf4ofi onalenicieeqg |, these p
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cause PDMS coatings to exhibit poor adhesion
damage | imiting their [apdl.,i tBAdroemihading ¢ heexe Snaa n
has been carried out on modi ficat i ebnass edaf pur
copol ymer s, composites, and the HRing@rreptohreat i o
devel opmenhasodd PDdM&St i ngs focuses on the 1 mproc
substrate afih8s] a83¢$wekhgab the optimizati on
to achieve the most efrimaanicentfeolnmdfoawi negappht
[ 13&% 2] For shitphec dwotullegvge perf ormance of pur e
i nfl uenced&Gbys ptelead , vdshxrelti me spent in port (r
bi of ouling and the |ife sthgaved dihgniaftitcaacmte
i mprovements of fhé3purface properties

Sythesize
PDMS-based
Increase the copolymer
mechanical and
long-term
stability Fabricate

particle-reinforced

composites Sythesize

copolymers

Increase the

7]
=]
c
s
1]
(=]
(3]
=
L
(=}
[
o Replicate
= — surface -1
_g hydrophobicity from texture
i =
= II:EFOV:?:";% Incorporate | Addition of
0 antirouling with antifouling micro/nanoparticle
© fouling-release
a agents
1 performance
S
Lower the .
E — contact angle _— Ald':l;t.mntOf
o hysteresis ubricate
(=]
e
c
@
E Sythesize
o PDMS-based
- Enhance the copolymers
] .
> adhesion
g strength

Phase separation
in
polymer blend

to substrates

Figure 9: The main optimization routes for PDMfased foulingelease coatings. The optimization efforts
in the development of the coatings commonly include an improved biofouling control performance as well as
an improved substrate adhesion and mechanical stabilit

The following examples illustrate the vari
Fi g9rewhich can be f ol |l eovaesde dwhceom tdensgisgni ng PDI
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| mprovements of the fouling control perforn

For exampl e, [ Méd4elsitreal Itih ee te fd leacctt iovieh dsiidbsee r
on the fouling péeatedmanpel ghfesa .zREM&®Y oxikn tc
from PDMS and poly(meth)acryl ate (PMA) wi t
surfa@dc¢e ve c &ingdme,htisc h( were then incorporat
The PlbdMSed composite containing oxyetl lyulsen
performance a(@yowmrsd olpamaeddez g gusveanli d retss od mp h i
than pure PDMS whB. eamphygtertiitdlsee mearst doeft ect e «
c hacioomt ai ned PDMS.

Suat [dl4n®a]lni pul ated the surface hydrophobi
They mealhlaywi mi xed carbon nanotubes (CNT) i
hydrophobicity of PDMS was i mproved. A | owe
modi fi ed PDMS. This was attributed to the
hydr opihtoywiwhi ch affected the colonization a
communities, particularly the early eukaryo

Luet [all4i5nt roduced natur al bi oci de -lcaosngdi n
copol ymer and applyi esduppomeckhanilayer underr
product antifoul ants capmmarce mt )(,a bofyielldatdp & p
magnetic nanoparticles, and then mixkrasdde
bl ock copasltwméeopmgloyy( di me tshyitayl meahgl si | oxa
(Figabe. To control the el asti c polyyranedosk- of t
poly(ethyleneranbutylenejblock-polystyrendd SEBS) was i nt r@anipcaerde dun
to a smooth glass surface asPSRVY/FaGapuacetiP
exhibited the INoawdsctul sae tstdlibbeenmnennots catfisa ou gl nt
topography and nonl eaki Ajgsoceap[fPllsi.nzvre somn gahe

effect of a natur al anti foul anptowdTehre y( onmoidgii!
from bees), which is known for its ant-i micr
month field experiment that the incorporat.
and actedoas oasmoant@ihdint iiwve .t h@t Heart ¢ee [ dEW) e
used an inorganic antifoul ant and incorpor
coatTihnegy. synt hesi zed-basedwcbagbrngdg WDMB nanc
and silver nanoparticles (AgNPs) . The i nc
compatibility between the hydrophilic hydr
cr oserl,i nkhereby the hydrophilic hydrogel W 8
prepared hybrid coatings showels gloerdi abita bc
well -astgaaetperformance. After two yemos of
barnacles were found on the surfaces of 't he
and bareTlBebsbabitegs containing natur al an
di scussedSdamt iden aG | i n
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o Piranha GPS 00— o
a /\/-Fsli—o}st 6. Be treatment Qu oL Ot treatment N
[ NN a7 g 5@@ =
o

glass substrate . -
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/\/‘(’I I L o 2ol ~°I>/\: Y
Si—0 SI\/\/O\/\ Br k i : H b NH,
| | o ] ".4 ‘ | "W
b i PN {

o

active layer

(CFa)eF ~~ P§ PDMS-PVMS

@ CoFe,0/gelatin « capsaicin

c) s e d) -

NCO
Soft segment

ﬂ R 2 e

J L Lol lo.d I -

SR A
OCN o S.'f §|‘|’m S o NCO -

Cs\-k Hard segment
2
o = -
an >EiNC')N’\/‘sH'O\S"‘i‘O‘SI'/\/\N'NQE S
NN NN > S NN 1 Substrate

C
H
o e}

e) HS' i 3 SH
W + - ) . o/
NN :°¢ —_— °:><:o o &
" - = )/\/s N J
1.6-diisocyanatohexane \nf \/\/\/\u s Y
o

Pentaerythritoltetrakis (3-mercaptopropionate)

f)

PTU/1wt.% POMS/
g ) AlMg3 PVC PTU POMS. AWK £Z00

4,5
"

Before sea immersion

After sea immersion & cleaning e
L

Ha CH CH
e R ST T
,c=
_ | c—¢ H c—ctfe—c
H,C Cl: + F F s (l;:o THE 24 ‘f | X y | t
=° ¢ F i , T ] ] =°
o
| OR CH, o F F T
CH, | I I
T “r oF il
b
H
£ 2a-2d Ry= CH,CH,(CF3)sCF3 ~4H

2f-2i R;= CH,(CF(CF3)OCF,),CF,CF; O\CIZHz

Fi gumM&xampl es -)ofhydsopdédrobic biofoul-bhbagedcondatoil ngso aw
i mproved fouling klomeck odopelry memanmaede afrom PDMS and
with oxyethylene drl4filpuepaalakylonsiode aothaifms-l i ng coa
topography and nolMiGaplkirn g hdcRgdpddoi8icuicned wi th per mi ssi
Chemical Society. Mechbhasedlcoat hhigsc daksrelly pfoH BBRMS ao
(PDNWXJa) via a polycondensation reaction. d) ' 11T ust
PDMBUagoating while maietl easienglriglpjeapymisghihmhg2016. Re
with permission from American Chemichalbyopokygddiedi
reac[t3.9]f ) -dBnsepregnysiyveae nXd@l|l ysi s oft eP Thle/fPoDrMS scecampiomsme r s i C
12 months of sea immersion and mechanical cleaning
barnacle residquels,]Corpeysrpiegchtti v20 31 . Reproduced with
Chemical Society. g) Cempadi 3dn eof bhd digtderopody mel
based coatings: h) BY&4atThesis of fluoropol ymers
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Mechani cal stability and adhesion to the su
| mproveméonthgofm tmee hani cal stability and a
i's anot her chall enging task simed eate shau

propertiesheff #IDIMGwi ng exampl es show how c
mi cmanoipcarets can be used to achieve this goe

For exanmptl ¢gall3dlyjrut hesi Pade® DS y-BUapn V(IP®M
pol ycondensé&tganfer Blae PRUDMS fherited not only
and hydrophobicity from the nateleaset PBPMSED
of the coatcogdoni dyswambet also i mproved a
pol yurea. The i mprovedPWa bisg rattter ialdihteesd otno o
bet weenhdxxaenedibami ne hard segmdntgdlfenwdh &DMS
the urea grof®pa cant her MDM8dr ogen bonds wi't
surface. To prevent mi croor-gdai smaéif ng ma tsie
conditiond,o@Ux ad ea sarhal | amountdiod hdeemmga tyil ¢ ¢
4 sot hBare) i hDCOI T) -PiUmt ac otatd nRIDMAIl t hough DC
in the polymer matrix due to the hydrophobi
DCOI'T in seawater and chreintihcadxyagfefn nand roift
DCOI'T to urea groups, DCOI'T would migrate |
gradually dissolve into the seawartegul althed r
its concentration, -warmhefleeetmverdsd hef | i
properties. Another copol yeaefdl8yFhewnr waat @d
PDM8odi fied polyurethane (PU) copolymer st
energy than pur ef PRIDMST hper opmoetseedn cteheo r e mo v a

organisms on the surface. However, tyhnee rhi gt
has reached only 2.09 MPa.
To overcome the poor mechanical propertie

applicatiedn$all3 ®,jdiedvee]l op emo | FONS our et hane (P
reinforced with matmomagZoda-pr®dhagPedmi(sra® hyd
stabl e, andebi ostcantropolbymer -stuhate di sa smeac hmeantir
to formta cfoompomarit Fmgudm@e Bl9ilOaei ams phase
bet ween PDMS and PTU duri ng -stilzee dp oPIDyivnde rdi ozmaa
the surface of t he FcgmmPe,si ard weher dfoadme dt
properties of PDMS were transferred to the
bi of ouling adhering to the idompcoesrmotvese dc ona ttihn
any calcified residues, similar to pure PDNM
and FVQ@a@®end0O)g.
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4. 1Fl2uor oplmwda gyencercoati ngs

Besi des PDMS, fluoropol ymers are the other
fabrication of rkeycracephtcbhbBfpumgsloi nd ee seanmompyt h an
surface of fluoropolymers,eemltiyheem&r i me eof ga&
t he clolaHpwgver, fluoropol ymers ompae ese-t or #£ID M&
based coatings:

) The fowlliemge requirgens caitelcati wsdalryelsii or
contrast to PDMS surfaces, from which the
peeling fracture mechanism, the high resi:
di ffusion and rearrangenilehitnddcadset drof aac es
ruptur egs] 1b/y,.AsBdgadare bul k el astic modul us of
than that of t he PDMS el astomer s, t he |
(Sect3i)¢@ni.7 ]

(i) Fl uorinated pollutants Trmaeg thhairgmuitthoeu se npvrier

fluorinated organic compounds i n environn
guestions aboWwEt (tamaed PFOA)Y amfd PPTtTFher fl uor
PFOA in their synthesis. These compounds
even i n human ser a. Due to their unique ¢
preclude any degrasatiiomgornmeit adbot¢t umsml ati
[ 18146 6]

(i) The hemi cal stability of ttAhef aualf ade awha sl
fluoropolymers is that they often undergo
to a |l oss of their -rkeydcraceh ppbrdocplletmyt oaerdce r f d |
i mprove-ttelmen Isaradpi | ity of fluerolpailiysmeot, t
pol ymer should be capable of organizing 1in
mai nt ai ni ng 8&aCFM3i gghr oduepnss iotny folifd 7 cAn&®7 fhregr s ur
approach i's to | imit the <chain nobil ity
crosslinking of-fgnaocup® nslibc3igFroars pesxpaonxpyl e, Zh
[ 14d7efsi gned and synthesized functional cr
composed of scgroaupsf loaurormeard fklylor opol yet her
styrene, met hyl met hacryl ate (MMA), and g

free radicalFipjodlByemer i zati on (

4. 1SI13i ppery coatings

Sl i ppery surfaces are surfaces Selcati) oaxBi Bit
While static measur ements of cont act angl es
information on the surface's chemical and top
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can be gained from dynami c icnogn-taailcstoedngo et me
hysteresis. I't was shown tha&tt easeopeerf ot ma
| arge water contact angle and[d0l4dw contact

A common approach to redueaehtemteasti ppglt g
to mix oily lubrican[tls59,nlt®b ¢hyfdalolpchwibn c ecxoa
t hat researchers recently tested the effect

using different compopprteachyessg:ems and | ubri

For exampl[el,6tlddat ed taHe response of diaton
|l ubricated by silicone oil. They incorpora
viscositiestimtiondDMBDOMS fcoead iwigtsh hi gh vi s«
the | owest adhesion and the highest remov
i mprovement was attributed to the increasec
prol omgeoftisilicone oi[ll4b8alachahby Amedi téae
system and investigated the response of mL

| aboratory and f i el-idnfsutsueddi eBDMSh ad o astiilnigcso ns
mussel s’ attachment . haltt llhuebg i baen SonhgeisbeE
mechanosensing ability, inhibits adhesive t
of adhesion, |l eading to | ow attachment fregqg

Ot her as in théeoveudndsdpeesoenthd poor me:
Gal henafgk6ussiiedala.-PsU |(oSxiaPnle) system for the in
The resulting coating ediesamlea yed fiompmramwed wfhi
mechani cal -tasnudb satdrimetdeii cgow .o pgZ h 6fBapb ratc adled | ian ¢ €
slippery organogel (OG) and i nvestigated tFh

silicone otiblasiendt oppod yRDMEt ( PRMS The OG exhik
sliding angle of < 10e and exRséeudwcmdl p@er J o
attachment. After <cutting the materi al i nt
compl eehealsieddyi d9i.tei.qgqn aafqgq ori gi nal tensil e t

obtained amteemp&rhtareroo 24 h at 60 AC.
Foll owing a biomi me[tliGoilmppkedchheWamudr et a
of the pitchemeplbyantf abThicatwaangyg danostructur
pol ystyrenj nghdymiodiyn &) and infusing sild.@
surfaces inhiBPseadoahsphbamweasaf up to 99% a
at tmecnit of alwgaed&k ifn el e t&st . However, t he
silicone oil was slowly depleted over ti me.

4. 1Sudper hydrophobic coatings

On superhydrophobic surfaces, the water ¢
forms spherical dropl ets and roll §166e166h
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Thisclsedaii ng phenomenon is known as the | otu:
surface ener gy c é&nmbcirnoerdo uvgihtnhe st &3 & & thtdo.ns ud .f A ¢
However, for tbemdsesabgheosupenpgydrophiobns, coaf
not only physicochemical properties of the su
by the coating thickness, mechani cal stabil it
were addressed[ b0 s &.6 8Ty hheb 9fpault lhoowisng exampl es ¢
the different surface structuring methods. E <
pol ymer matrix systems which were investigat

approaches:
PDM$ased cODaltditmdpsiviel oped super-bgdedpbobtcn@

wi t h i mproved bi of ouling contr ol properties
[ 133, 1411 71421 1 2&xiafmpb4 2]it was shown that the a
spherical Aggnniafniocpaanrttliyc liensprsoived t he surface h
resi stancteg!| eaannd peracspyer ti es wi t hout affecting
Furt her motrer, mi nane#bOsPDaMEdr od composit ke wi t
nanostructure were fabricated, whereby coatin
water contact angle, | owest surface [flrde2e] ener
Il n further studies, a similar effect ioofn i mpr o
perf ormance was obser weady nehdrn pilP@ErnpOxrhaatsi onrgo dn
[133Nbn@Onansfdbd2kilicon carbidd 7mdmaelmokdes sTi(GBi C

SioPar t[ilcfldesr gr aphenet oxadldiemiama W@ &d Mdsl ]( GO
into the PDMS matri x.

Ot her poly&evesglkstemgser hydrophobic surfaces
ot her than PDMS.OfFbbeg gd&ldaklie,veld ppauzper hydr opho
by incorpoarabpagt BcDes into commercially avai
bactericidal activit: m&n o e rBiceomnd Sulebdy tahddi n
sol ven-$epdaraastei on met hoddrtoop hsoybn tch epsa lzyev i shuyd e rchhy
surfaces, which showed promising results in
conditions.

Bi omi meti «Ofcteat, i tchse: design of superhydroph
structures and mateer iFolrs efxaunpd[el, i7Tgbhagadbedet

superhydrophobic surface by replicating the s
with epoxy resin. Replicated strfiacasdsoemon ot
wel | as | imited slimeawnhi onfacs!| iamg oa ps apy,n i md
resist-shggeabl pgpfoul ing. I n edanat7d8Belv eleapeng | ar g u
bi-ionspir-edi shan& | otus structure (BSLS) for f a
Mesoporous silica nanospheres -$Mpbas)emwreed PRPWU

surface to pr oduaned hn aemnraosrtcrhucctadr ensi.crfos a r esul
was obtained and contact angle hysteresis was
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sur f ace. Further det ai |les dchebsoawste dodicdbomi m8et i ¢ cC

Il n summarhye main hydebephséi codbuhgagare ¢

fluoropol ylmeasesd &EOMSIi ngs are commercially ¢
|l ack biofouling control proper i eerundar s&
present when the ship is moving at a certa
release performance. This is why sever al arf
i mprove t her eltmddremafncel:i ng

!I'nporation of antifouling agent s,

(NFabrication of superhydrophondne saudlacets
(g., wi-thamopaoticles),

@i l ncrease the sbefaddi si bppafjeobVy | ubri

Further mdr d ocrussesaron the i mprovemestubgetft rtalt e
properti ebsasoefd RRDoMS | ngs wi t hourte |ldeoawsneg r paedri fnog
This can be achieved through the synthesis

pomeyr matrix (e.g., PTU) .
When compared to PDMS coatings, fluoropol
and also show surface hydrophobicity. Howeyv

hi gher shear force t osmseltelassre R D®E chiBidalmoiud g
Additionalll vy, due to high prime costs and
organic solvents), there are currently few
[ 179, 180]

4. 2Supdéarydrophilic coatings

Hydrophilic surfaces have a strong affini
90[A181MAs di Secatsis,ent hBen3hi gh wettability of su
chemistry, . e., hi gh surfaceprifaper enemlgiyn &
surface chemistry and roughness features, s
l ower than 10[Al6&%nl@S)phegrir epbdl i c material s
investigated as antifouling coatings for a

and the mafrl1®@86i] Adust tFy ggtur; eettehde iannt i f oul i ng
these materials are attributed to the stron
ener gy haehrer ioefsg aéne tstm e ment . Bi ol ogi cal mol ec
bacteria and ot haerre nuamrabnlee otrogadi Smisace t i ¢
mol ecul es, preventing thed7fI®&] aadhaemplng, tio
t hat due to the strong surface hydration,
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forcing the adhesion of the animals by hol

[ 7§ Hydrophilic polymers that proved to

di n

be e

organi sms mai nl vy i nc tbhiaksead p gllaasteed chy z n & t grl iyan
pol ymédB®1]which can be fabrigaraffdedsbhyshegel

) Hydr o3dBl srossl inked net wor knss ofh ahty dcroonpt haii l ni

They are distinguished from solid materi al
99 wt %) and | ow el astliO0iOtOy t(iereass tliccwemo dtuh
common [s1o92.,dsBB3¢ to the strong hydration ab
hydrogels can inhibit mag @ rnmei noartgiaonn sanfs ' s @d

settl ement|[ Db94pbarnacl es)

(iPol ymer :nbarcursohnecsl ecul ar structures with

pol

anot her pol ymer c[hla9Pgl gmea bolustdHhesuchacenh
and biocorrosion by incorqadhasiog,f amd¢iti moiw

and -caonrtriosi on properties. Tethering of

poly

accompl i shefigr eafttbifregod yosyi sor pti on or coval e
figr a fftriofng u r-ifnaictei at ed pol ymETMi3zati on) approa

Polar monomers

Ethylene glycol

5
+ OH +
5 HO?\/ 5

\ Ionic monomers

Betaine

HaC )
H3C7N®\)\O®

H;C

Hydration layer

Figure 11: The dense hydration layer that forms at the surface of hydrophilic coatipgslés the advance

of bioorganisms and thus allows for biofouling control. The required high surface free energy can be
accomplished by the incorporation of polar or ionic monomers into the coating. By maintaining charge
neutrality electrostatic interactianwith bioorganisms such as proteins can be prevented.
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4. 2Poll y(et hydbasedglcyadl ngs

Among the recentl hwydaewelhaded (csommpearngs, poc
is one of the most successful hydrophilic
marine envi9e®.nhehyf saptopeutieg of PEG are m
the | owatREG i nterfaci al energy, (ii) the h
bonding between the water molecules and t h
flexibility npsi98hePRPIEGO cera, owing to the el
the electrostatic interactions [w2OOh, 2cQhtahrgg e
chained PEG can al so prevent[epI3DdDt200, 2@F]or p

Hydrogel s

Several attempts havébdabBednhwyadpd@RD . /gaduan
exampl e, ERDI/adbdr iecta taetb.adn elt ynd ro dPeEIG -icmiatt ii antge d y

radi cal pol ymerization and showed a | imitec
and freshwater organisms i n | abeérastedr yc otad s
demonstrate coahsnderpebifeor amanicko t hey, i n

weaknessetserom ssthaolritl ity since they <can be
mechani cal properties ahd9fp|Moreaddr,si dnet D
hydrophilicity, hydrogels strongly dRO®Br]b v
Thus, fermlapglicability, there is an urgen

of hyHdasgdl coatings.

Pol ymer Dbrushes

PEG brushes have received broad attenti on
to theiemchdmegt hus -sabter onemel@uBi]lsurst her mor e,

grafting approach makes it possible to- circ
based hydrophi-adbecoagi agse.bmbsdweblll a lploy yrme r
be equipped with an antifouling surface.

Usifiggaf oappgr taches, PEG can be covalently
pol ymer [R1I093$Thhersagigdf tai onagp pfrroam h  (-ienigt. i, a tseudr f ¢
transfer meadizadAiTKRpPg IJySI PEG met hacryl ates c.

surfaces and thereby form | i near2ito |ymeea I
antifouling performance and stabilityty,f P
grafting type, chain | ength, chemistry of

archifeaofipgas®3}
Al though PEG brushes demonstrate freom si
stability is |imited dup208, 2y6aQmd yisd esa atnd
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t he sleirfvda cef the coatings 1 srethe wianhcarngor atthee
(Sect) onFb&r tehxiasmpcloeu,l d be d8Degbwf eémpbowppgoth
was develcemdldny t hi s process, the functional S
surface but also to the interior pafr2tl 89 f t he
| ncorporating hydrophilic chains into the su
reestablish afFeli mgurtflaice ampprda@dclonsi¥anmgt ed ¢
hydrophilic polymer surface by 3D grafting poc

bi sphenol A epoxy acryluatewg(BEANhNBEhEBEEt WhincCch
antifoulin@impdambfor bheasnigiet e the 3D grafting appt!
| ost after one month in the -PhardonekdSeidr anmen
bl ending and crosslinking approach to incorpo
i nto acaommoeent palsedr en Biagelrd® . ( They fabri c:
polycarbponatyd et R€) ene gl ycol) met hyl et her (n
exhibited | ow pr ot eihne aaldihnegs ifounn csttirdetmagldiht yamafy tse

achieved constant surface hydrophilicity, whi
i mmer sion in water.
Anot her possibility to improve the stability

complexity of hbe. hFdrophRiamptebrusstead of us
based brushzepd]Jofposetd bl erarchically structure
via atewograftkFingdMeprionaceah f(irst step, t hey ¢

(PAA) chains, which are also hydrophilic by n
di fferent mol ecul argrwditgeghdt tRPEG heh &PiIAMs bweisd e s
and dorkle hydrophilic polymer brushes (HCHPBSs
hydrophilicity and antifouling properties in
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o % o o =
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a“ uo’\‘o oo ) “07/ “on CuBr 2 o000 f =
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o Green alga Dunaliella tertiolecta
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2
< s}
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Fi gaEex ampl(essu-poefhydr ophilic biofoa)i Agegamdtr-iodn cof
grafted BRA8JQeEmyrsi.ght 2016. Reproduced with per
Preparation of t he coating by nisnciomtpmcroamp onhge aley
pol yurbeasheadn erf €lt8Wdec k Fabri cati ohapedcéeaydrofelacf b
antliifomfg performance i n t er ms of Navicula sp.:

P(AA/ SBMAO. 05) , and [PXRARICEBMAODgh) &20d7ac®eproduc
John Wi |l ey and Sons -baes)e dP rpeoplayrnaetri obnr uosfh easc rwiltaht et a
their rf eolr e vaanntcief oul i ng. f) Rel ative amounts of g
substrates with different chain | engths HEMA. g)
pol ymeimolbi 6 $led substrates wWizalh9|dopyrirgmt 20 A& . ne
permission from John Wi ley and Sons. h) Preparati
t heirulamtg fro¢g QR&®ACGospny r i ght 20109. Reproduced with
Chemi stry.
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4 . 2Hy2drbxynct i on alasedr wloattd ngs

Similar to PEG chains being ter miratseedd by a

pol ymer snhpeorsesnets shyidr ophi |l icity since the acryl
bondi ng. I n order to prevent potenti al el ect
organi s ms, commonl vy, e acae d i paolllyyne me u tsrualh &
hyrdoxyethyl ) methacryl ate ( PHEMA) , pol y(hydr ox

pol Mydroxyethyl acryl ami de) (PHEAA) are grafte
as hyd2bpye220, 221]
Hydrogel s

I n terms-basSeadchyldabglel 3ulzbaead ah Bhterestin
appr dogrdacghi@ nd?2)d: By fabricating hydrogel fiber

substrate, they were able to achieve good coa
state. Their coating consisted of c¢closely pac
abouD héh each. The ani @il oy ( spwll fyd parca pyy li ¢ meat
(P(AA/ SPMA) ) hydrogel fibers were iIimplanted i
Ssubstrates. This was done in a multistep procc¢
applying free radical pol ymerizati on, and fin
hydrogel fibers kept thdierr morsiwgilnalngmdrephaol ag
stability. The surfaces shawkidewdd eat DO0O® @eat
fouling algae Densitglliantievimsplodfctoammpared to
substrates without hydrogel fibers.

Pol ymer brushes

Using daseldatpeo!l ymer bfr2kE%evse,st Ygrag ea@t t &le. i n
structur al grafting paramet Er gulr@eih 1 2)¢pe 2ant i f
Hydroxyethyl methacrylate (HEMA) polymer brus
l engt hs were f abriinciattieadt etdh raotuognm tsruar nf Gakcker radi

ATRP) . It was shown that the settlement of m
pol ymer c¢chain | ength and grafting density. M C
surface hydration | ayer thi-temmass npl aynad f a ulk
application.
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4. 2ZwWw38i tterionic coatings

As di scussed above, hydrophbdsed andatfionuds
| ack-t eomgstability and undergo degr[@aaazli on
Recemwlyteriontbd pompywmees witability emerge
PEG. Zwi tterionic polymers are electricall\
negative <charge, . e., ani on an[d2 1lclgt2i2d®n 2 8
Compared to the hydr ataminc olfy dPEoQ hand co tphod ry
bonding, thendlueetdr hytdatait¢ alinl yofi zwi tteri oni
[ 224]Therefore, due to the stronger hydrati
possess better 4225, 2R16iag i propetrtoi eesheir
capacity, zwitterionic polymers are also e
desijgaz23d]

Zwi tterionic polymers can becgengirabl awnd

cationic groups: i) on the same monomer (e
separate monomers, creating a miXx®4d, Th@&digcea l
cations ar e guatwhinliezedaniaomso niaum, sul fonati
phosphonates. Basetthoaetma] oy perwiof t eamii @misg

carboxybetaine, g 2pSionsiplhédora ye@d hBBEGDOh € ng s,

pol ymers can be -dgradbfrtiedtleduaEeSsSlugbdh&jepr ege
studi es, -bsauslefdo bpeotlayimmeer s h a vy rbteheens itzheed neonsd |
due to the simplicity of t tbeaskedbmpiod yytmea s
attracted great i nterest since they exhibi
when compared to otrh§e2r2 9z WiAt8t] efroiro np rc-b spgol dyrnye
pol ymer s, their application i[s222]Recentkd,
studies have been ccoonadtuicntgesd coonv ez wintgt ear i loma
guestions:

Structur al factors

I n order to better understand how the zwi
properties,22kk]eparetd ahree different strucH

and pol yackhiygdwded t ( RvA)s (shown t hat i ncreasin
density of zwitterions) on the surface i mpr

By keeping the density of zw?28 inpireisanigater
i nfl uearhcee cohfemi c al nature of the function

oppositely charged moi etHiegsiBentthleeirr sandiyf o
of sahdosul fabet abasednepblagmegt at were prepa
systematically varied monomers where the al
changed from the <cl| aslsapg@amdmegtirryearl tt owaas s
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antifouling properties of zwitterionic polyme
functional groups. The comparison of polymers
that the pol ymer choentnveecetn otnh ea nadwiotrt esrpiaocne r a n d
relevant. The samples containing the sulfate
than those with sulfonate groups. Moreover, t
chains itnhffed upmeteei n adsor pltitnoenar | Sa noprlieesn t veidt hz
thereby resulted in increased protein adsorpt
oriented zwitterions.

By synthesizing and comparing two poly(sulf
segment al orientation of the zwitterionic moi
al[.232mphasi zed the i mportamcer oént atei awi odmn et h
behavior and fFoglaB®igld3desi st ance (

Lorgerm effectiveness

Al 't hough zwitterionic polymers show good r
organisms (e.g., marine bacteria, al gae, and
term antifouling performndmde 28Mdes ,coegracrayi
pol ymer surface after contaminatiqsiemewal daimagiel
acryl at eSepcotl)ypomeDsi( 1Oflrleapar ed andyded| gywidster.i
monodertiary carboxybetaine triisopropylsilyl
was further compbobhymemiez é&@dcwiyehttheyll (eBhMAX) e paannde 2
( MDO) via -amdganicrad palRAymenmBiez aThe®ni ftroduction
into the main chain makes -tbhbaewablymeevdaguade
conditions. These coatings i nPhsiebuidtoestg ntalsea nad h e
di atdansi dul)a amacehrdvae t gt epont amtt aplpui ecmatl om.

Substrate adhesi on

Application of zwitterionic hydrogel coati |
adhesion to substrates and the strong shrink
pol yelectrolyte effect) when trampsfentedséalor
solution (working condition) causing del amin:
content of the zwitterionic coatings i mproves
al so requires a strongtee taadhwrse wentboermhdrmcdde
and del ami nati on when [RIEmWEhge d 23 atayedva
bi component zwitterionic hyderpoogeylel ecatriongs eb
(swelling I n s e aNMad welrf) o fNr(areyt Ih)pot yN,eNk y et hyl
di met hyl ammoni um bethei mpeol YRSBMAB) |l aynd effect
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of polyacryThe acatdi §f PAAXhi bi ted good mecha
tests with sandy water) and weak swelling i
t he subswhriadteesmai nbachenggfyomdddaatpirioperti es

Regarding the practical applicability, no
Subsitndépendency of the fabrication prfocess
the previous studies, the coating processes
design -sndbspermadent zwitter[i2d®3y|rt to@xitz ed sa 2
dopamine d@DORA)t i oveat(ing containing both c.
si mpl-#t omegFRiogckeFes TZWOPA coating could be a
substratesubstgateTi ©&t ainl ess stealdepandenm
coating capabilityriama diiagtho m easd hsdZWnOe At Toh en
was controlled through deprotonation of <ca
persul fate (AP) or) )s,odwiwinmn palb@ EBAa t ee i( MNa@ | tOh e
efficient.

Il n summgmyperophilic coatings are wusuall
brushes and hydrogel s. Exemn m fstabi ti ¢l gse
di fferent substrates, and producibilitey hawv
are additional factors that wurgently need

applicabidi hydofophsuper antliiffoeu:l i ng coati ngs

i) So far, antifouling studies of zwiitsterio
bacteri a, and sever al mi croofgasi, 2B8 ¢ 8 U (
t hough t hey showed promising resul ts,
condiatnidonosn macr oor g ane nsanbsl ea nidn d uss tnreieadle da

(i) Zwi t tcerpgolnyymer s are wusuiahiltyi ptreegpaatadmbtyr
pol ymeri zaby ayearsslkempelry, which is rathe
on | argel 2823 F]aTlesss , new strategies in |
fabrication proa@aésesappwarcadsi anl aegée t o L
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>si< us
Fi ga@Bexamples of zwitterionic biofouling control coa
coatings based22mbPSE&tandt ®Jes and abbreviations of
as main building bl ocks. Smal | amounts @1a8 mol %)
photoreactive group tocecatadf 28tiICopylri ghtn@ 04D .t Reps |
permi ssion from American Chemical Society. c) Exam

Chemical fstthet sueé fobetaine-rmacomees cam@saiee)r phoe d
Hydrolysiataod ofdJdRMdACoiplysr i ght 2019. Reproduced with
Chemical Soci eZWOOHMA)2 3St|CaumEyruirghtof2019. Reproduced
American Chemical Society.

50



PART PuBLI CATI ONS

4 . Bmphiphilic coatings

Amphiphilic surfaces have attracted atte
conceived as one more promising stf2a4eg241p
Having both hydrophobicsanotd bBydfapkBsl| icanca
spectrum kifgeldi cacy (

a ) Hydrophobic
Amphiphilic
A A
5. *
Hydrophilic ”l”l”ll“”
b)
./l_-
( Base paolymer
- Hydrophobic moiety
Hydrophilic moiety
Blending Blending Surface grafting

+ cross-linking

Figure 14: Working principle and fabrication of amphiphilic coatings. a) Organisms that tend to settle on
hydrophobic or hydrophilic surfaces can be repelled as soon as the areas available for settlement get below
a critical size. b) Amphiphilic coatings consisediase polymer, hydrophobic and hydrophilic moieties. The
functional moieties can be blend or blend and crosslinked with or grafted to the base polymer.

As di s cSescsteidoni pdu.rledly hysdupehobi c c-basedgs
coatingwo)d doelliegnagse properties and all ow th
mi ni mi zing t he adhesi on strength bet ween
hydrophobic surfaces cannot prEg8.8hREort hex asmp
PDMBased coatings are unallde gtro wit dasiost mahe r
composed of bacteri a, di at oms, and a matr.i
[ 242 Moreover, it is wel!/ knolawuwi ataohéack oeeenr
strongly to hydrophobi-based)ti hban (eepeagidal
[ 40,.243]
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Li kewise, -puhgtdyopbiulpiec -bsausgddh caSeeact(ienogs. ., 4. REG
factke i ssue&d @afdhersgami sml ectivityy ao welelven$u
settl ement of the organisms at the initial st
readily release foulli8fOg | or gadii s mononde faehencte
di fferent adhesion strengths a@ampsgerf ddes uwi tchk
di aNomzchi aagbemesubnaly weakly to hydrophilic
macr ol glaionzlydrophilic surfagtdd] Mesr etoywe rc,al d o/
mari ne organi sms can even ditsoplmaxe weated rr farddre
to diver[s244&Jur faces

As I It ledsFtirgaulrde amphi philic coatings, havi nc
hydrophilic component s, therefore calhhe posses
amphiphilic polymers can provide a heterogeneouss@ale mosaic chemical surface, where
the coexistence of hydrophobic and hydrophilic domains can confuse organisms during
settlement and adhesi{#%5]. For example, it was shown tHaliva spores were no longer able
to distinguish between the fluorinated (hydrophobic) and PEGylated (hydrophilic) features on
a microsca patterned amphiphilic surface where the spores regarded it as pure PEG and hence
avoided settlement on the surfd246].

Il n general, the strategies for preparing a
amphiphil i c cboapsolcy meartse raisaltshe (i i) i ncorporati
surfazc¢e ve additives, and (iii) grafting the a
[ 2B 0] Thereby amphiphilic copolymers bearing
(e. g., fluorinate) moi eti esppcamches sggedt he saisz
chemi stry, free raditcranpfoéry meadiZeadRDID | wvmar ia:

4. 3P,DIMPased amphiphilic coatings

Numerous BkBawdi been conducted on the modific

copolymers to achieve I mperlewesde gretriffoounainrcg . ar
specific chemical composition, they differ in
PDMS.

Cpol ymer/ PDMS bl ends

For exampl e, amphiphilic copolymevacstcar be
additives by mix[indpirle Marsweiakdalcleie etopal ymers o
containing a polysiloxane side chaimod({$sie)d an
pentafluorostyremad(iERS) ctolpkoidgylpier a Ifareaseens (1 r f a
active copolymers were mixed into a PDMS mat
Under atmospheric conditions, the film csurfac
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chains in a random distribution. After I mm
occurred and the amount of the hydrophilic
This contributed to bet Uer larnedg assut paenrcied ra gfaoeun
properties of sporelings cofmplamed It snathida
worl,i va[] e¥&Jaihd t hat such surfaces can not
that dispersioncopolaynpdérn phihi eDMEoekhanced
di fferent barBa ca nepahsiBitericiateess ()i mgr.Qqvi sus

Crosslinked Dbl ends

However, embeadt inge acecmpdwarce within a pol
the drawback of additive | eaching out from
water, thus causing a | oss in effd i5erGnye of

approach to overcome this dr-awbbauek Cemponerc
pol ymer matri x.
For exampgpelld, [ #88ielpnar ed an a-mpbepdhiliiom PD

s egle | condensagioeacribesi bakoki hgr mi sated P
with hydrophilic polyoxyethylene triethoxy
perfluorooctyl t ri met haocxtyisviel aamge n(tPSFAS) heasd
amphiphil imadiyf iced |y beehanging the relative

formul ati on.

Li kewi se, [2@M#@Bsgjedetcradss!|l inking in order t
crosslinked di f foerhda datic ¢a rvoew nptrdp lyof fN oFcyodderd ey |
met haccrdyu tay le -aa@Zhyyldartoex yet hyl met hacryl at e)
(Fi g dmbe. The PNMBH was synthesized through
pol wiNyl pyrrolidone) (PVP) . As a r eBlDhuMSs | C
coatings decr e ahseesd otnh eo flaid @bnstt oabpfg gahdo ¢ docyc us .
97 %, and of diatoms by 97%. Their composit
mont hs in the marine field test.

Anot her appr odamlg e2d @i meeddpbged a coating
and pent aeryt-mertapt ap(t8pikiMBsat €3They crossl
terminated by reactive allyl groups with P
zwi tterionBPAtt eonf ewiordlea Bdcuavlor k. The composi
resi stance to proteindi a(tBéSis eadqrdda ct y b a)my me)i
attachment.

53



CHAPTEXUNCT!I ONPOLYMEMATERI ALSMPDRRMARI NBE OFOUL IENG

a) _ ' !
% F F AIBN, 65 °C F F
SSi E ; SSi-EFSy
|, F F Anisole | | % F )
0 O/\/O\/\/?I(O-lsl}"\/\ OV\O); M?I()?1S\I/\’ 070 ‘(“/\O);
b) C)_
S‘i Sli o=-N o= oo \\I/O‘Si'O\U/ —o0—_" S M P R
HO{\\O/%”\OH i) o oo * 59\o d
/o y
HO
R
PDMS PNMBH g MeTAcSi Pl o i 5
E g " o o o
2 2 , o OH  NH O
E ; CH3
a9 —o—_ s M M R
& r 2
OF
d) -
. H I
- iy A _OH
" 2 T NH I ”
. “ My lenz ;:H, A o s ~
H A A
B A A el UV-light Y TN
CH; CH; CH; W : ST/ I
o .. O Bl s e/
= g 22 &l g substrate
WAANNS HO=f—-C—0-CC0-L—g=Cih
e)
P(PEGMA) P(PDMSMA) PDMS-COOH
AT 1,0
H H I
n (/ﬁ’ (IJHJ Hac-écz)]—sli+o—sli+€cz};o—{nzc}:—o—g%Hzcéz—c—OH
0" 04"N09=CH, O 0+§1-09m\/\cm CHy  CH, :
CH,
f) [l
AN \/iéo/sllyo/s[\/ s Thortho b
g Q‘ gt
J O J O ¢t H
SBS BD-FT-LSR SBF ﬁtﬁ
b A i PR
1 ¢ f ‘éo/ toq\/‘},,\. 3 ( / . 740/5}:"0/7\/*
o H e . \
J 0 = 0% O
CFy CFy
o
—

SBFE

Figure 15 Examples of amphiphilic biofouling control coatings. a) Synthesis of the swatéve
copolymers SSEFSy[247]. Copyright 2016. Reproduced with permission from Elsevier. b) The formation
of the amphiphilic coatings using PNMBH crosslinked with PDMS matrix at room tempefadge
Copyright 2019. Reproduced with permission from Elsevier. c) Rb&$8d amphiphilic polymers grafted
with poly(ceacrylate) [250]. d) The preparation of biomimetic amphiphilRDMSbased crosslinked
antifouling coatings[254]. Copyright 2019. Reproduced with permission from Elsevier. €) Chemical
formulas of the grafted polymers: P(PEGMA), P(PDMSMA), PBBAEOH. Falsecolor SEM image ohe
SiO2P(PEGMA)/PDMSJanus particles layef255]. Copyright 2016. Reproduced with permission from
American Chemical Society. f) Synthesis of amphiphilic polymer{{&B®-FT-LSR)}r-PEG)[256].
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Su

r fgacaef t ed PDMS

Amphiphilic coatings can be synthesized b

PDMS surface as wel |l . [ E&@]be x ampbeaas e RKOUA 3N pahsihpa

po
Co
r e

gr

QO T O T o —~
o ® O O S5 O O =T

l ymers graf-aedylwattéd) ptoHansdsw gsht e aF | ppletrBemna  (
mpared to pure PDMS, the modified sudrfac:
| ease properties with a 92% reduction of
ekgha lainndzaa 55% increase in the number of

atings with i mproved adhesi on

I n general, the poor adhesion of PDMS <co
eir intrinsically | ow sur fvaecde beyn evragyi oiuss w
. 9., additive incorpofa9jbalenpndechfenmilcdalo
atings, W2 bd¢ veetl o peadd hae sised &8 POMS pol ymer

corporation of dopamine methacryliasmedet lf &
pol ymerization of DMA, -dmenrectahpytsa g roaxpaynle nfel
l'y (ethylene glycol) dicaosyl Ringd r@ep E GIDhAe

terogeneous nanoscale surfaces exhibited
sorptPiobhramdt acthmeant .

Coatingssdalre |lapmlei cati ons

Kirill p2 &>ptelalp.ed an amphi phi-ddal e oapgglnigc
by wusing amphiphilic Janus particles with
pol ymeric shells. The s hoellyl (setchoynl seinset gdfy cloy
met hacryl at e) (P(PEGMA)) and hydrophobic
terminated pol ydi nseMAny | sgrlaofxtaende ) a t( Pt( P Mo p p ¢
(Fi g urm®e. These coatings can be easily prepa
particle suspension and applied to surfaces
4. 3PE2Zhased amphiphilic coatings

Polyethyl  ePEG)gliysohydrophilic and can r
adsorption owing to the | ow iTmtewhachalmagaes
intramol ecul ar forces between the biomacror
unf avorabtiecafTe & mpadtpihvdi(ccos)updlacmer s, PEG
a hydrophobic component [ @mbiSt Imy | falrudroi PDtMEC
pol ymers have | ow surface free energy, w h
interactioadhwewstieshasbdoby fouling organis
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alPEG/ fl ubaseadt @achp hi pchan ibce pporloydmuecresd by di ffer
as mul til ayers of fluorinadrag PIEIGyK ian g d ofpolm
containing PEG and fluorinated macromonomer s,
fluoropol ynraesrsse mbdndrgs médf efd/ PEGy|l ated copol yme
el astomefRd877TBAB8 Hawever, since most of the ar
based amphiphilic coatings have been conduct
mi croorgani sms, field experiments are needed
mar enei rtqmren 247, 26 4]

For exampl e, [ 2B&seynttlhye silziedetanalamphi philic |
pol yspygplh gtnegpioeryst yrene (SBS), -FiILnSyR) ,f launodr i PdEeG
(Figabhbe Thewazoapipgeses ® good amtgiafionwslti nag gpareo f

easgl ean propmeamthemanifnteramti fouling testing.
4. 3Pe3pti de and peptoid modified amphiphilic cc

As discussed above, amphiphilic coatings ca
and hydrophobic moieties into a base pol ymer,
related to the [s2uerSflHocwe vveormpopbDéc imde tche amou
di stribution of the hydrophilic and hydropho

chal l e2g6ngo6 7]

Pepthiadseed amphiphilic coatings

I n this peirdepecgaiveed pepdr mous attention a:

amphiphilic component s due to their tuneabl
i mmanent antifouling properties aga2@8Fobi omo
example, by controlling the exact order of th
therefore the | ocation of the hydrophilic an:

bacheo peptides can be exploited to finely an
of the surface, thereby [odP45mi zed the antifou

I n order to investigate how the polarity ra
t he anti fouCalnagb rpe LegsOg|mttilaedss,i zed di fferent ol i
which were then at-blaeptoddy (tda niehteh yplydl iylsd Xdyay leen iel o0 >
(PSP ( DMWIMS) ) di bl ock c opemley nedri ctkh rcchuegrhi stthriyal |t
that the orderdofi hbhanamiingopepti de affects t
significantly affect the resistance to protei

to increase the size of the side gofoupse wméemoi
acids on the anrtelfeoausl @ nsgu rafnadc & opurlapnegr t i es .
Al t hough-mope dtiiedde coatings show promising
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amphiphilicity, peptides remai89|Bepamgsiavesta
anal og of pepti deusc,edpevptao iad ss-schaand eboemn gpnrtobde Is i
all ows for higher yields and si np26e9 R evpctoaipd
(Fi gua®e ar e c o nspuwbssetdi toufttes, riempevwmhi wmit he si d
the nitrogen atom of t he Urcepthiothe absa ¢ knb a rhee,
amino[ddbyTheubdti tuted glycine backbone i
degradati on, making peptoids [nRorOe] sui tabl e

Peptboaisdked amphiphilic coatings

Mor e studi es have been conduct ednodadn ft ra

amphiphilic coatings to understand the rela
the backbone structure and monomer seguence
In order to investigate how the sequence

peptoids affects the surf aZcoeel £inf Ge@Rriarfeal and
di fferent pol ypeptoid sequences cont(ad ni ng
met hoxglydiyhdni Nme)nd a -(htyaedptogpfthloborcobNut yl ) gl
(Figube Then the peptoids webrpeol ayt(tead chhhydak nteo ¢
allyl gl yc-bR(yBEQeGHE)e)r )sc(aPfSEakdc Vi aiti ghuedipri st r
It was shown that the sequence of the moi et
pol ypeptoid chain affected the surfacieng hen

and fwoeléeage performance. However, It rema
antifouling performance iIs due to the diff
structure, or a (EiognbBemati on of the two

Al t hough-depgqundproée surface structures of r
their molecular structures under agabdoml gc

been studied. By applying sum frequency ger
all26Mlvestigated the surface structure and
coatings with different seqguences in air-r

coverage of t(Hwee thhyodxryoepthhiylli)cgI Ny ci was ( AmeEgcuae
both the number and pOolsept aml wdr othet Wiydglpad
peptoid chain and was negatively correlate

el ement. 1t was shown tphsaton hteh @ rswrefnaccee odn
pol ymers to order and strongly bond with
antifouling properties, while the surface r

fouling re(FeagditBebehavi or

By maki ngdefeigruechcel i gomer s i[®eé 4ghead tnisg a tPea
effects of the backbone chemistry on the m
PDMSand -P&®ed Dbl ock copol ymer coatings wer
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sur fazc¢e ves,seqaeodoerol |l ed ol i gomerpeptide and
(Figapé 1t was shown that the | ack of a hydrog
|l ead to a decrease in the adhebBigagsetrength o
A similar concBasirghzwhkndamphi pkilic peptoi
which contained functional groupendimgl peptiod

backbone. Thishyepboedi agdpapnond anal og wer e
chains into-ePPMS$ FreiditgioB)®!l It was shown that t
peptoid | acking hydrogen bond donors possesse
ad. laindzai ndamt apondgeg(Famgalhegs

Il n summamyphi philic coatings wer e fdoeusliignnged t
release properties of purely hydrophilic and
expected to not only prevent the microfouling
al so decrease the macrofosulemgt h.e. By, ubiamaegae
pol ymers, the surface activity of the coating:
the good resistance to and easy release of tF
under real condihtei omesghaams cwekl Ist abi kietryn and
effectiveness of amphiphilic coatings still

Additional l vy, for peptide and peptoid modi f i e
consider atdi dm whheen massed ne fi el d.
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Fi gubEexampl es -aonfd ppetppgsedibkdamphi philic biofouling cc¢

peptoid[ 87 Lot Peetoi d monomers used in PBg E®ntic
CAGE) wi-ttéhr mihrnaotled pepeme dsl itdk oulgdmitht my. d) Den
peptoid surfaces with different surface chemical
[27C€ppyright 2014. Reproduced with permission f|
bet ween the antifouling/fouling release data an
vi bralti sepectrg@edmhyxpét Nyl )glycine ( Nme) [ 2a6n7d] wa
Copyright 2015. Reproduced with permi agkbdmwmnfesom P
b-P( EO/ ABE) an@P (DIWMSHP S . Ol i gomer structures: pept
alternating and bl ocky seqgquences. g) Percent remo
kPa waft264]Cepyright 2017. Reproduced with per mi s
I ncorporati-oondif nghyodrrebggeemdi ng pendant grpepsoidtas
chains omase d®Daksr if e ebl ock copolymer. i) Percent
di fferent274(JQofpaycreisght 2019. Reproduced with per mi
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5. 5et énewabl e coatings

Traditi erneanlelwa blseeldoatings are antifouling
biocide release triggered by the gradual degr
host matri x.r elhteevwat erhmreblyf i s orfeltah e dantoi ftohue
performance over time and iifrediocfatswsc ht heo aetnihna
advanced wunder st arnedn envga lo,f whhiec ht errent esnetlIfy e mer
more biofriendly solutfounbingepedasentitentébel ab
of f mechanism offered by the degradati-on proc
rel ease mechanism originatingSdatoigp.myd.rlophobi

Generally, witht#rrnentelwea bd st ecgooartyi nogfs , s @ lhfr ee di
di stinguished according to the degradati on me
pol ymer chain structur e:

i) Sepbl i shingydoatymgsat the surfacea when i
the hydrolyzation of their side chains. T
chains containing carboxyl ate moieties. S
gradually erode and get detacled tl@deyer by

(i) Degradabl gradaanl hgsdegrade in sea water w
forces siwWecsastbemblsel ¥ia hydrolyzation a
backbone chains. Recently devel oped degr

pol yur &t games (
(i The combinpoiobshiohgsaenhd dEggadebl e propert
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d ) .
Hydrolyzation
] L]
ﬁ
o ¥
Seawater
L &
®
@ Copper, zing, silicon or oligomer groups with its carboxylate === C-C backbone

Degradation &

\/\/ ]:Eg[::':l;;;]tr;on / -\ -
—_—

Scawater s \-/ y

== Ester unit === (C-C backbone

c)

Deeradation &
i D S e
o > 9
Seawater \L. '\‘ ¢ \:)/

@ Silyl ester segment == Ester unit w== C-C backhone

Figuavlehe differegrtnetwaphed * acfpaddlisfps ngarodelihnhgs, b)
nd c) the combination of bothclwaitm Itbywarkddloynzatcih@an

a

5.3epblishing coati rdsa:i nr ecl eevaavlagwei a s
Sepbdbli shing coatings originally came wup
orgabatsien cSoeactti)nogesi a4(ce t hey all ow for a con
rel ease heratdbyamtd ®nhanclemi tpiraoldluyc,t alti fteh @ me
application of organotin antifouling coatin
the coating matrix instead of bondedrekbke&mi
from the matrix without Kkeeping a constant
l'ifetime off2dh]lencomrntdengso achieve a const a
compounds, numerous studies on the I|linkage
been con2d7u3c,t2eRd$ earch mainly focused on the
compounds and acrylate compounds foll owing
surfateiy contact with seawater, organotin
Subsequently, the outer | ayer of coatings w
seawater when subj edcutreidn g¢ omaoav estheerasr| I Yo redcees H ef
Thus, a fresh acrylate surface was exposed
compounds were slowly released from the pol
coating surface was s moodlhe dprdaiece stso fisnetlss dree
pol isahndhgcoatings exhibiting a similar rel.

polishing coatings accordingly.
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Even i fpotlhies hsenlgfasegamnttiifn oul i ng coatings h
effectod et oneithhi bit mari ng 3,61orfgandadtnign sd mmpeo un
confirmed to be highly toxic [t27 53a2nddb fiteher ang
|l nternati onal Mariti me Organization [(2™X) gl ol
Nevertheless, t-phel cohiregpomaedhagi sel oul d be i
orgadfiotien coatt g £ ep Bleieglei ng anti fouling coat
coprem,c, and silicon groups i ncor pooorlatsehd nignt
effect is achieved by the hydrolysis reaction
present i n sc¢€,aw@ltaenrdF isyHt Bel. mas géaner al-p o lmosdheirmg s €
antifouling coati-magsedcdameéic@®ht@aem ¢ ) ( meit al der |
antifouling agents.

Comput ateipoealent atpiodn sdhfi ntgh e roelefs s

Kwon ¢tlleax|pnleadi t he decomposi t-p @olni smheicrhga npg lmsm
(tributyltin (TBT), zinc methacryl ate (ZMA),
acrylate (TIPSA)) by densit ¥ifguamde.t i dAxn aill Ithsetorr:
i Fi guBe t he decomposiptoiloins hprnogc epsosl yonferse Ilwas d

steps being characterized by an initial, tran:t
Ndpr eafbdry was adsor bed atpotlhies hoixnygg epno Isyinteerss .o fMe
and vwedr e oriented to the pendant groups (i . e.
transition stage, decompositiondofssbbeamebdecau
from NaCcCl and NaOH between the O and the othe
the whole system entered the final stage i n w
Ndcations were strongly csontpleeiteidv dloy ealcanr goe ch
groups (i .e., Sn, Zn, Cu, or Si atamd;,)OEt c.)
Zmbased antifouling monomers

Recentl vy, the resear ch -poon i ménti anlgl inoo namteir fso uf |
monomers related to zinc. However, the common

to their high glass transition ttehmpreelay ucayse
adverse effects on [t2h7e7 cR708 ladi antiyf @auwmidi 3¢ apa il
res«archers were developing derivatives with im

For ex@mepn ep R 7dédlse g nbiamed acryl ate copol yme
i mproved stability by wusing bifuncpobnahimagnec
monomer s and met hyl met haaereyt lhaotxey,et Rylhylacmayl
comonomers. The a&riozimy o¢Eetsitcalanmi rods-copy i m
polishing prhzeesd @it itheulZiniPg paints under ar
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viscosities of ZnPs remained at approxi mat
preparedcrsopaldynmi gh KstmoreayeBllsoawéveéi t ybased
polishing monomer on pr opa(nalaltyyl. oXxTyh)epr accpogpmd
with met hyl -hmedrhoaxcyreytl haytle ,me2t hacr y | aptoel,i sahn dn ¢
ef foefctt hese copolymers was confirmed by thi

No-metallic antifouling monomers

Convent i-poonlails hsienlgf coati ngs ar-teagedecapadlyy
with heavy met alCuseultst)it utf ecsomigZomurngdasn ameet aloll
released into the -pscelaiwsaitierrg dpurra cnegs st, h et hseel
compounds wi | | al so be har mful to marine or
to desitganl Inpanlmeesehf ng monomer s.

For ex aNamlige ,e[t2 7®Ynt hesi zed quamaedinfairgd a3n
nanopartiScdOean@dQiEmeidptod igs bsieplgfer wi t h a tri
met hacryl afegdfllde Cdmpar d t o 2t h@AiS®Onxninoi doiiftieec
better compat tphoilliisthyy nwgi tpho Ityhmeerselafnd t he ¢ o
days of i mmersion in artificial-pegliassateg.p M
and the oneg2 i ndlowdki nwgi t3In tOd IQAEHSE® showed hagheo u
sterilizing rates (9187.4%) in the bacterikilling assay due to the excellent bactericidal
activity of QASSIO». In the bacteria adhesion test, compared to the blank glass slide, the self
polishing polymers with QASIO; reduced the fraction of bacterial density by 91.0%. This
indicated that the sepjolishing polymers with QASIO, exhibited antibacterial property

through a synergistic effect efe-l é n e wa | abil ity aFnidg GaBipet i f oul i
N e x tSiOtnanoparticle®rganic boron polymers also possess antifouling properties, and
nonmetallic acrylate boron ppoéolyimehisng ABiPsp e

been synthesized|[ 28&8yntehxamplea, sluic he tABa&PIs. by
of acrylate aci dt pioplyeneylsbamaneyPTPB)Y r esu
acrylate backipbeeaybntdhopasnedismele chains. Th
these polymers emerged from t he ghryodurposl.y slits
shown that thNirtezswalsi al icaldabsniceadituanc hment wher
bl ank glass slide. Furthermore, comparing d
that the antifouling pemnmd oP MRAB ceo dteente adlees
hydrol ysis rate. Only negligible fouling or
for 12 mont hs-shewhil ergamesmardrew on the bl

Al t hough the above acryl atai bodemr pel yvrhe
property, the polymers exhibited poor perfo
I n order to i mprove t he&adinttihfeosulziendg apnroa pheerrt
bor on pwiltylmeamphi philic properties by introc
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The amphiphilic ABFPs exhibited a better antif
fiemagrismon compared to the pure ABPs. -This wa
polishing and amphi$ehctliipcn rZehp8ul i opmo seefd emo d el
antifouling pKFiogkBes i s shown in
The derivatives of natur al antifouling monome
Former antifouling coatings used to possess
of t hpeol 9 eslhfi ng ef fect anhdvitthe oft rbhg bobDotadaes
compounds. I n compari son, ftrheeepeshetlsfhoobi pgl p ;e
not as effective. To i mprove t hdamvisriotnunaetnitoan,l

friendly biop282yv283ubstances

For examptl e84 madnuciendd ol esepdli vahi ng ¢topoly
to enhance their &ntgidffBeuloll md i e rafno ramaonncaet i (c ,
amine that can be found in various natur al m
acrylate coatings supplemented by the indol e
prepared by the f roefe( B2pdcieanapld-3p beimegmédyil 2 attconyl a
but yl acryl at e, et hyl acryl at e, acpagli shiarcg d,

coatings were evaluated in terms of the polis
introduanidrod et dee r ipwd tiisvhe ,n gt hper ospeelrft y was stil |
more indolientdreodwadd viea t he acrylate resins,
were in the resins. As the car bhoex ypdealties hmoniget i
processpoltihehisred frate of the acryl ate resins
with increase of the amount of indole derivat
the acrylate coatingatdoret &ixmii bg tteldemainrzded It e rd «
than the unmodi fied ones

Tr i buftryd @pioglieilsfthi ng coatings have been invest
organotin application. Although theselantifou
due to the controllabime goawbhckg: rate, there

) After exposure to seawater, the outer | ay
order to expose a fresh surface, this hydr
by somerscséeée. §o, during the movement of
coating can |l ose their effective antifoul.

(i) To ensur e good antifouling perfor mance,
i ncorporat e@dliirtha ntghe okadlifngs. These si de
Zn and Cu el ement s, are released into the
these el ements in the marine environment.

an accumul atdtoincsofdudl etgao patilad | pomai n chain
may probably | ead topaolhieshpirodpi boatiomgofi 5
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Figure 18 Mechanism and examples of gailishing coatings. a) Typical reaction route of gaifishing
polymers with seawater. b) DFT calculations of the molecular model and simplified backbone chain of: (i)
TBT, (i) ZMA, (iii) CMA, and (iv) TIPSA, and c) thermsponding stages of their decomposition
mechanisms in seawatdrl 7]. Copyright 2020. Reproduced with permission from Elsed)dPreparation

of selfpolishing coating containing QASIO2 and its antifouling mechanism in seawafgr9] Copyright

2020. Reproduced with permission from Elsevier. €) Antifouling process of acrylate boron fluorinated
polymers (ABFPgR81]. Copyright 2019. Reproduced with permission from American Chemical Society. f)
The antifouling mechanism of the acrylate coatings suspending the indole derivative from the side chain
[284]. Copyright 2019. Reproduced with permission from Elsevier.
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5..2egradable coatings: renewal via back

Sepobli shing cbpotythesscwihebrxhiabiti faul ong pe
to 5 [WBelag.r2srHioowever, degr adabihleiptoyohehi n@ye psblym
mai nchai thydtrlnéd ysost pol ymers can al so persist
periods. In a nutshell, these coatings relec¢
ecosyg9qt2eB8mds, 286 ]t he | aws and regul ations on enyv
and more spplnganipohti sdi agl pol ymers may be r €
This is why, in recent years, there has been ¢
to pellifshing polymers, the backbone chgin of
the enzymatic action of micro¢r@&dins mdd( &.i g.n,,
pol ymer main chains can al f@8B@f hc¢lse avatglde by ec h-
dual effect of hydrolysis and biodegradati on,
or | ow mol ecul ar28we]ing hstu mmarsyt,anccoeast i ngs based
of fer two basicpaldivamitmggeso atviemgsel f

) The decomposiatrieomfprloodw cmcl ecul ar wei ght é

accumul ation of microplastics in the seawa
i)The detachment of the out most | ayer takes
decomposition, thus, rgunawalhnt eds$ eatc sevémc e
conditions. Thi s effect al one <can reduce
Additionall vy, a-poliins htihneg ccacsaet i nfgss eldfegr ada
applied as antiafocowhamol d¢t¢ablieebs owi dle r el ea
Recently, onhdegeadabth coatingassédcucspelsy mar
Pol yurethane (PU) has been a versatile pol ymei

adhesi ves, el ast omdr2s9,0 |Beetcca u)s es itnhceei rt hdee glr 9a5dCast
f ulsf itlhle requirements of ma +iarse de mpwii md rsmearrtea l g
applied in the marine sect rR29aH ndgemaedaldl, e Pd
synthesized by using diisocyan&2tedgr,o dicdli £,vech

desired properties, di fifze elPRtys dwiol Is diammf dree nts
functionschalme dlioongg used in the production
categori es: pol yether diol s, pol ycarbonate di
[ 203 According to the di fferent di ol s, pol yu
pol yurethane consisting of pol yet her di ol s ¢
pol ycarbonate diol s, polycaprolactohgetdhe®id s,
pol yurethane, polyester polyurethane i s more
the envieeAdamemMHe]f e, the hydrolysis of t he est
degradation plays a joint role in the degradsea
coatings focus on Fpgldyeisd rlra ypso | tylue ed theamiec a | S
degradabl e polymers that are reviewed in the
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Pol yurethanes based on polycarbonate diol s

For exampl e|] 2 Qbreenp agtedala. t her mopl astic pol
pol yuret heérneg uCHRGWIAMe i nsdaepweondensation pol
Ti et hyl hexanoate wasl, Meedneadi oclatad yat caadn
poly(propylene carbonate) (PPC) segments ther
t hat PPCUs ciann tbhee dpergerBaednacdt osopgh.n & mpda stehat t he d
rate increases with the decrease of the mol ec
indicated fewer organisms (e.g., barnacles) c
the panels with no copol ymer.

Pol yurethanes based on polycaprolactone diol s

Polycaprolactone (PCL) can degrade in the e
years depending on the molecular weight, the
condi[t2i90/n 2 B8 ] tc9%grmmhi ned degradable PCL with t|
of b ut efrecelyi diersc ca qptoy Rf(ldmlars (a butenoli de) frao
bactStrrieapt opny.c e 5 ntlooa par op @alcy One) eb asCH) .poTllhyeur et
PCPUS{ruciargad®Pewas synthesized by polyadditi

t hereby used1abdutcaantedliywdhtai anckextender. The enz
experiment showed that -RUhegrdaedualdlay i iomc raensiend
after i ntr odRice ndo stphnea Mei apnavshei | e, the hydrol yi
showed that thhBtweitghlttof de€Ckbease in artifici
after i mmersion for 3 days .l oAsdsdiwa sonpadrltyi, c ulheael
during i mmersion in natural seawater. The di
natlursaseawater may be caused by the presence o
natur al mari ne environment since they can ind

pol ymer .-POhpolP¥her with butanolidg éxhi mivieed 3
mont hs.
I n contrast ,[ 30Xaejmayreseed ahybrid anti foul i nc

degradabl e, bi oci dal mpoannednt s u p elrhheyrderboyp htolbe ¥  fc
investigation of l i near triblock copol ymers
antifouling paints. Their-ogeomitn@gpolwemer iszyantti
di butyltin dilRlhartatieblacc &t cepiaknyed@PsiTOGcl uded
polbydédprol actone) external bl ocks and a pol ydi

t yppds copol ymers with different ratios of PCL
50, PCL 66, and PCLPMDBJLMGIRa5r, -3r&3 ,i oal®f5 AT L

respectivel y). PCL 50 had the | owesdi ccartyesdt al |
that the crystallinity decreases with an incr
and PCL 90s were formulated with a binder (PC
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and additives. As SEM images$heepaaheéedpPCLAan0
during drying. This was assigned to the hic¢
The quantitative hydration study showed t h.
was more than that hoef npaaxiinmu nP Cde gpréasd at2i3c4) .r
and 66s was reached after 250 and 300 days,
hi gher hydration rate of the paint PCL 50s
the PCL 50t.heGemeirmtl lwi,th a sl ower hydrati ol
maxi mum degradation of the binder. In the f
paint surfaces while the control group was

Pol yurethanes based on polyester diols

Chen [8I0plrlepared pbBtyucethmhagnde with three
degradabl e polyester segments:-bgpypl ghet lagl
(PBA), oheyamg({hylbene adipate) (PHA)). They
cat al y sk utaanrde dli, o4l a s Apat framhtlzeiretativelyxrapiel welgbtross at
the initial stage (due to the release of low molar mass components), the degradation of modified
polyurethanes was achieved at a constant rate after 7day®.0hec ont ai ni ng PEA
degradatnonheaP® ¢tbataining PBA or PHA, sin

't is well known that the degyrsadadtliionn trya toe
mol ecul es can penetrate more easilyrabheooébr
the polymer increases with the decrease of
with a higher proportion of the PEA soft se
showed the best antifouling performance.

5.Bombinasepdl iofdhing and degradati on

Al t hough the anti fpooulliisnhgi ngr ocpoearttiyn gsf i se
conditions, thehmeohaywydsm| gzaBi g@&i7shsowsst itlhe
di fferent me c Rpaonliissmsi n@gf c@iaX i a gk f{ (i) degr
combinati ocnhaMin hdempriand aai onhgddobkydati on.

I n or deervet ot heechanti fouling performance of
degradati ecrhaand hgddel yza[t30@y,nt EBesuzed al c
(StructaBrgapef rnoent Ryll, eBhexepane ( MDAt hdarn yplua
(TBSM), and met hyl me folpean nwigatcoe pOWVMMA)e rb v ad |
TBSM moieties endowed the polymer with a
groups, respectively. Wi th the i %cyetalse® mas
of corresponding copolymers increased in th
to the scission of the ester | inkages, whi
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seawater. However, tthhee oNdIp® sciotnet ehmatp poefn etdh ew hceonp
than 23 wt% (from 38 wt% to 47 wt %) . This di
hydrolyzati on got di fficuldt when the amount
Accordingly, t he maesmsddd sasn otf h ec ogpaormbyimea tsi adne po

their backbone and the hydrolysis of tributyl
could be regulated by the molar ratio of the
groups.

Ma etf3@dvestigated the influence of the sid
on t kpeolsieslhfi ng and degrBd@aseidocoptopgrtiTsyopre
pol yuretiBamasct@RrYLPewi th the degradable polye
caprol(@RrRQGL)nel)poty@de) (PLA) or poly(ethyl ene ac
and hydrolyzable poly(trii sopbuylpnydilasraté wat acr yl
used as catalyst and 1, Foboaptainmdhe® ptelad oad dn@amas k&
the PUs with the same main chains (PCL segment
as -3 6;S1R0O0, -S2n6d0 OPU sequentially increasing
with the same side chainchangth wieut-Pdieff fi evrean t
PUPEA,-PPA. The ester group dersiPtEYA iFro®PlLdehseed i
PUs with t he PlWS8%6, PES1A00, ardP®26005 ( he degradati on
i mproved when the side chain | ength increased
PUs with | onger side chains could have |l ed to
the same side chasnrhéeegtdlecreheseldydcdBUAne f ol |
t o -;PBRJA andPQlo. Plthe hydrolysis rate of polyeste
group demsiPtEyYA (KPCPAA expect ed, the PU with th
showed betbhgrpaopefowul (the fouling eSmR6t00e sur f
PUS1400, -Sa3mdk :FPLRAU-PBEH, aPdL)PU These results con
hydrolysis rate contributed to the antifoulin
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Aparoemft he mol ecul ar wei gHt3,04drhyes tdaelglriandiatt
of copolaylmseor si nmafrleuenced by other factors su
of the ext er[n30l5 ]konwe weorn,metntese exter nal fac
seawater and they are assumed to have | ess
the promising antifouling propertec@wsi roefmedse
remain unfulfilled so far, which research s

M Environmental |l y fr iDeengdrlayd af balber ipcoaltyi noenr sr ocu

through condempeati hngn pot ymengzati®endesat
met al carboxyl ates, or ionic initiators.
based catalysts are toxic and i1t is diff
during the pur3o0f6i,c3adt7ilon process

() Tab2shows the common adjuvants for pol vy

toxi c808Fsal cium amasendganatsaluynst s and [ ip
the #aeomveé oned traditional cafabysts due

(iMat ching degradat iTohne arnedl afto uolnisnhg pr abteetswe

rate and foul i ng naedehdess i fonnr trhaetre ignevneesrtail gl:
should be put into the <car afnult hmma tfdihibtnhge
coatings degrade too sl owly, marine fou
| ohgrm efficiency and durability of the
Tabz2Z@o mmon adjuvants fios @mrd ytuheithamel styint detsoxi c

Name CAS Toxicity Ecotoxicity (LCso) Biodegradability
. . Pseudokirchneriella subcapitata Not readily
1,3-Butanediol 107880 / (1.07 mg/L, 72 h) biodegradable
. Oryzia latipes Daphnia magna Readily
1,4-Butanediol 110634 / (>100 mg/L, 96 h) (>1g/L,48h)  biodegradable
. - . Not readily
Dibutyltin dilaurate 77587 0. latipes(>0.5 g/L, 48 h) biodegradable
Tin 2 ethyl 301-10-0 fé} Oncorhynchus mykig816 mg/L, 96 h) Not available
(dimeth |a-r|;’:iirslc-) ropy)-S 15875135 /8\ Invertebrate Readily
Y propy < (10<- <100 mg/L, 4h) biodegradable

hexahydrotriazine
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6.Coatings containing antifouling a

Commer ci al bi of ouling control coatings con
bi ocidal compounds whi ch arbei osfuopuploisnegd |Iohrogtakneilslr
19"and e&lcleywt @i es, heavy metals (eusged asoppe

anti f oul[i3m®P langteinlt st he 1960s, tributyltin (TBT)
[ 310, 3DEelspi te being effectivedati nacphrneevnetnt i nlig
antifouling agents wetarfdgeundr ganibemdfraamd utl ot
i mpact on the [mMa8r,i3nld2hflecekcygséeéemresearch and d
finding alternathaée¢ meeitf ohlei nggqagereiment s f or
copnMl ying with stri¢tdilB8yiThenmbyt alantufesling
classified into (i) rnamulriaMi mg emnrtgsa nihsams aanred i (
t hat amaedemadry chemical synt hesi s. I n the deve
EGwal ue and thelLGilEedopaent aoatrbhodobubing agent ar
rate its antifouli ng aScetcitvijotny 3anbd t oxi ci ty, r

6. 1. Natural agents

I n recent years, the research focus has bee
properties udl camerstiadea agdaroenf of both the antifo
aspects. Therefore, in an attempt to find envi
agent s, researchers have isolated bnhataotabve s
organisms such as terresRirg @affjelflllla3n t3sl 3a,h3ulednjar i
chemical structure of the 21 active substance

af€ompoui2dt deri ved from naturalFigl2deli $ms hies ec
substances bel ong t o p oalkaloids,cdrganic aaids, haptanesn d s i
terpenes, amides, etc. These compounds exhibit large structural divergjitygfmom simple

monomeric molecules to more complex molecular scaffolds.
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Sources of
natural antifouling agents

Figaoleypical examples of organisms from which nat
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18: R=(_I 21: R=C¢H;
14 H H 22: R=CGH4OH
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Figadlehe mol ecule structure of natural antifouling
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| sol ates from terrestrial plants

Extensive research has been done on natu
such as chCdmptpetplpecr ademi niah € Noe raicukm woal | enaunt
and Jt3h35Er S|

For exampl[e3,i%]ouatteéd fowmwmldidefsefantsteandda
pl &nt ol hrder | s oldatr @sCiomsgrocA)n(d d7i gi Comp gemd n
8) , ol €ampmoium,d(a@Ond oC€ompsuded HOE correspond
strudtlaes defFiigt2elehese compounds displ ayec
properties agai nstsovhadruneasc | e4 .s6e0t,t | 3e2menXx, (1ESC.

resptivel y). I n additionr,arfglee Awv@dsmaldinman a
reveal ed moder at esovtad ulesw UdFx285L t y>1@D@EL 28.
respecti vaNl.Ly ol eBenadde@dsees pread in many subtr oy
world and is easily collectbdd, otbawdapotaht

advant agessc afloer alpaprlgecat i ons.

| sol ates from marine organi sms

Mar i ne or garmimprhd claitwed ioceaanc environment ¢
mechani sms in order to adapt to such harsh
significant source for the isolation of na
theiacessurfree from biofouling Db[y32dean aimr atli
antianhosg!|l derived from these secondary metabo
[ 321 At t he same ti me, as being already part

are expected to be Il ess har mful to the en:
occurring naturally. For the above reasons,
are regarded as promi si ndaobasehdo wdsataens of voerr vain
natural isolates which wil!l be reviewed her

For e xNammltne[,812.2s]o laatpeyd r ol o bi cCaanpiowei ds ullds
Fi gw®rle fromasepoaoaigat ellal mabatcarl il as s kA BOGIh)i .mehi
substance displayed a significant effect a
concentration ( MI C) Maarg anionbsatc t ¢ C® R GTaCGcal g immial
Pseudoalteromo€COKRACO A v iwag/l mihr5a Addi t yonal by
substance inhibiArphsSpPadm dbliesihendat@dtagtgbhcen
ThesfEB@ ati o of 3.0 (within the accepted tar

of this substance via the mussel bi oassay.
I n theBhawoeXk2i3lol ated six di f2foereent aidnihmy
al kal oi ds -Heomwentba spar aslpi. o pvhiisch was col | ec

China Sesav.alTuhees E&G t ai ned wi th t@Gempobmd db2 ui
13 Fi gwkrlegai nst Bbarampdhdé es it egmo(lVY7L. 5and 28
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respextimeliyed higher antifouling activity wh
commer ci alSeaanttii#ldu Brdnit/ L) . ACampowmaldzyd
a higher theepBG@uUiILROOrando20bC SesipRecthk vel y)
(Ls@ EE@ 20n) .s urmanpyy,umhd®W2re the mostopromiast ng
|l arval settlement candidates among the six di
The work of[ ZZidrgsetd ah. s ub eCogmproguincdn alcdi d  (
Fig@ilenaturall yoroSleh@r gogg)i aasd ceaddstai onally
26 SA derivatives of this acid. The inhibitor

ofB. ampwa s rmaienly attributed to the presence
f unc tgiroonuals . Further more, the i ntroduction of
antifouling properties, while introducing a r

potency.

Wang &nd a€hemlvest isguaitteadb itlhicey i ofatiivesl € or an
appl i d8itB3307Mn]sWert g[a3l2i5sjol ated eight natur al pr oo
diH-iln Bgll ) met hane COmMuniziamk 8 y@fef rom t he bact e
Pseudovi brioSd@®#hiand fewalnsated their antifoul
settl ement Bfa mpthearbda t elae |IBaurgyud z20 afnk r idti-8-mal o |
yl met hanes (DI Ms) showed moderate to strong I
oB. amphBs@ al tesl. &® .|)CIo mpou mcld@5 gailienhi bited
the settl ement of Bl anenwmiettiionBaOmu d¢ freofb eobkblagnnd 1
respeclthiev eslt-gg autcitwirtey r el ati onship of DI Ms sugg
group enhanced the antifouling activity of DII
antifouling performance to -NheddEmmedled atl e satn t
for 5 mont hs.

Wangt [a&3l2i6sjol at e@o mmadwridF iZBRrle a3df dr myl i ndol e
(CompounidFi2gdkrie from a marine bacterium associ
Hal i plsgnelTlhaese t wo ¢ o mphoruenadds pirnohd ubcittieodn boyfs stah
Per na sviigniidfiisc asstd lyy e sveg fAmE4AE ¢5 i nayd Imd -d mad SO0 .
formylindol e. Additional l vy, the two substanc
bar nBall @nus a( BGvcad suteast ucsf 89 /8ML ,a nrde s(p.edc3 i vel y)
mari ne WPasctudrosnmm=ais&ICues of 4eg/ @, aneésPpecédvel

Later on,[ 3AHmI| atted | i rCdolpe ualdik RilSgp @ Hesf r o m
a gordeni ae de uruonsgpuusin (and eval ugataecd itvhi etiire sa mtgiaf
| ar val settl enBentanpf@otnpe® ¢ mwar2idi&cHiebi ted t he ba
|l arval settdamaes witechbBC, andspécbively, whi cl
the standard requCommeunnddshd2d0 | mgu/ mbnt oxi c
to barnacl esol adgOf e sow&EIKCh e fCOMTp otuhmad) a2 st coagul a
eggs (48 h) and embryo degadtnlL, ( "2sipeciwwevel YO0
Compound s»6 ayedytefateogeniai zebrafish embryon
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| ess

sSui
Compogagmhadadexhibited

tabl e

for
no

t he

application
teratogenicity

as

an
effect

In summary, even though most ahe reported studies were conducted under laboratory
conditions, natural antifoulants demonstrate a possibility of developing effective and, at the

same time,

notioxic compounds for antifouling applications.

Moreover,

enhanced

investigations into the meahisms and structwactivity relationship of natural antifoulants
will provide further insights for the targeted development of synthetic antifouling agents and
novel antifouling approaches.

TabBeOvervi
character.i

ew of

stic

v al

recent |
ues .

y

investigated

natur al

Active substance

Natural source

Target species

Characteristic values

EGCso=4.60 ~23.88 ng/mL

Odoroside PlantN. oleander BarnacleA. salinaL. [319]
LCs0=17.23 ~>10&¢ g / mL
Spongeassociated .
) Bacteria —
LCsd/ECs0= 3.0
Pyrrolo H kgfocéﬁ?niensis (M. salsuginisCORCCO6, Mlcsi/ 1C2;5508 g/ mL [322]
SNSABO1) P. flavipulchraCORACO03)

Dihydroquinolin - i EGso= 17.5pmol/L, 28nmol/L

2-one-containing Coratderived fungus BarnacleB. amphitrite ° P ' [323]

alkaloid

Scopulariopsisp.

LCso/ECso= 1200, 205

Subergorgic acid

Coral S.suberosa

BarnacleB. amphitrite

ECs0>25¢ g / mlsq>25 @ / n [324]

ECs0=1.86~185¢ mo | / 1

Di(1H-indol-3- Bacterium BarnacleB. amphitrit 125~2. 54 emol
yhmethane  P.denitrificansUST4 - ampnrTie ' ' [325]

family 50 bryozoanB. neritina LCs0=>128.44~ >326.6% mo |

>147.87~>203.1% mo | / L

indole Bacterium associated  Green mussé®. viridis, ECso=24.45,50.0% g / ;mL

3—formy|in£jole with the sea anemone  barnacleB. albicostatus, 8.84,0.43¢ g/ ;mL [326]
Haliplanella sp. bacteriumPseudomonasp. 42.68,69.68¢ g / mL

. i i L ECs0=15.0,17.% g/ mL

Indole alkaloid Gorgonianderived BarnacleB. amphitrite 0 g [327]

fungus Eurotiumsp.)

LCs0>50e g/ mL
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6. 2. Synthetic agents

Al t hough natur al antifoulants showcplemisi:
application is restricted due to the compl ex
Therefore, scientists are tryingote 6tgot hesite
controll able production process. Additional |
ctivity relationship, synthetic compounds wi i
xampl e, when 3McBajinpxr ed mdt ur al bromoindol e ¢
ynt hetic derivatives, they found the synthet
ne. dohel &€ on the cell di vi sion of sea wurch
onceami on) of t hter isbyrnotrhaeiamidica ll 2e, e hSy,d e6 was f ound
ower enidl. /31) than that -3-0&r btahled ednaad @y l3fj2480i ndo |
ig@addhows the chemical isct rauncttiufrodu |sitnugs baegdelndtnss ¥
ection (Heg@@adt bdr ennafCtoerp oium4d IReBl ne at nas s h.
he main task of research in this field is to
s environment glelve nf rmoered!| efdmrecti ve as their
nd, at the same ti me, applicable on a | arge
erve as role models are: chalcone, capsaicin

- O O u O D

w9 9 T 0 T

Thehall enge to identify suitable substances

I n the face of the vast multitude of bioact
identification of suitable antifouling substa
encount er edamounht aofl atrrgieal s . The quantitative
example, reflected in th&29hdeyl pathe d sthieal diyt
activities and toxicities of 44 natur al produ
mi croorgani sms and 11 modi fied compounds der i
in their review oof mohticud alri mg cda@dmMmidamsase Ch
future research to follow an workflow alterne:
study of tahceiirvisttyr wcetluartea onshi ps. Such a workf
targeted ni demdi Accateoate the devel opment of
substances.
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Synthetic agents derived from different natur

Table 4 gives an overview of recently investigated synthetic antifouling agents and their
characteristic values.

Tabdt@verview of recently investigated synthetic anti

Active substance Target species Characteristic values Ref.

ECso= 7.24, 16. :
Chalcone derivatives ~ Mussel larvaeH. aquamarinaR.litoralis 186718 . 78 & mol [330]
4.09, 12.34

Capsaicin derivatives  P. tricornutum S.costatumC. curvisetus Inhibition rate: 95% (3 mg/L) [331]
N-alkyl 2-furoates Nauplii of the shrimp speciés. salina LCso= 0.092, 0. 45 [332]

. - ECo= 0.07 ~ 7.
Isocyanides BarnacleB. amphitrite [333]

LCsd/ECs0> 1428.57

Acylamino compounds

L - E. coli, S. aureus MIC = 0.03 ~0.06 mg/mL [334]
containing indole rings
Indole derivatives DiatomP. tricornutum, Nclosterium; Inhibition rate: >90% (15 mg/L); [335]
E.coli, S. aureus >80%, 95 %(30 mg/L)
/-hydroxy-4- Bivalve Mytilus edulis platensis ECo=11 €%/ cm [336]

methylcoumarin

Chalcone: Chalcones belong to the flavonoids family and can be found in many fruits
(e.g., citrus, apple, tomato) and vegetables (e.g., shallots, bean sprouts, potatoes). They can
provoke a variety of biological activities in organisms and are considered to hewenitial
properties Almeida et al.[330] synthesized sixteen chalcone derivatives and evaluated their
antifouling activity against microand macrofouling organisms, including mussel, larvae,
marinebacteria, and microalgal biofiim#&mong the investigated chalcone derivatives, two
(Compounds 28and29in F i g @ Rweere found to be active against the settlement of mussel
larvae(EGe: 7. 24 emol /L and 16.48 emol /L, respecti\
of the microfouling speciedlalomonasaquamarina(ECsp: 18. 67 emol / L and 18
respectively) andRoseobacter litoraliSECso: 4. 09 emol / L and 12.34 &m
Moreover, the authors highlight the low toxicity of these compounds to the marine environment,
presenting mortalitgf slightly more than 10 % of the nauplii of the marine crustageaalina
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at a concentration of 5@ %samd4.03 %, réspectivelyot h c o

Capsaicin: Capsaicin is a bioactive component present in chili peppers and a chemical
irritant for mammals. Wang et dB31] synthesized six capsaicin derivatives via the Friedel
Crafts alkylation reaction, and their antifouling properties were evaluated by algal inhibition
assays and practical panel testing in a marine environment. All capsaigatides inhibited
algal growth P. tricornutum Skeletonema costatunChaetoceros curvisetysand the
inhibition effect increased with increasing time. Among these capsaicin derivatives,
Compound 30(Figure 22) exhibited the highest algal inhibition rate (95% at 3 mg/L). By
analyzing the relationship between structure and antifouling performance, capsaicin derivatives
with fewer carbon atoms in the amidide chain exhibited a stronger inhibition effect against
algae. Marine filed tests showed that only a few algae were attaching to the coatings
incorporated with capsaicin derivatives after 90 days.

Furoate: Furoates are the salts or esters of furoid.d€ s ¢ oebt a[832] evaluated the
antifoding properties of three differentalkyl 2-furoates Compound 31-33inFi g2 R e
This was done by testing the antifouling activity against the Inanfpthe shrimp species
A.salina(LCsoval ues: 0.092 e€g/mL, O0.454 e€g/ mL, an
in field tests. A great reduction in settlement of fouling species (éygroidessp.,Botryllus
sp., andPolydorasp.) was detected on all three paints formulated with furoates. Among the
three nalkyl 2-furoates, the compound with a shorter chain (butigrdate) Compound 31
inF i g @ Rdisplayed the best performance compared to the others.

| socyanobde[ 233yalt hesi zed 18 i slb,dy smuibdesd td
amino acids and evalwuated their anti foul it
Bamphibtarrinnaecl es. Al most al l derivatives sho
values7. ®P/OnL) wi t hout ysi gnit hi ¢ daret hti ghiesitt
(EsGval uesg/ ML) 7and the maxi mum t@Gemmprrud i 24
(Figa@peroved hteo mwest promising antifouling aft

| ndolnediol e is a widespread natur al organi
mul titude of bacteri a. I ndol e derivatives
organisms not only show the excellenteams$i f
of a relatively easy f ab31l 43x33Fexanplefoecregss ar
al[334ynthesi zed t wo di fferent acyl amino
(CompowWalsd6 Fin ke This was done via a Mic
Mannich reaction, respectively. TheseEcompo

codans. awheaoabh wasi mixpirmsmeidnhi bi (Mt €)coateaet
t he ranglk. & mg/dmBl.i onal | vy, practical panel
environment and revealed that, compared to
found oel § heo pta@ammwo urchIhmdi cati ng antni faoul
subsequently publ i[38hsyn twoerski,z erde nsge veetn ailn.d o |
Fri€dalfts al kyl ation reaction and tested tI
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rate€ompoun(Bi gRrgagai nst Phet di ath@mumpwmnd 38
(Fi g@QPaegai nst P.het rdii @aM.nmsd luomsat se raibuonve 90 %. Fur't

antibacteri al rates were measured: Among the
i nhi bi tE ood m$at eadu r@dunsp o u NIAY 3FBYEI g2 Pwer e above
80 % and Gdmpawrivk sIFdB»ven more than 95 %. I n a

mar i ne canlyafew biofiinmsappeared on the antifouling coatings incorporaiitd
Compounds 38and39.

Currently, there is no consistent conclusion abc
derivatives. Among many proposed mechani sms,
t hat indole derivaticoms eatfedtakahat aekltulaar

derivati bebBlpi2neet hyl grami nérebBG@seevoloend sRal et
sarcoplasmic reticulum 340lowgtha rganaditne eveat
t ri b-Ir-menohyl gramine (TBG) and DBG inhibited t
i nhi biti?fgnt{rBd WjiCtah t he devalsuapmenetnt oft eenen o |
noni nvast4est mit ¢ NMT ) g ucea me up whi ch now i s U S
concentrat i o’b egtrvaede re nttwoo fp rCead e¢ te [ @lidr2ehpoemo i nt s
thadhl6or oi ndol e tri gg?defefdFitghe@eal Thle delghelsar i
triggered effl ux/cmwsa,l uehidds 6Wasi 0nk spmdile val ue
grobdpg@aBg¢ 342]Si mil ar concl usi o[835]fweos mp onmamae by
3qFi gaRe Thé®efflCax peak in algalCompbusvdisBder t
nearly three times | argedrg@Beaht thatgehet alkel go
calcium ions are related to [thiB3AFrlhcewtenh oarned deh
i ncrea%’ef ofuxCain the presence of indoi*e deri v
bal ance of the cells and conseAumandatl iyc i chiha dn d 1
ot he antifouling mechanisniAii gfgd@iendol e deri vat:i

Future trend: The application of green synthe

Next to tihrevesnthiaghateidoanc toif vitthye rsdlraitcit amsehi ps
substances, tkoaldppl gc@einocoheimisary technique
i mportant for the producti ohhefadcdwasntaa gpeasdh | ef
chemistry are the safer proc¢88é¥,her st aorft st,
sol vents and tphreo dfuccrtnsa tiiso na voofi dbeyd by oagpyp! yi ng

[ 346This wil/l be one of the best alternatives
minimizing thedwaehgenft senamgly paoatential harm
saflex47] n all, the essence of grep848hemistry
Efficient utilization of raw material s, [
resources in the synthesis process.

(il)Reducthenuswd df toxic or hazardous solvent :
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For e X Rémpel te [3B6] synthesized substances with antifouling activity by
princigpleess acfilteny sp 7@ g dcdemeyt hyl c Comapmoiuma( 40
Fi g @ 2and three ralkyl 2-furoates Compounds 31- 33inF i g @ 2 & h antifouling
activity of C o mp o u rwds evaldiated in terms of the bivaMgtilus edulis platensiander
laboratory conditiond. t e f f e c t ithe settlgment andhbydsagenesis of musselso(EC
value of mussel ?alnadditor impractical mdride pangl testancoatings
containingCompound 40exhibited a significantly reduced fouling coverage after 90 days.

a) b) ~ .
- 80 1 Efflux ‘v 80 1 ‘I’
‘0 o~
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£ 8
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R o
© \\V/I _ < I
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RSP \Gedda)
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Influx Indole deriv ulié\“
100 L L L - —‘> . o
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Figageffects of indolPH |direisvAp)modd cachga¥xticEhe s . i @
algal cells trehRhltedoiwiddl .0 Tmyec bha redrroow nidnod iec antaess at
measuringnebudingnal gal cells of Cyl inddrfoltuhxeecsa isn|
al gal] 3d4€Idpyri ght 2014. Reproduced wi-tihm@ecumi 883 0«
Cadf luxes in algal cell § 386 |Chlpatryimcna 2 0slOb ¢ dRrredpir foar
from El sevier. d) Schemagt imecdhiaamgrsamodf ithlde | &n tdiefr d
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While a | arge numberandafi fonadt umgl ageat sy atrlee
devel oped and published studitbsrararehewi hy e
need to be addagecsdesd bbee fcoornemetrhceisael i z e d

i) The samye production at an affordable pric
(i) A cl ear understanding of the antifouling n

(i) The establ i sshpneecnttr uaf abrtadd ul i ng ek mbereat or
i mmer sion tests,

iV The evalthleast@mnmoénvironmental effects.

To overcome these challenges, future antifo
sort of information feedback | oop between the
ones studyi pRragcttitve hghmrwdtaime naturally occurr.i
propodeldOiliTnrhe chemi sts can draw | essons from
compounds, and thereby further synthesize mor
means. | f t he iuxcduen-s péatarawdns apmrtoidf oul i ng p e
environment al friendliness are sol ved, nat ur a
promising potential to solve the worl dwide an
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7.Switchable coatings

Smart met artitalacxtarmnmg i1 ncreased attention
they can increase the selectivity against |
As they effectively switch their pr oapteurrtei,e s
' i ght, pH,[ 334n9d]s s@al i coayi ngsdemandtacggeant ia

bi of ouli g g®claltlrwdt.rates exemplary the bas
swhiabl e antifouleilre;as&nd ofad uinigsg From receil
applications and the food industry, it is Kk
bacterial adhaeé®BBbdan Stwo t clhrafbd ®eesoati ngs are 1
on a | arge ddeheestHogvetviean onrtheisr uadei f c
conditions might become a growing trend be
bi ofouling film formation r3egchtt) ofnr 02m t he st

Targeted biofouling control via switchable components

{ ! ! N

Carrier materials Components Linkages Brushes
can release biocides can become toxic can be cleaved can induce movement
e.g. Chitosan: e.g. TiOZ: e.g.: Imine groups e.d.: PNIPAM

—/\/\f’\f’w _
eV =
UV t T t “y Shrinkage
“™  Pprotonation of amine aroups

“™M  Water solubility ™ peactive oxygen species ~y, Cleavage T l ™ Swelling

" Swelling a Toxicity "M Release of surface layer
" Release of dead bacteria

/‘\ Biocide release from capsules
Antifouling Fouling-release

Figure 24: Examples illustrating different working principles of switchable coatings. The incorporation of
smart materials into marine coatings offers the possibility of targeted aiwlémand biofouling control. Up

to now, various combinations have been tested @mall scale and the antifouling or foulirglease
performance of the prototype coatings can be successfully enhanced. Yet,-tive agablication of these
coatings remains challenging.

7.AH nduced switching

Many of t he curcentnmhynwgusodt bngsi ¢cdan | 0
properties in a short time due to a -tpeoroml vy
performance and environment al safety, bett
resear ch egpedn.angptHer i al s are wel |l Known i n t

phar maceut|[ 88BJTheseprolp-eesponsiee tokeasle ¢
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be exploited when devel oping 3de®55at abel iamnt
byproducts produced by bioorgani sms, as, for
alter the pH val[uS®]Jfntthlei-rse sspusresoiuaedpddngt 1 f oul i
which i s otherwise inactiyve, could switch its
bacteria attached to the ship hull

Usuall yrespengpél takes pl acleoaade dt hcea pssuurlfeasc,e v
turn tri-dgmasdtheoonde release by some sort o

) The bacteri al met abolism produces an aci di
(i) The drop in pH value chachesutrtheacpol arity
(i The encapsul ating materi al swells or i s bi
(v yThe encapsul ating materi al rel eases bioci ¢

For exampl ¢ 3 5u8dendy tehbeaamlead uamad bi odegradabl e

as -rpeHsponsive encapsulation material. The cap
wempe epar ed-ebmulaimincragppr oach. ApK)a hoef dcihsistoocsi aant
around 6.5, the nanocapsules wil/l swel | due |

embedded biocides when the enviconomgt3tsa’h) pH i
The pH value of seawa8 e3s&pPDuegpicalt hg baci er i(
and reproduction on the matearia&l dsdnfeaced,j cthh
the expansion of chitosami gidéeRihgudsbsthhoewsr eal e as

schematic sketch i1illustrating the biocide rel

Su €dt35a¥led anot her apprreosapcohn siov @ rleipacied ea erHc
preparaestsles @eldf mi cel l e carriers. They used a co
and containi ppllyicape(ghlGlda mdned pol y(et hyl ene g
water ,-pdlhy mears exearbfl ed i nto micelles with a PCL
t hheydr ompmadydec ophi |l ic character of the PCL and
of micelles were synthesized by attaching the
One of the micelle types carrietdhéehesuttatean!

exhi bi tdeedpeandpmHt switching of the suwurtfoactehecha
bi odegradable PCL core of the different type:

surface state in an aci dicch eenxvpiorsoendmetnhte, PaENnGl at
performed the best as antifoul ant. The model
summari zed as follows: (i) The micelles surf at
mi cell es got adaltrmctedt beebiodst anti diii) The
byproducts of the bioorganisms and incorpora

triclosan rel ease.
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pH increases i / 0 /j o Lo o g'g <
¥ pH decreases HO— oty ».o;/"?j” ﬁ%
SS-DEXCHT, SS-DEXCHT,
i e Bacteria/Micro-foulers
; 7]
Protonation Deprotonation & i & & B tar Bedte Beot,
Biofouling and
f) : bacterial adhesion
H N\
e S RO ll’ﬁ’ Iog» ’\| Original/Refreshed surface Heavily fouled surface
“ w Refreshing the Detaching
25°C 25°C 37°C antifouling the outmost
< i efficiency R e layer
Bl P ™ e
.4 3

Self-polishing surface

O2
.
0z
Epg=3 eV
TiOz+hv

HO— —OH,* CH, [CH) (IHS//ClIﬂng'\MNV\vav'vvv\ e
10” P Saus T s \euds ém, PG R H +OH
40 | ‘s  Vinylterminated
OR* PDMS PDMS/TiO» Nanocomposites
Fi gkrs&xampl es of switchable biofouling control

capsaicin under alternate cyeleispontsevt. rie) edben
nanocap3bbéEKoopyright 2018. Reproduced with per mi:c
wettability changes of-b-PBDMAEMA ddapealeywme r p HP H&F BMA e
protonation/ deprotonat[i306n0 |J©dp yreirghtarZ0 laémi nRe pgrroodut
from John Wl ey and Scemrsgp.ondpiov8rsehmanfga td coant ionfg pbH s
linkages of two kinds of pol ysachshay é d edie f des)iet.S,e |
polishing mechani s m-colfe avhaeb |¢e8 & 8 iOnkga \goeaissgendd 20 1p8H Re

permi ssion from American Chemical Society. f) Sch
and badtidrfiexd eantt [ BéGpry Rt ghes2018. Reproduced witdl
and Sons. g) Photocatalytic plesdHarmiosnme ofantolteo mproe

li gBB2]Copyright 2016. Reproduced with permission
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Anot her possibil-regpadamsievxepniecsist otfheanmpithe gr
coatings with switchable wettabi [B69]poAsy it
(di methyl amino) ethyl met hacryl ataen (rpecipyo ndD M
changes in the pH value due to the protonat:.
(Fi gabe. FU 3edt3ajladi.cated anti b-aesponal veatvet tabi
usi ng guat er naalyft smantmomn aulm z s d fluorinated (
PDMAEMA segmé€nbaceidnheatNi on of the surface sig
acidic environment, resulting in a rapid wet:t
superhydrophilicity.

Bseides working on switchable surface groups
switch on the besiponei vesteeeshkalgepH|I pHkages (
undergo cl eavage at an -acbyi andoand ett hsed mpbH iy gwi
slightly above neut[r3ad8b F o rc areeesdpropn spi¢i eX sihaelnfg a |
coatSencgt ifo.n 15t. 1i sclhbheseablbe pHnkages of two ki nc

dextran and cHidtedhyare) .anbe xctarrabno xay met hyl chito
alternatingly incorporated via i mine-blyi nkage
| ayer depodhiitgieo8je. pFtbcewas 6hown that acidifica
bacterial attachment was established which 1in

of the coating, thus at theo$af(kdigi@idee, t he re

7. Remper-ahdueed switching

Temperature is one of the most commo-n sti mu
adhesi on [oXi&348 PJofl ardsddspr opyl acryl amide) {PNI PAM)
responsi ve pol ymer t hat exhibits reversibl e
temperature changes across a | oweirn can ta gcuael o s
sol ut3emThe LCST represents the common mini mé
curves i n-wtaher pnolxytmere wrh ear es tap btlareaenoshiet iaonn ufnrsol
t wohase system occurs with t[Bel 9i]Tnhcirse atseempoefr ad
i nduced hydrophilic/ hydrophobic (swelling/shr
solution <can regenerate the | piB¥O&Duesttad ei tbs
temperaspoasi ve we t-madii fl i éad, s @Miudéddist owepesse
promi si nrgelfecauslel npgr operties in te83e8, 8369 el |l s ¢

Recent | y[, 3aliojued & hraets ptohtegrnravami, ¢ pol ymer br us
from PNIPAM can be used to control the releas
water. I n theigrafudyg, pohe mENI BAMSf ace -was syn
initiated polymeritizatni dm.okT lpe)agdea foehd n goeddi endec ( |
rubber -poofl yi s@aps ene (TPI). The ability of the
phot ot her mal conversion Il nduced ch-aebeasan
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properties otf, tdher elomasengaf Fiiodi ne coul d be
to the death of bacteria. Second, the incre
to switch from the hydrated (el ongatWhdenc hali
cool ed agai n, tehleo npgod tyerde rwhcihcah npsr aoneot ed t he

(Fi gape

7 ..13i gihtduced switching

Among the available external stimuli, I i
surface from 270pmohg bobghteas a trigger wus
environment or cauls7unvah)ted side effects

I n the pasihadse cgaadiense,d TcdoOnsi der abl e a-ttent
activity together with high physical and ch
t oxi[@Bi7t3yyThe phot ocat atbytcitcee rdlad acedfnftgeaciamidnf@a M4 u
have been wi @&34y6 |rTehppeo ratnetdi f o uzliisn gmoesftfl egyc td ucef
reactiveeocoxegegemesner at B 7y Mioerre ogixesa i,welmeOnk n o v

have UWebpghsi ve3m&totlabi |l ity

Tio@Bas been tested as an ingredient of dif
Sel i m &6s2ymlt hesi zendanroustpihleer eTsi Qvi t h domi-nant
gel techniqgue. The particles were incoxpora

nanospheres significantlgyjijnsupenhedr ¢ ki Isi
cleaning efficacy of t he coaRiign@Beupdreei IMh &
modi fi ed PDMS coating demonstrated- aggaod

macrofouling organisms throughout 365 days
Sel i m 2pWat arfal &udkleat aalcoating matri x based
t hat t he oinncootrnp®ir®dg nanoparticles i mproved

against nbaurnianlei eadlmahes alUiVvhn@ xposure due to th
ef fectbtwiofh TA® nanoparticles.

I n a nutasheoltl of researches have been don
surfaces including surfmakd,est dmpergatrerse@.onan
solvents, salt campdedi@Ed HMowenwverando€0O of t h
smart surfaces are towards antibacteri al [
application. For exampl e, t he &ks-rhd redGa & ® att ielga/
have undergone rapid devel opment in the | a:
bacteria and then release the dead bacterie
|l ohgrm effective [an/tOi]lbracttleadg i @adsacaf vinayi ne
further investigations are needed including
field .tests, etc
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8 Biomimetic coatings

Il n nature, numerous organisms exhibit excel
from the marine environmé8gd, 8BPGEH. toshaeks,ur wk
towards the devel opmentatadfngesnvinmoarrmemtda Imoy ef rri

been trying to imitate the surface properties
strategies for bircefseuwlricrhge rsr envaevret iloena rtnheadt f r o |
artificial surfaces are:

) Tha mitation of physi cochemical surface pr

[ 220, 382]

(i) The exomaxdtiiven substances from organi sms (
the use as anSantt)iddm®d i ng agent (

Researchers have been developing biomi metic

Her e, the sharkskin is an excellent example o
plays a cruci al rol e i s atetdluecemeMpr ehes pmar i ne:
bi of ouling preventing performance has been at

der mal denticl es, and[88mucB8briageronfof hseus
sharfskienstruct throde daasr bteld®@ogida oifn bi omi met i c
prevent i h g 8&alapthienvgesr , miscurrof satcreuct ur e al one may
obtaittedtmndpi of ouli ng contr ol under realistic
mechani sms of different marine organisms | ed
of the t opocghreanpihcya la ncdo mphoesi ti on of the surface
surface [Br9pgerti es

Surfaces inspired by sharkskin

Recentl vy, Thus, Dudnddfgrv e Aopedy aetmualkt i funct
(Figabea t hat wor ks on the basis of a pattern
chemically active nanoparticles. This surfac

i nactiochdde mitdraoor gani sms due tlo kae cmonchriomsatriucc
with antibacteriagal naintopairtmecdietsx nthablVEIi @dhesi
Optical Adhesive) onwamsopmirxaec!| wst andi @Qpplied
terephthal ate) (PET) substrate. The shar kskin
assisted soft nanoi mprint |l ithography on PET
attachmentbgdfi~70% compared to a smooth surfa
composition. After theg nitnoc otrhpep asiehtaeriokmsekd fns A Of &€ «
95®%. a@wdiupStoaweémesi nactivated within 1 h UV
Li kewi sel[l.l1@8lhdeedtaninormanoparticles to a patt
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but in this case, the particles were only
sharkskin and | oftiugsg B3et omc taumpe | YBSleS)hape (P
step process comprising mi.Atbpeasaidghpadana
the soft ti ssue under the rigid emplgatnal f
repl i cat isohnar KkFsi krivsdts p athhéele eAnU ebdy ocantvoacuum cast

by using a negative silicone mold fabricate
silica nanospheres were sprayed o#ht ket mans
feature. The wdther-tdweat adtsamfigaeeofi ncrease

to the unsprayed surfaces and the shear st
drag by 36.7%. The contaminant mass on the

t he fl atr Py pnoddaysmuer i ng t he resi dual mass of
[ 394however, used an approach free from ad:
active side groups i nksiinmagi r @ dFeipgudr@eb cwel st aht( e
di fferent feature heights and introduced c|
groups) onitap®Wasmaftaceat ment-DadcelcyImmeir me omo
solution. The modified surfaces showed pro
was suggested that the chemical modi ficat.

mi qrad t erni ng contributed to the rembeahiaf
process

Since the denticles on natur al s h a[r3k9s5k]i n
integrated an additional hei ght gradient in
patterns with an engineered height -ngodadigent
technique wusing Feitgcihthed Hihlesebnl| enmé mts @dn t he
surfaces was reduced by 7f59% tcuornepl aersesd cwointthr ot

Surfaces | mapi med obyamo s ms

Besides marine organi sms, rsa nfyl oortah ean s tfrauwcn
excellent anti[fa8Fog pramgiol@agdrcder aad eat tale. ¢
PDMS with a-l ihlomemcombstructur e, whi ch si gn

di atNomi ctoenptaa andb ottdh &P DMS sur f ace
I n contrast, tHel omas ki mndpiWaed ky m@miltcher
their mi cr ostarmnucitnutreer meal i aeyailn-gep el lasmmrdt f lr

surface. They prepared a nanostructured wr
(Teflon) on top of a shrignkeb!| Ehenonelyet syl iec
infused into the wrinkled surface to mimidc
bacteri al attachment test showade tVwht Bmbe9
siliconePovelddaglast@pdmovmaas up t o 99 %.

I n addition to Iimitating and adapting bio
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al so attempted to accurately copyothHha@nimimg os

through a series of materi al replication step
divided into two main steps: (i) Polymer A is
sample surface, (i1) tpolgimea tBha ss wrafsac a nttloe tc

For exChme@il.¢8IPalepar ednosdiilfaxeadneacryl i c resin co.
replicating the sFurgfiaiee oE&s @l tliontgusi nl eatft alc hn
Cl ostamMauwm byl more tbapav78d®Wt o aTlkimpoe fhf eemtat w:
attributed to a c¢omb/imanasdnraodd utrhese d ppenc isfuird am
the materi al

Furt heirmsopier,ed by the superior bS3oonfnoeurlaitniga c
apetmalngr ove t reete| @I9ajeepxa,r eu PDMS sur faces wit
ridgeke morFphga?dlrlfegy The samples were placed int
seawater and tubewor ms. Af ter 24 h |1 mmer si on
mi crostructured PDMS was | ess than 5% of that

Encouraging results were [alBDbwbobtaepédchate
pattern of supeérstay droadmhwihnagsi qoematdhise gedpbdex y r e s i
The paoseirption on the replicated sampl e was
epoxy resin sampl e.

Il n summdarmy recent year s, researchers have me
bi omi metic surfaces providingr@addlesnaftonvebiemfv
control . @&édvheorutghheltendes ef hspi eadysaffaces again
species was shown to be successful under | ab

surfaces wunder compl enxdi marinse se&n Vil r[ cBn@n@efnst atl o
Further moreft upbecadhbngcat i-omaltee chmmll iogayt itoon sl
production costs need to be kept in mind.
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Biomimetic Wl
Coatings

2pm

FigaeMi croscopic images of examples of biomimetic
sharkakipnred pattern [vBioat3hCorp yOr2i qntatn 0@IX 8 .i cReepsr oduc
Ameri can Chemical Societyand)-l SEMs i ejdlgkss|c jodi Seawhes S
at 45A tilotf S HEBM -isthsag ikrsekd ft309pdold y a pRWM | mages pifr ed
surfaces witH 38 5h@o myhrt i eghrrtaodd edne8d Wi t h per mi ssi on
Society. e) SEM i mages of[ 1IRMMHEopw it indkhtes 2 ®in8 .poRg
permi ssion from American Chemical [S®R®Gi]edpyyr ifghtSE:
Reproduced with permissiogn) febk Roggé¢ ShcErTIFpeofa
h) SEM images of the replicatpti78iCopygtrumgéedtofa0di3c a
with permission from Royal Society of Chemistry.
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99Addi ti onal aonltdamiundg nsgt raantde gi e s

I n addition to the biofouli g hanertthramli cabat
removal of the biofouling by an underwater hu
i's heavily fouled. $4MP@DErhiezed elmayni Siga apepir ba@lhie
into three categori es:

) manual hul | cleaning,
(i) powered rotary brush cleaning systems,

(iilnomaonact <cl eani ng t-percehsnsod roegywateerg. |, eth,i ghav

ultrasonic cleaning, etc.).

Mor eover, regul ar underwater hull <c¢cleaning
avoid tuhpe obfuiblidd® bud bidlgever, t he hull cleani n
destroy the coating surface and remove the b
coatings. Thus, i n order to healkioaei hpi shaphp
mechanically stable against abrasion and cont
doeskinlolt al I the removed organi sms, under wat e
territori al areas icouprnohielsi taemdl by gli oawms it Ko

neoblioG®Thus, underwater cl| eamid agydpteseuntst iaorne
devices.

Il n addition to the mechanical cleaning, alt
ultraviolet irradiation, and storage out of t
supposed to create phwapviocalbl gy zomaodich@onsalloy
attachment . However, |l ess information i s avai
approaches under water. Mor eover, their appldi

marine conditi ooms aaandd iismpleesmantcateid by the reg
and re4go0on403]
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10Summary and outl ook

Previously wtartsgpirerianlg T@8dati ngs ctaaursgeat

organisms, such as severe shell deformati on
oyster cultures. The commerci al almpanr rat itw
TB€ontaining coatings, but st ifDt edalahveer enf eogr aet
the need for environmentally benign, alterr
research i n thisTab3sednmasr igzreoswitnhge rkaepyi doloyi.nt
materi al s and technol ogi es used, bi of oul i

applicabilntlyy dodédvelhepecdceoati ngs revi ewed
Currently, the-rhydracsph occhoiact -bfacgwsldi(regopgt | N § O

sepdl i shing coatings (e.g., zinc acrylate c
t hese coatciinegnsc iheasv eu nddeefri st atic conditions
during a ship moving) i's required to achi
Bi ocides are commonly incorporated into su
poperties, which are, in turn, unfiegeadhp!
main chai-pobfshhegseb&tings can | ead to an
can be solved by the recentl y deoveloonpegd hdag
in the side chain but also degradable in th
agents and synthetic antifouling agents der
the future, a conibriireantdiloyn aonft itfhoeu | ntonege eabgseen t o
degradabl e coatings can be a development tr
agents on an industri al scale and producti
agentsustnaianabl e protcesisc (olgventusa mmt-nnfomb g
products) need to be achieved in t hreelfeuatsuer

coatings, besides adding biofricedeeali ypaopief o
can be modified to achieve better bi of oul

amphiphilic moieties, fabrication of bi omin
the problems of high costucanaplpirmiatcéde sf ahioi
the future. Further mor e, most biofouling c:¢
the | aboratory, especially for switchable c
and the unconthnr dlhlealmlce anit i Mhhluis, t he devel oy
can respond to mul ti stimuli as well as mar
surface may be necessary in the future. F
prepties (e.g., change in surface wettabil:]
and controlled degradation of the coating
mechanical strenyysBshband ad ®o ¢ r & dniedrsviangers croed u i
order to withstand the harsh marine condit.i
stable materials I|ike polythiousbtapade m{PT
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I nanoparticles -En®p tprptwlaipmg abom@th©®@ol(tcoatings
reinforcement can be a promising approach.

Overall, there is still much wdrek mt eeflbecdor
and environmentally friendly biofotubreg thaetr
devel opment should be focused on the fabrice
bi of ouling control properties from different

environmental -effrfieecntd |viereesdsse,c tmircesdgie a n d uni ver
di fferent marine conditions) should al ways be

that the completeness of this review, as wel
prompt the scientiestds ahdmanhgrnaéisssicnemnice , f ip|
and other multidisciplinary research fields t
bi of ouling control chats wmgtsaiamablt echhanil ngiiesd
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TabSRecently

devel oped

bi ofouling

control

coat

Approaches Working principle, Materials & Technologies Properties (e.g., Biofouling Control) Industrial Application
Q
Qo
o
o . .
g * low surface energy, micsfmanoroughness + .gO.Od fouh_ngre_lease _(macro_foulmg) .
= . - limited antifouling (microfouling) + available on the
ES PDMS, fluoropolymer - shear force required market
£ * incorporation of micrgnanopatrticles d . . :
> T fusi  lubri i i - weekmechanical, substrate adhesior - relatively high cost
% g infusion of lubricants (e.g., silicone oil) strength
s &
©
=
= o
g %_ * formation of the hydration layer + g_ood antif_ouling (mi(_:rofouli‘ng)
& = * introduction of polar or ionic groups + high prqtem absorption re3|stance_ - limited largescale
© o . . - poor foulingrelease under real marin S
Q 2 PEG, acrylate, zwitterionic polymer conditions fabrication of
[%) = % A
2 g E)olymer brushes and hydrogels - poor mechanical properties zwitterionic polymers
T > figrafting tood and | _limited stability
s 2
Q * coexistence of hydrophobic and hydrophilic  + high resistance to a wide variety of
% domains on a nanoscale organisms under laboratory conditions - limited largescale
= * PDMS, fluoropolymer, PEG - limited stability fabrication
% * peptide, peptoid - more studies needed under real mari - high cost
< * mixing or grafting conditions
> + good antifouling under dynamic
[4) * side chain hydrolyzation iti .
= E . yarolyz: . conditions . + availabk on the
£ @ can be used as antifoulant carriers - shear force required for the self market
g ° * acrylatebased copolymers polishing process . .
b L g ili db - release of metals (e.g., Znand Cu) | high cost of silicon
© = zinc, copper, silicon, and boron groups as lea -9 hydrolyzable monomers
3 (%] hydrolyzable side chains moieties
2 - accumulation of microplastics
Q )
§ % * size chain hydrolyzation and main chain - -
oL : + good antifouling under static
= ° degradation -
A £ * can be used as antifoulant carriers condition - under development
g . - use oftoxic adjuvants during synthesi
[a) polyester polyurethane, acrylate
E * natural antifouling activity T .
3 ® £ * alkaloids, organic acids, lactones, terpenes + good antifouling - complex extraction
rg 55 amides et’c ' ! '+ environmentally friendly process
S g 2 . | t’d f ) ¢ trial plants & d - polymer matrix dependency of the - limited largescale
o Isolated from terrestrial plants & secondary release rate fabrication
£ metabolites of marine organisms
© - -
c + good antifouling
9Q © ) ) . - . -
; @ 5’5’ * synthetic analogs to natural agents Claer;rlfoullng mechanism not completel + available orthe
> 5 o % . . . .
£ €S a[kalmds, organic acids, lactones, terpenes,  _ polymer matrix dependency of the market _
S A amides, etc. release rate (e.g.,SedNi ne 21
o - environmental impact unknown
() . . . . . - limi
) stimuli: pH, temperature, light, etc. + good antifouling under laborator o
o * stimuli: pH, t ture, light, et good antifouling under laboratory fr:g'ttlgg'argesca'e
% £ * controlled biocides release, e.g., chitosan conditions (proteins, bacteria) - limited control of
‘g g * polymer brushes movement, e.g., PNIAM - limited or no experience under real stimuli under real marine
& ° * linkage cleavage, e.g., imine groups marine conditions conditions
o * imitation of physicochemical surface propertie
E=0) of plarts and aquatic animals (e.g., sharkskin - - limi
=y * P q (eg ) + good antifouling under laboratory limited largescale
EE micro/nanoroughness diti fabrication
EZ * UV photolithography, nanoimprint lithography. conditions : - lack of longterm
S8 . ' " - limited field studies N
m etching. stability
* biomimetic replication technique
B3
2 E * mechanical cleaning, ultrasonic system, UV irradiation, etc.
g g - regulations dependency, maintenance costs, etc.
< 2]

97

ng



CHAPTEXUNCT!I ONPOLYMEMATERI ALSMPDRRMARI NBE OFOUL IENG

References

[1]

[2]

[3]

[4]
[5]

[6]

[7]

[8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

98

Schultz MP Effects of coating roughness and biofouling on ship resistance and powering.

Biofouling 2007;23:33141.

Schultz MP, Bendick JA, Holm ER, Hertel WM. Economic impact of biofouling on a
naval surface ship. Biofouling 2011;27i®B.

GrahamJones J, Sumerscales J. Marine Applications of Advanced FReenforced
Composites. 2015.

United Nations. Review of Maritime Transport 2019 (UNCTAD/RMT/2019). UN; 2019.

Eyring V, Kohler HW, Van Aardenne J, Lauer A. Emissions from international shipping:
1. The last 50 years. J Geophys Res D Atmos 2005;118271

Giraud T. Biological globalisation: bioinvasions and their impacts on nature, the
economy and public health. Environ Sci 2008;5i&8L4

Tenold S, Tenold S. Bigger and Bigger: Shipping Durireg&olden Age, 19503. Nor.
Shipp. 20th Century, 20109.

Frid CLJ, Caswell BA. Marine pollution. 2017.

Alzieu C. Environmental impact of TBT: The French experience. Sci Total Environ
2000;258:99102.

Gibbs PE, Bryan GW, Pascoe PL. TBiducedimposex in the dogwhelk, Nucella
lapillus: Geographical uniformity of the response and effects. Mar Environ Res
1991;32:7987.

Matthiessen P, Gibbs PE. Critical appraisal of the evidence for tributykoiated
endocrine disruption in mollusks. Eneir Toxicol Chem 1998;17:343.

Alzieu C. Environmental problems caused by TBT in France: Assessment, regulations,
prospects. Mar Environ Res 1991;327.

Waite ME, Waldock MJ, Thain JE, Smith DJ, Milton SM. Reductions in TBT
concentrations in Ukestuaries following legislation in 1986 and 1987. Mar Environ Res
1991;32:89111.

Evans SM, Hawkins ST, Porter J, Samosir AM. Recovery of dogwhelk populations on
the Isle of Cumbrae, Scotland following legislation limiting the use of TBT as an
antifoulant. Mar Pollut Bull 1994;28:1%.

Takahashi K. Release rate of biocides from antifouling paints. Ecotoxicol. Antifouling
Biocides, 2009, p.i22.

Konstantinou IK. Antifouling Paint Biocides. 5.0. Springer Berlin Heidelberg; 2006.



PART PuBLI CATI ONS

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]
[31]

[32]

Hellio C, Yebra D. Advances in Marine Antifouling Coatings and Technologies. 2009.

Evans SM, Birchenough AC, Brancato MS. The TBT ban: Out of the frying pan into the
fire? Mar Pollut Bull 2000;40:2041.1.

Claisse D, Alzieu C. Copper contamination as altesf antifouling paint regulations?
Mar Pollut Bull 1993;26:3957.

Hung TC, Tsai CCH. Relationships between copper species and forms hydrographic and
biomass parameters in the taiwan erhjin chi coastal area. Chem Ecol 1892;6:1

Andersson SKautsky L. Copper effects on reproductive stages of Baltic Sea Fucus
vesiculosus. Mar Biol 1996;125:1i78.

Watson GJ, Pini JM, Richir J. Chronic exposure to copper and zinc induces DNA damage
in the polychaete Alitta virens and the implications ficure toxicity of coastal sites.
Environ Pollut 2018;243:149808.

Readman JW, Kwong LLW, Grondin D, Bartocci J, Villeneuve JP, Mee LD. Coastal
Water Contamination from a Triazine Herbicide Used in Antifouling Paints. Environ Sci
Technol 1993;27:194@.

Konstantinou IK, Albanis TA. Worldwide occurrence and effects of antifouling paint
booster biocides in the aquatic environment: A review. Environ Int 2004;30t235

Readman JW, Devilla RA, Tarran G, Llewellyn CA, Fileman TW, Easton A, Etal
cytometry and pigment analyses as tools to investigate the toxicity of herbicides to
natural phytoplankton communities. Mar Environ Res 2004;58853

Dahl B, Blanck H. Toxic effects of the antifouling agent Irgarol 1051 on periphyton
communities in coastal water microcosms. Mar Pollut Bull 1996;32:542

Petersen DG, Dahllof I, Nielsen LP. Effects of zinc pyrithione and copper pyrithione on
microbial community function and structure in sediments. Environ Toxicol Chem
2004;23:9218.

Blanck H, Eriksson KM, Gronvall F, Dahl B, Guijarro KM, Birgersson G, et al. A
retrospective analysis of contamination and periphyton PICT patterns for the antifoulant
irgarol 1051, around a small marina on the Swedish west coast. Mar Pollut Bull
2009;58:2307.

Backhaus T, Altenburger R, Faust M, Frein D, Frische T, Johansson P, et al. Proposal
for environmental mixture risk assessment in the context of the biocidal product
authorization in the EU. Environ Sci Eur 2013;25.

Brady RF. Coming to an utisky end. Nature 1994. https://doi.org/10.1038/368016a0.
Brady RF. Foldingelease coatings for warships. Def Sci J 2005;58T5

Brady RF, Singer IL. Mechanical factors favoring release from fouling release coatings.

99



CHAPTEXUNCT!I ONPOLYMEMATERI ALSMPDRRMARI NBE OFOUL IENG

Biofouling 2000;15:7881.

[33] Mohammed S. S. Superhydrophobic Saéfaning Surfaces in Nature.
Nanoarchitectonics 2020;1:267.

[34] Lejars M, Margaillan A, Bressy C. Fouling release coatings: A nontoxic alternative to
biocidal antifouling coatings. Chem Rev 2012;112:430(

[35] Yebra DM, Kiil S, DamJohansen K. Antifouling technologyPast, present and future
steps towards efficient and environmentally friendly antifouling coatings. Prog Org
Coatings 2004;50:73.04.

[36] Dobretsov S. Marine Biofilms. Biofouling, 2010, p.3L36.

[37] Tuson HH, Weibel DB. Bacterisurface interactions. Soft Matter 2013;9:438@.

[38] Nurioglu AG, Esteves ACC, De With G. Ndoxic, nonrbiociderelease antifouling
coatings based on molecular structure design for marine applications. J MaterBCh

2015;3:654770.

[39] Holken 1. Mechanically stable and environmentally friendly polymer / particle
composites for the application as Kawuling coating in the marine sector. 2016.

[40] Callow JA, Callow ME. Trends in the development of environmentaéndly fouling
resistant marine coatings. Nat Commun 2011;201

[41] Harder T, Yee LH. Bacterial adhesion and marine fouling. Woodhead Publishing
Limited; 20009.

[42] An YH, Friedman RJ. Concise Review of Mechanisms of Bacterial Adhesion. J Biomed
Mater Res 1998;43:3348.

[43] Dankert J, Hogt AH, Feijen J. Biomedical polymers: Bacterial adhesion, colonization,
and infection. Crit Rev Biocompat 1986;2:2B91.

[44] Krekeler C, Ziehr H, Klein J. Physical methods for characterization of microbial cell
sufaces. Experientia 1989;45:10%65.

[45] Troy FA. The chemistry and biosynthesis of selected bacterial capsular polymers. Annu
Rev Microbiol 1979;33:511%60.

[46] Kroncke KD, Orskov I, Orskov F, Jann B, Jann K. Electron microscopic study of
coexpression oadhesive protein capsules and polysaccharide capsules in Escherichia
coli. Infect Immun 1990;58:2714@.

[47] FLETCHER M, FLOODGATE GD. An Electremicroscopic Demonstration of an
Acidic Polysaccharide Involved in the Adhesion of a Marine Bacterium td Salifaces.
J Gen Microbiol 1973;74:3234.

[48] Jones GW, Isaacson RE. Proteinaceous bacterial adhesins and their receptors. Crit Rev

100



PART PuBLI CATI ONS

Microbiol 1982;10:22960.

[49] Li ndahl M, Faris A, Wadstr°m T, Hjert®n
relative hydrophobicity of bacterial cells. BBAGen Subj 1981;677:478.

[50] DUGUID JP. The demonstration of bacterial capsules and slime. J Pathol Bacteriol
1951;63:67885.

[51] ContrerasNaranjo JE, Aguilar O. Suppressing rgpecific binding of protei onto
electrode surfaces in the development of electrochemical immunosensors. Biosensors
2019;9:15.

[52] Marsh RJ, Jones RAL, Sferrazza M. Adsorption and displacement of a globular protein
on hydrophilic and hydrophobic surfaces. Colloids Surfaces B tidates
2002;23:3142.

[53] Xiao L. Influence of Surface Topography on Marine Biofouling. 2014.

[54] Molino PJ, Wetherbee R. The biology of biofouling diatoms and their role in the
development of microbial slimes. Biofouling 2008;24:B69.

[55] MAKI JS, RITTSCHOF D, SCHMIDT AR, SNYDER AG, MITCHELL R. Factors
Controlling Attachment of Bryozoan Larvae: A Comparison of Bacterial Films and
Unfilmed Surfaces. Biol Bull 1989;177:20302.

[56] Ryland JS. Physiology and ecology of marine bryozoans. Adv Mar Bidl;14:285
443.

[57] Crisp DJ. Settlement and metamorphosis of marine invertebrate larvae. Aquaculture
1980;21:3012.

[58] Loeb MJ, Walker G. Origin, composition, and function of secretions from pyriform
organs and internal sacs of four settling chetlmostome bryozoan larvae. Mar Biol
1977;42:3746.

[59] Fletcher M, Marshall KC. Bubble Contact Angle Method for Evaluating Substratum
Interfacial Characteristics and Its Relevance to Bacterial Attachment. Appl Environ
Microbiol 1982;44:18492.

[60] Crisp DJ Walker G, Young GA, Yule AB. Adhesion and substrate choice in mussels
and barnacles. J Colloid Interface Sci 1985;104600

[61] Burgess SC, Hart SP, Marshall DJ. Bettlement behavior in larval bryozoans: The
roles of larval age and size. Biol Bull@9;216:34454.

[62] Kamino K. Mini-review: Barnacle adhesives and adhesion. Biofouling 2013; 294835
[63] Kamino K. Barnacle underwater attachment. Biol. Adhes., Springer; 2016,1.6.53

[64] Walker G. The Adhesion of Barnacles. J Adhes 1981;13.51

101



CHAPTEXUNCT!I ONPOLYMEMATERI ALSMPDRRMARI NBE OFOUL IENG

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

102

Aldred N, Clare AS. The adhesive strategies of cyprids and development of barnacle
resistant marine coatings. Biofouling 2008;24i353.

Maleschlijski S, Bauer S, Aldred N, Clare AS, Rosenhahn A. Classification of the pre
settlement behaviour @arnacle cyprids. J R Soc Interface 2015;12:20141104.

Aldred N, Ekblad T, Andersson O, Liedberg B, Clare AS. Riea quantification of
microscale bioadhesion events in situ using imaging surface plasmon resonance (iISPR).
ACS Appl Mater Interfaces 20;3:208%91.

Odling K, Albertsson C, Russell JT, Martensson LGE. An in vivo study of exocytosis of
cement proteins from barnacle Balanus improvisus (D.) cyprid larva. J Exp Biol
2006;209:95664.

Wiegemann M. Adhesion in blue mussels (Mytilus lejuand barnacles (genus
Balanus): Mechanisms and technical applications. Aquat Sci 2005;676.66

Silverman HG, Roberto FF. Understanding marine mussel adhesion. Mar Biotechnol
2007;9:66181.

Petrone L, Ragg NLC, McQuillan AJ. In situ infraredectroscopic investigation of
Perna canaliculus mussel larvae primary settlement. Biofouling 2008;24 3105

Porri F, McQuaid CD, Radloff S. Temporal scales of variation in settlement and
recruitment of the mussel Perna perna (Linnaeus, 1758). JMap Bio Ecol
2006;332:17887.

Waite JH. Natureds under water adinési ve

Smith AM. The structure and function of adhesive gels from invertebrates. Integr Comp
Biol 2002;42:116471.

DENNY M. Molecular Bomechanics of Molluscan Mucous Secretions. Metab.
Biochem. Mol. Biomech., 1983, p. 4335.

Waite JH, Tanzer ML. The bioadhesive of Mytilus byssus: A protein containing L
DOPA. Top Catal 1980;96:155681.

Waite JH. Evidence for a repeating -8lghydroxyphenylalanineand hydroxyproline
containing decapeptide in the adhesive protein of the mussel, Mytilus edulis L. J Biol
Chem 1983;258:2915.

Burzio LO, Burzio VA, Silva T, Burzio LA, Pardo J. Environmental bioadhesion:
Themes and applicationGurr Opin Biotechnol 1997;8:30922.

Waite JH. The phylogeny and chemical diversity of quintamned glues and varnishes.
Comp Biochem Physicet Part B Biochem 1990;97:199.

Henry EC, Cole KM. Ultrastructure of Swarmers in the LaminarialeagBphyceae). .
Zoospores. J Phycol 1982;18:5569.

Spe



PART PuBLI CATI ONS

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

Braten T. Observations on mechanisms of attachment in the green alga Ulva mutabilis
Fayn - An ultrastructural and light microscopical study of zygotes and rhizoids.
Protoplasma 1975;84:1613.

Callow ME, Evans L V. Studies on the sHiguling alga Enteromorpha IIl.
Cytochemistry and autoradiography of adhesive production. Protoplasma 197#4;80:15
27.

Fletcher RL, Callow ME. The settlement, attachment and establishment of marine algal
sporesBr Phycol J 1992;27:3029.

De Kerchove AJ, Elimelech M. Calcium and magnesium cations enhance the adhesion
of motile and nonmotile Pseudomonas aeruginosa on alginate films. Langmuir
2008;24:339p9.

Li Y, Gao YH, Li XS, Yang JY, Que GH. Influercof surface free energy on the
adhesion of marine benthic diatom Nitzschia closterium MMDL533. Colloids Surfaces
B Biointerfaces 2010;75:556.

Gapeeva A, Holken I, Adelung R, Baum M. Characterization of a polydimethylsiloxane
polythiourethane polymeblend with potential as foulingelease coating. Proc. 2017
IEEE 7th Int. Conf. Nanomater. Appl. Prop., vol. 203&nua, 2017, p. 01FNCas

Rath SK, Chavan JG, Sasane S, Srivastava A, Patri M, Samui AB, et al. Coatings of
PDMSmodified epoxy via tethane linkage: Segmental correlation length, phase
morphology, thermomechanical and surface behavior. Prog Org Coatings 2009;65:366
74.

Baier RE. Surface behaviour of biomaterials: The theta surface for biocompatibility. J
Mater Sci Mater Med 2006711057 62.

Leonardi AK, Ober CK. Polymdpased marine antifouling and fouling release surfaces:
Strategies for synthesis and modification. Annu Rev Chem Biomol Eng 2019;10:241
64.

Schumacher JF, Aldred N, Callow ME, Finlay JA, Callow JA, Ch8e et al. Species
specific engineered antifouling topographies: Correlations between the settlement of
algal zoospores and barnacle cyprids. Biofouling 2007;28130Q7

Xiao L, Thompson SEM, Rohrig M, Callow ME, Callow JA, Grunze M, et al. Hot
embossd microtopographic gradients reveal morphological cues that guide the
settlement of zoospores. Langmuir 2013;29:1@93

Xiao L, Finlay JA, Rohrig M, Mieszkin S, Worgull M, Hélscher H, et al. Topographic
cues guide the attachment of diatom cells agdlaoospores. Biofouling 2018;34186
97.

Scardino AJ, Harvey E, De Nys R. Testing attachment point theory: Diatom attachment
on microtextured polyimide biomimics. Biofouling 2006;22:68.

103



CHAPTEXUNCT!I ONPOLYMEMATERI ALSMPDRRMARI NBE OFOUL IENG

[94] Bonn D, Eggers J, Indekeu J, Meunier J. Wetting and dimgaRev Mod Phys
2009;81:739805.

[95] Young T. An essay on cohesion of fluids. Philos Trans Te R Soc London 1805.

[96] YuanY, Lee TR. Contact angle and wetting properties. Surf. Sci. Tech., Springer; 2013,
p. 3 34.

[97] Wenzel RN. Surface roughness amwhtact angle. J Phys Colloid Chem 1949;53:1466
1.

[98] Cassie ABD, Baxter S. Wettability of porous surfaces. Trans Faraday Soc 1944;40:546
51.

[99] Peppas NA. Adhesion and adhesives: Science and technology. J Control Release
1988;7:2889.

[100] Dou Q, Wag C, Cheng C, Han W, Thine PC, Ming W. PDm8dified polyurethane
films with low water contact angle hysteresis. Macromol Chem Phys 2006;20v2170

[101] Makkonen L. A thermodynamic model of contact angle hysteresis. J Chem Phys
2017;147:064703.

[102] Bormashenko EY. Wetting of Real Surfaces. 2018.

[103] Delmas M, Monthioux M, Ondarcuhu T. Contact angle hysteresis at the nanometer scale.
Phys Rev Lett 2011;106.

[104] Schmidt DL, Brady RF, Lam K, Schmidt DC, Chaudhury MK. Contact angle hysteresis,
adhesionand marine biofouling. Langmuir 2004;20:2880

[105] Jr RFB. A fracture mechanical analysis of fouling release from nontoxic antifouling
coatings. Prog Org Coatings 2001;43:183.

[106] Lewis JA. Nonsilicone biocidefree antifouling solutions. Adv MarAntifouling
Coatings Technol 2009;26:7024.

[107] Liu L, Li W, Liu Q. Recent development of antifouling polymers: Structure, evaluation,
and biomedical applications in nano/migtuctures. Wiley Interdiscip Rev
Nanomedicine Nanobiotechnology 2014;6:6894.

[108] Yandi W, Mieszkin S, MartifTanchereau P, Callow ME, Callow JA, Tyson L, et al.
Hydration and chain entanglement determines the optimum thickness of poly(HEMA
co-PEG10MA) brushes for effective resistance to settlement and adhesion of marine
fouling organisms. ACS Appl Mater Interfaces 2014;6:114683

[109] Bressy C, Margaillan A, Fay F, Linossier |, Réhel K. -Tii@e selfpolishing marine
antifouling coatings. Woodhead Publishing Limited; 2009.

[110] Chen L, Qian PY. Review on molecular meclsams of antifouling compounds: An

104



PART PuBLI CATI ONS

update since 2012. Mar Drugs 2017;120Q.

[111] Peres RS, Armelin E, Aleman C, Ferreira CA. Modified tannin extracted from black
wattle tree as an environmentally friendly antifouling pigment. Ind Crops Prod
2015;65:50614.

[112] Viju N, Punitha SMJ, Satheesh S. Antifouling Properties of Bacteria Associated with
Marine Oyster Crassostrea Sp. Thalassas 2018;348271

[113] Doiron K, Beaulieu L, Stouis R, Lemarchand K. Reduction of bacterial biofilm
formation using marineatural antimicrobial peptides. Colloids Surfaces B Biointerfaces
2018;167:52130.

[114] Wang KL, Wu ZH, Wang Y, Wang CY, Xu Y. Mimeview: Antifouling natural
products from marine microorganisms and their synthetic analogs. Mar Drugs
2017;15:121.

[115] Qian PY, Xu Y, Fusetani N. Natural products as antifouling compounds: recent progress
and future perspectives. Biofouling 2009;26:228.

[116] Maréchal JP, Hellio C. Challenges for the development of newtaxa antifouling
solutions. Int J Mol Sc2009;10:462B37.

[117] Kwon SH, Lee |, Park H, Lee SG. Decomposition mechanisms ofpskshing
copolymers for antifouling coating materials through fpshciples approach. Prog Org
Coatings 2020;138:105406.

[118] Shah AA, Hasan F, Hameed A, Ahmed Bological degradation of plastics: A
comprehensive review. Biotechnol Adv 2008;26:123%.

[119] Yeo DCJ, Ahyong ST, Lodge DM, Ng PKL, Naruse T, Lane DJW. Semisubmersible oil
platforms: understudied and potentially major vectors of biofoutiegliated invaions.
Biofouling 2009;26:17686.

[120] Das S, Kumar S, Samal SK, Mohanty S, Nayak SK. A Review on Superhydrophobic
Polymer Nanocoatings: Recent Development and Applications. Ind Eng Chem Res
2018;57:272v45.

[121] Nimittrakoolchai OU, Supothina S. Depasit of organiebased superhydrophobic films
for antradhesion and selfleaning applications. J Eur Ceram Soc 2008;28:92.7

[122] Ding X, Zhou S, Gu G, Wu L. A facile and largeea fabrication method of
superhydrophobic selfleaning fluorinated polysikane/TiO2 nanocomposite coatings
with long-term durability. J Mater Chem 2011;21:6161

[123] Sas |, Gorga RE, Joines JA, Thoney KA. Literature review on superhydrophobic self
cleaning surfaces produced by electrospinning. J Polym Sci Part B Polym Phys
2012;50:82445.

[124] Sun Z, Liao T, Liu K, Jiang L, Kim JH, Dou SX. Fgye inspired superhydrophobic

105



CHAPTEXUNCT!I ONPOLYMEMATERI ALSMPDRRMARI NBE OFOUL IENG

ant-fogging inorganic nanostructures. Small 2014;10:3601

[125] Shang Q, Zhou Y. Fabrication of transparent superhydrophobic porous silica coating for
self-cleaning and anfiogging. Ceram Int 2016;42:87062.

[126] Chapman J, Regan F. Nanofunctionalized superhydrophobic antifouling coatings for
environmental sensor applicatieadvancing deployment with answers from nature.
Adv Eng Mater 2012;14:B1784.

[127] Xue CH, Guo XJ, Ma JZ, Jia ST. Fabrication of robust and antifouling superhydrophobic
surfaces via surfaemitiated atom transfer radical polymerization. ACS Appl Mater
Interfaces 2015;7:8259.

[128] Ferrari M, Benedetti A, Santini E, Ravera kgdieri L, Guzman E, et al. Biofouling
control by superhydrophobic surfaces in shallow euphotic seawater. Colloids Surfaces A
Physicochem Eng Asp 2015;480:369.

[129] Lian F, Tan J, Zhang H. Preparation of superhydrophobic titanium alloy surface and its
antifouling of halobios. Rare Met Mater Eng 2014;43:22@&7

[130] He X, Cao P, Tian F, Bai X, Yuan C. Autoclaviimgluced insitu grown hierarchical
structures for construction of superhydrophobic surfaces: A new route to fabricate
antifouling coatings. &f Coatings Technol 2019;357:1i88)

[131] Liu C, Xie Q, Ma C, Zhang G. Fouling Release Property of PolydimethylsileBased
Polyurea with Improved Adhesion to Substrate. Ind Eng Chem Res 2016;5586671

[132] Kimmins KM, James BD, Nguyen MT, Hatton B3one ED. Otiinfused Silicone
Prevents Zebra Mussel Adhesion. ACS Appl Bio Mater 2019;2i5841

[133] Selim MS, Yang H, Wang FQ, Fatthallah NA, Huang Y, Kuga S. Silicone/ZnO nanorod
composite coating as a marine antifouling surface. Appl Surf Sci 20190466

[134] Wynne KJ, Swain GW, Fox RB, Bullock S, Uilk J. Two silicone nontoxic fouling release
coatings: Hydrosilation cured PDMS and CaCo3 filled, ethoxysiloxane cured RTV11.
Biofouling 2000;16:27788.

[135] Brady RF, Aronson CL. Elastomeric fluorindt@olyurethane coatings for nontoxic
fouling control. Biofouling 2003;19:5%2.

[136] Qiu H, Holken I, Gapeeva A, Filiz V, Adelung R, Baum M. Development and
characterization of mechanically durable silicggadythiourethane composites modified
with tetrapdal shaped ZnO particles for the potential application as fotdilegise
coating in the marine sector. Materials (Basel) 2018;11:2413.

[137] Zzhang ZP, Song XF, Cui LY, Qi YH. Synthesis of polydimethylsiloxaraified
polyurethane and the structure anebgerties of its antifouling coatings. Coatings
2018;8:157.

[138] Oliva M, Matrtinelli E, Galli G, Pretti C. PDM®ased films containing surfaeetive

106



PART PuBLI CATI ONS

amphiphilic block copolymers to combat fouling from barnacles B. amphitrite and B.
improvisus. Polymer (@Gldf) 2017;108:47682.

[139) Pet roni s G, Berntsson K, Gol d J, Gatenho
surfaces for improved marine biofouling resistance. J Biomater Sci Polym Ed
2000;11:105172.

[140] Duong TH, Briand JF, Margaillan A, Bressy BolysiloxaneBased Block Copolymers
with Marine Bacterial AntAdhesion Properties. ACS Appl Mater Interfaces
2015;7:1557886.

[141] Selim MS, EiSafty SA, EtSockary MA, Hashem Al, Abo Elenien OM,-Baeed AM,
et al. Modeling of spherical silver nanopalgis in siliconebased nanocomposites for
marine antifouling. RSC Adv 2015;5:631'85.

[142] Selim MS, Shenashen MA, Fatthallah NA, Elmarakbi AS&fty SA. In Situ Fabrication
of OneDimensionalBased Lotud.ike Silicone~ T Al203 Nanocomposites for Marine
Fouling Release Coatings. ChemistrySelect 2017;2196830

[143] Larsson Al, MattssoiThorngren L, Granhag LM, Berglin M. Foulinrglease of
barnacles from a boat hull with comparison to laboratory data of attachment strength. J
Exp Mar Bio Ecol2010;392:10714.

[144] Martinelli E, Gunes D, Wenning BM, Ober CK, Finlay JA, Callow ME, et al. Effects of
surfaceactive block copolymers with oxyethylene and fluoroalkyl side chains on the
antifouling performance of silicoAeased films. Biofouling 20182:81 93.

[145] Lu Z, Chen Z, Guo Y, Ju Y, Liu Y, Feng R, et al. Flexible Hydrophobic Antifouling
Coating with Oriented Nanotopography and Nonleaking Capsaicin. ACS Appl Mater
Interfaces 2018;10:97186.

[146] Qiu H, Gapeeva A, Holken I, Kaps S, Adelung Bgum MJ. Polydimethylsiloxane
Microdomains Formation at the Polythiourethane/Air Interface and Its Influence on
Barnacle Release. ACS Appl Mater Interfaces 2021;13148245

[147] Zhu P, Meng W, Huang Y. Synthesis and antibiofouling properties of croablank
copolymers grafted with fluorinated aromatic side chains. RSC Adv 2017;783.79

[148] Amini S, Kolle S, Petrone L, Ahanotu O, Sunny S, Sutanto CN, et al. Preventing mussel
adhesion using lubricaimfused materials. Science 02017;357:66873.

[149] Sun Y, Ji Y, Lang Y, Wang L, Liu B, Zhang Z. A comparative study on the impact of
the carbon nanotubesodified polydimethylsiloxane nanocomposites on the
colonization dynamics of the pioneer biofilm communities. Int Biodeterior Biodegrad
2018;129:195201.

[150] Peres RS, Zmozinski A V., Brust FR, Macedo AJ, Armelin E, Aleman C, et al.

Multifunctional coatings based on silicone matrix and propolis extract. Prog Org
Coatings 2018;123:2231.

107



CHAPTEXUNCT!I ONPOLYMEMATERI ALSMPDRRMARI NBE OFOUL IENG

[151] Tian S, Jiang D, Pu J, Sun X, Li Z, Wu B, et al. A ngirid siliconebased antifouling
coating with nanocomposite hydrogel for durable antifouling properties. Chem Eng J
2019;370:19.

[152] Liu C, Ma C, Xie Q, Zhang G. Seltpairing silicone coatings for marine ahtofouling.
J Mater Chem A 2017;5:158661.

[153] Chambers LD, Stokes KR, Walsh FC, Wood RJK. Modern approaches to marine
antifouling coatings. Surf Coatings Technol 2006;201:3622

[154] Tomy GT, Budakowski W, Halldorson T, Helm PA, Stern GA, Friesen K, et al.
Fluorinated organic compounds im &astern arctic marine food web. Environ Sci
Technol 2004;38:64781.

[155] Cordner A, De La Rosa VY, Schaider LA, Rudel RA, Richter L, Brown P. Guideline
levels for PFOA and PFOS in drinking water: the role of scientific uncertainty, risk
assessment destons, and social factors. J Expo Sci Environ Epidemiol 2019;207157

[156] Lohmann R, Cousins IT, Dewitt JC, Glige J, Goldenman G, Herzke D, et al. Are
Fluoropolymers Really of Low Concern for Human and Environmental Health and
Separate from Other PFA&nviron Sci Technol 2020;54:12828

[157] Tan J, Liu W, Wang H, Sun Y, Wang S. Preparation and properties efutAble
waterborne comiike (meth)acrylate copolymers with long fluorinated side chains. Prog
Org Coatings 2016;94:622.

[158] Yarbrough JCRolland JP, DeSimone JM, Callow ME, Finlay JA, Callow JA. Contact
angle analysis, surface dynamics, and biofouling characteristics of-licicasle,
random perfluoropolyethdrased graft terpolymers. Macromolecules 2006;39:2521

[159] Ujjain SK, Roy PK Kumar S, Singha S, Khare K. Uniting Superhydrophobic,
Superoleophobic and Lubricant Infused Slippery Behavior on Copper Oxide- Nano
structured Substrates. Sci Rep 2016;60L

[160] Wu CJ, Li YF, Woon WY, Sheng YJ, Tsao HK. Contact Angle Hysteresis oph@re
Surfaces and Hysterediee Behavior on Oiinfused Graphite Surfaces. Appl Surf Sci
2016;385:15861.

[161] Ba M, Zhang Z, Qi Y. Fouling release coatings based on polydimethylsiloxane with the
incorporation of phenylmethylsilicone oil. Coatings 2(Bt853.

[162] Galhenage TP, Hoffman D, Silbert SD, Stafslien SJ, Daniels J, Miljkovic T, et al.
Fouling-Release Performance of Silicone-®ibdified SiloxanePolyurethane Coatings.
ACS Appl Mater Interfaces 2016;8:290236.

[163] Zhang H, Liang Y, Wang FZhang D. Design of slippery organogel layer with reom
temperature selfiealing property for marine afftouling application. Prog Org Coatings
2019;132:13p8.

[164] Ware CS, SmitiPalmer T, PeppeChapman S, Scarratt LRJ, Humphries EM, Balzer D,

108



PART PuBLI CATI ONS

et al. Mame Antifouling Behavior of Lubricarinfused Nanowrinkled Polymeric
Surfaces. ACS Appl Mater Interfaces 2018;10:4823

[165] Jin M, Feng X, Xi J, Zhai J, Cho K, Feng L, et al. Sdpgirophobic PDMS surface
with ultraslow adhesive force. Macromol Rapizbmmun 2005;26:1809.

[166] Lafuma A, Quéré D. Superhydrophobic states. Nat Mater 2003j8857

[167] Barthlott W, Neinhuis C. Purity of the sacred lotus, or escape from contamination in
biological surfaces. Planta 1997;2081

[168] Si Y, Guo Z. Supendrophobic nanocoatings: From materials to fabrications and to
applications. Nanoscale 2015;7:5928.

[169] Wenzel RN. Resistance of solid surfaces to wetting by water. Ind Eng Chem
1936;28:98894.

[170] Selim MS, Elmarakbi A, Azzam AM, Shenashen MA,-Saeed AM, ElSafty SA. Ece
friendly design of superhydrophobic namagnetite/silicone composites for marine
foul-release paints. Prog Org Coatings 2018;11&21

[171] Selim MS, EiSafty SA, Fatthallah NA, Shenashen MA. Silicone/graphene oxide-sheet
aumina nanorod ternary composite for superhydrophobic antifouling coating. Prog Org
Coatings 2018;121:1602.

[172] Selim MS, Yang H, EBafty SA, Fatthallah NA, Shenashen MA, Wang FQ, et al.
Superhydrophobi ¢ idMo@ 2 inangrod accompositeolf imarioen e / b
antifouling. Colloids Surfaces A Physicochem Eng Asp 2019;570%1.8

[173] Selim MS, Yang H, Wang FQ, Fatthallah NA, Li X, Li Y, et al. Superhydrophobic
silicone/SiC nanowire composite as a fouling release coating material. J Coatings
Technol Re 2019;16:116530.

[174] Selim MS, EiSafty SA, Azzam AM, Shenashen MA-Bbckary MA, Abo Elenien OM.
Superhydrophobic Silicone/TiOT1SiI0 2 Nanorodike Composites for Marine Fouling
Release Coatings. ChemistrySelect 2019;4:B303.

[175] LépezOrtega A Areitioaurtena O, Alves SA, Goitandia AM, Elexpe I, Arana JL, et al.
Development of a superhydrophobic and bactericide organic topcoat to be applied on
thermally sprayed aluminum coatings in offshore submerged components. Prog Org
Coatings 2019;137:10587

[176] Brown R, Russell S, May S, Regan F, Chapman J. Reproducible Superhydrophobic PVC
Coatings; Investigating the Use of Plasticizers for Early Stage Biofouling Control. Adv
Eng Mater 2017;19:1700053.

[177] Gangadoo S, Chandra S, Power A, Hellio C, 8vatGS, Watson JA, et al. Biomimetics

for early stage biofouling prevention: Templates from insect cuticles. J Mater Chem B
2016;4:574v54.

109



CHAPTEXUNCT!I ONPOLYMEMATERI ALSMPDRRMARI NBE OFOUL IENG

[178] Qin L, Hafezi M, Yang H, Dong G, Zhang Y. Constructing a duaktion surface by
microcasting and nanosprayirfor efficient drag reduction and potential antifouling
capabilities. Micromachines 2019;10:490.

[179] Gu Y, Yu L, Mou J, Wu D, Xu M, Zhou P, et al. Research strategies to develop
environmentally friendly marine antifouling coatings. Mar Drugs 2020;18:371

[180] Pradhan S, Kumar S, Mohanty S, Nayak SK. Environmentally Benign FeRésptant
Marine Coatings: A Review. Polym Technol Mater 2019;58(£38.

[181] Drelich J, Chibowski E, Meng DD, Terpilowski K. Hydrophilic and superhydrophilic
surfaces and nterials. Soft Matter 2011;7:98028.

[182] Otitoju TA, Ahmad AL, Ooi BS. Superhydrophilic (superwetting) surfaces: A review on
fabrication and application. J Ind Eng Chem 2017;47409

[183] Wei Q, Becherer T, Angiolettuberti S, Dzubiella J, Wischke Qleffe AT, et al. Protein
interactions with polymer coatings and biomaterials. Angew Chemiat Ed
2014,53:800431.

[184] Schlenoff JB. Zwitteration: Coating surfaces with zwitterionic functionality to reduce
nonspecific adsorption. Langmuir 2014;30:9626.

[185] Grozea CM, Walker GC. Approaches in designing-texic polymer surfaces to deter
marine biofouling. Soft Matter 2009;5:4088)0.

[186 Rosenhahn A, Schilp S, Kreuzer HJ, Grunze I
marine biofouling prevetion. Phys Chem Chem Phys 2010;12:48&

[187] Del Grosso CA, Leng C, Zhang K, Hung HC, Jiang S, Chen Z, et al. Surface hydration
for antifouling and bieadhesion. Chem Sci 2020;11:10887.

[188] Miller DJ, Dreyer DR, Bielawski CW, Paul DR, Freeman BEurface Modification of
Water Purification Membranes. Angew Chemlat Ed 2017;56:4662711.

[189] JiménezPardo |, van der Ven LGJ, van Benthem RATM, de With G, Esteves ACC.
Hydrophilic seltreplenishing coatings with loAgrm water stability for andiouling
applications. Coatings 2018;8:184.

[190] Zzhang R, Zhang L, Tian N, Ma S, Liu Y, Yu B, et al. The Tethered Fibrillar Hydrogels
Brushes for Underwater Antifouling. Adv Mater Interfaces 2017;4:1601039.

[191] Dai G, Xie Q, Ai X, Ma C, Zhang G. Seteneating and SelRenewing Zwitterionic
Polymer Surfaces for Marine ArBiofouling. ACS Appl Mater Interfaces
2019;11:417507.

[192] Murosaki T, Ahmed N, Ping Gong J. Antifouling properties of hydrogels. Sci Technol
Adv Mater 2011;12:064706.

[193] Yang WJ,Neoh KG, Kang ET, Teo SLM, Rittschof D. Polymer brush coatings for

110



PART PuBLI CATI ONS

combating marine biofouling. Prog Polym Sci 2014;39:1@27

[194] Gu Y, Zhou S. Novel Marine Antifouling Coatings: Antifouling Principles and
Fabrication Methods. Funct. Polym. Coating;@rMethods, Appl., 2015, p. 26837.

[195] Feng C, Huang X. Polymer Brushes: Efficient Synthesis and Applications. Acc Chem
Res 2018;51:23143.

[196] Camds Noguer A, Olsen SM, Huvilsted S, Kiil S. Letegm stability of PEGased
antifouling surfaces iseawater. J Coatings Technol Res 2016;13:85.7

[197] Liu VA, Jastromb WE, Bhatia SN. Engineering protein and cell adhesivity using PEO
terminated triblock polymers. J Biomed Mater Res 2002;60:3£6

[198] Chen S, Li L, Zhao C, Zheng J. Surfdogration: Principles and applications toward
low-fouling/nonfouling biomaterials. Polymer (Guildf) 2010;51:5P83.

[199] Lee JH, Lee HB, Andrade JD. Blood compatibility of polyethylene oxide surfaces. Prog
Polym Sci 1995;20:10439.

[200] Shih YJ, Chang, Quemener D, Yang HS, Jhong JF, Ho FM, et al. Hemocompatibility
of polyampholyte copolymers with wetllefined charge bias in human blood. Langmuir
2014;30:648D96.

[201] Ostuni E, Chapman RG, Holmlin RE, Takayama S, Whitesides GM. A survey of
structureproperty relationships of surfaces that resist the adsorption of protein.
Langmuir 2001;17:560%20.

[202] Jeon SI, Lee JH, Andrade JD, De Gennes PG. Prsteface interactions in the presence
of polyethylene oxide. I. Simplified theory. J Colloid Inteda®8ci 1991;142:14%8.

[203] Jeon SI, Andrade JD. Protesarface interactions in the presence of polyethylene oxide.
Il. Effect of protein size. J Colloid Interface Sci 1991;142i6®

[204] Magin CM, Finlay JA, Clay G, Callow ME, Callow JA, Brennan ABntifouling
performance of crodinked hydrogels: Refinement of an attachment model.
Biomacromolecules 2011;12:912.

[205] Lundberg P, Bruin A, Klijnstra JW, Nystrom AM, Johansson M, Malkoch M, et al.
Poly(ethylene glycotpased thickne hydrogel coatgs?curing chemistry, aqueous
stability, and potential marine antifouling applications. ACS Appl Mater Interfaces
2010;2:90812.

[206] Browning MB, Cereceres SN, Luong PT, CosgHiérnandez EM. Determination of the
in vivo degradation mechanism of PEGD#dnogels. J Biomed Mater ResPart A
2014;102:424%51..

[207] Ekblad T, Bergstrom G, Ederth T, Conlan SL, Mutton R, Clare AS, et al. Poly(ethylene

glycol)-containing hydrogel surfaces for antifouling applications in marine and
freshwater environments. Bi@oromolecules 2008;9:27i783.

111



CHAPTEXUNCT!I ONPOLYMEMATERI ALSMPDRRMARI NBE OFOUL IENG

[208] Yang Y, Luo H, Yang J, Huang D, Zhou S. Facile -d¥ing technique to establish a
3D-grafted poly(ethylene glycol) layer on an epoxy resin base for underwater
applications. J Appl Polym Sci 2016;13B11.

[209] Ostaci RV Damiron D, Al Akhrass S, Grohens Y, Drockenmuller E. Poly(ethylene
glycol) brushes grafted to silicon substrates by click chemistry: Influence of PEG chain
length, concentration in the grafting solution and reaction time. Polym Chem
2011;2:34854.

[210] Tugulu S, Klok HA. Stability and nonfouling properties of poly(poly(ethylene glycol)
methacrylate) Brushes under cell culture conditions. Biomacromolecules 2008;9:906
12.

[211] Lo we S, -Sipsér NM rConnal LA. Antibiofouling polymer interfaces:
Poly(ethylene glycol) and other promising candidates. Polym Chem 2015;@128

[212] Stadler V, Kirmse R, Beyer M, Breitling F, Ludwig T, Bischoff FR. PEGMA/MMA
copolymer graftings: Generation, protein resistance, and a hydrophobic domain.
Langmuir 2008;24:831i 7.

[213] Satulovsky J, Carignano MA, Szleifer I. Kinetic and thermodynamic control of protein
adsorption. Proc Natl Acad Sci U S A 2000. https://doi.org/10.1073/pnas.150236197.

[214] Gunkel G, Weinhart M, Becherer T, Haag R, Huck WTS. Effect of polyionesh
architecture on antibiofouling properties. Biomacromolecules 2011;12:4269

[215] Li L, Chen S, Zheng J, Ratner BD, Jiang S. Protein adsorption on oligo(ethylene-glycol)
terminated alkanethiolate selssembled monolayers: The molecular basis for
nonfouling behavior. J Phys Chem B 2005;109:2934

[216] Kawai F. Microbial degradation of polyethers. Appl Microbiol Biotechnol 2002;58:30
8.

[217] Han S, Kim C, Kwon D. Thermal/oxidative degradation and stabilization of polyethylene
glycol. Polymer (Gudf) 1997;38:31723.

[218] Kuroki H, Tokarev I, Nykypanchuk D, Zhulina E, Minko S. Stimrdsponsive materials
with selthealing antifouling surface via 3D polymer grafting. Adv Funct Mater
2013;23:4598600.

[219] Yang W, Zhang R, Wu Y, Pei X, Liu Y, Zhdu Enhancement of graft density and chain
length of hydrophilic polymer brush for effective marine antifouling. J Appl Polym Sci
2018;135:287.

[220] Su X, Hao D, Li Z, Guo X, Jiang L. Design of hierarchical comb hydrophilic polymer
brush (HCHPB) surfacesspired by fish mucus for artiofouling. J Mater Chem B
2019;7:132232.

[221] Martins MCL, Wang D, Ji J, Feng L, Barbosa MA. Albumin and fibrinogen adsorption
on PUPHEMA surfaces. Biomaterials 2003;24:2088.

112



PART PuBLI CATI ONS

[222] Zheng L, Sundaram HS, Wei Z, Li Quan Z. Applications of zwitterionic polymers.
React Funct Polym 2017;1187H1.

[223] Jiang S, Cao Z. Ultraloviouling, functionalizable, and hydrolyzable zwitterionic
materials and their derivatives for biological applications. Adv Mater 2010;223220

[224] He Y, Hower J, Chen S, Bernards MT, Chang Y, Jiang S. Molecular simulation studies
of protein interactions with zwitterionic phosphorylcholine se$embled monolayers
in the presence of water. Langmuir 2008;24:108383

[225] Hibbs MR, Hernande®anchez BA, Daniels J, Stafslien SJ. Polysulfone and
polyacrylatebased zwitterionic coatings for the prevention and easy removal of marine
biofouling. Biofouling 2015;31.:61124.

[226] Cao Z, Jiang S. Supéydrophilic zwitterionic poly(carboxybetaine) anchphiphilic
nortionic poly(ethylene glycol) for stealth nanoparticles. Nano Today 201271804

[227] Shimizu T, Goda T, Minoura N, Takai M, Ishihara K. Supgdrophilic silicone
hydrogels with interpenetrating poly(@ethacryloyloxyethyl phosphorylchob
networks. Biomaterials 2010;31:3280D.

[228] Higaki Y, Nishida J, Takenaka A, Yoshimatsu R, Kobayashi M, Takahara A. Versatile
inhibition of marine organism settlement by zwitterionic polymer brushes. Polym J
2015;47:8118.

[229] Ladd J, Zhang Z, Che8, Hower JC, Jiang S. Zwitterionic polymers exhibiting high
resistance to nonspecific protein adsorption from human serum and plasma.
Biomacromolecules 2008;9:13571.

[230] Li A, Luehmann HP, Sun G, Samarajeewa S, Zou J, Zhang S, et al. Synthesisiand in v
pharmacokinetic evaluation of degradable shell eliokgd polymer nanoparticles with
poly(carboxybetaine) versus poly(ethylene glycol) surgiedted coatings. ACS Nano
2012;6:897082.

[231] Koc J, Schonemann E, Amuthalingam A, Clarke J, FinlayGQlare AS, et al. Low
Fouling Thin Hydrogel Coatings Made of PhdfoossLinked Polyzwitterions.
Langmuir 2019;35:155%52.

[232] Schénemann E, Koc J, Aldred N, Clare AS, Laschewsky A, Rosenhahn A, et al.
Synthesis of Novel Sulfobetaine Polymers with DiffigriDipole Orientations in Their
Side Chains, and Their Effects on the Antifouling Properties. Macromol Rapid Commun
2020;41:1900447.

[233] Yeon DK, Ko S, Jeong S, Hong SP, Kang SM, Cho WK. Oxiddfediated,
Zwitterionic Polydopamine Coatings for Marinent#iouling Applications. Langmuir
2019;35:122734.

[234] Ma C, Yang H, Zhou X, Wu B, Zhang G. Polymeric material for-bi@fouling.
Colloids Surfaces B Biointerfaces 2012;10031

113



CHAPTEXUNCT!I ONPOLYMEMATERI ALSMPDRRMARI NBE OFOUL IENG

[235] Shen J, Du M, Wu Z, Song Y, Zheng Q. Strategy to construct potgzieiic hydrogel
coating with antifouling, drageducing and weak swelling performance. RSC Adv
2019;9:208191.

[236] Zhang Z, Finlay JA, Wang L, Gao Y, Callow JA, Callow ME, et al. Polysulfobetaine
grafted surfaces as environmentally benign ultralowifiguinarine coatings. Langmuir
2009;25:1351621.

[237] Liu H, Ma Z, Yang W, Pei X, Zhou F. Facile preparation of structured zwitterionic
polymer substrate via stdurface initiated atom transfer radical polymerization and its
synergistic marine antifoulingvestigation. Eur Polym J 2019;112:14@.

[238] Huang CJ, Chu SH, Li CH, Lee TR. Surface modification with zwitterionic cysteine
betaine for nanoshedissisted neanfrared plasmonic hyperthermia. Colloids Surfaces
B Biointerfaces 2016;145:29300.

[2399 Mosng&8l ek J, Osi | ka J-HanRdop R, Kdsak P.Ahotozhamicalhi r S,
grafting of polysulfobetaine onto polyethylene and polystyrene surfaces and
investigation of longerm stability of the polysulfobetaine layer in seawater. Polym Adv
Technd 2018;29:19308.

[240] Calabrese DR, Wenning B, Finlay JA, Callow ME, Callow JA, Fischer D, et al.
Amphiphilic oligopeptides grafted to PDM&ased diblock copolymers for use in
antifouling and fouling release coatings. Polym Adv Technol 2015;263829

[241] Dundua A, Franzka S, Ulbricht M. Improved Antifouling Properties of
Polydimethylsiloxane Films via Formation of Polysiloxane/Polyzwitterion
Interpenetrating Networks. Macromol Rapid Commun 2016;37i2830

[242] Hawkins ML, Fay F, Réhel K, Linossier@runlan MA. Bacteria and diatom resistance
of silicones modified with PE@ilane amphiphiles. Biofouling 2014;30:2%68.

[243] Zhou Z, Calabrese DR, Taylor W, Finlay JA, Callow ME, Callow JA, et al. Amphiphilic
triblock copolymers with PEGylated hydrocarnbstructures as environmentally friendly
marine antifouling and foulingelease coatings. Biofouling 2014;30:5894.

[244] Gohad N V., Aldred N, Hartshorn CM, Lee YJ, Cicerone MT, Orihuela B, et al.
Synergistic roles for lipids and proteins in the pernmaraelhesive of barnacle larvae.
Nat Commun 2014;5iD.

[245] Galli G, Martinelli E. Amphiphilic Polymer Platforms: Surface Engineering of Films for
Marine Antibiofouling. Macromol Rapid Commun 2017;38t3.

[246] Finlay JA, Krishnan S, Callow ME, Callow J®ong R, Asgill N, et al. Settlement of
Ulva zoospores on patterned fluorinated and PEGylated monolayer surfaces. Langmuir
2008;24:50810.

[247] Martinelli E, Hill SD, Finlay JA, Callow ME, Callow JA, Glisenti A, et al. Amphiphilic

modified-styrene copolyer films: Antifouling/fouling release properties against the
green alga Ulva linza. Prog Org Coatings 2016;9Q:235

114



PART PuBLI CATI ONS

[248] Zhao W, Yang J, Guo H, Xu T, Li Q, Wen C, et al. Slirasistant marine ankiiofouling
coating with PVPbased copolymer in PDMS itmex. Chem Eng Sci 2019;207:768.

[249] Wang H, Zhang C, Wang J, Feng X, He C. Doalde antifouling ability of thickne
amphiphilic conetworks: Minimally adhesive coatings via the surface zwitterionization.
ACS Sustain Chem Eng 2016;4:3803.

[250] Kuliasha CA, Finlay JA, Franco SC, Clare AS, Stafslien SJ, Brennan AB. Marire anti
biofouling efficacy of amphiphilic poly(coacrylate) grafted PDMSe: effect of graft
molecular weight. Biofouling 2017;33:26@7.

[251] Detty MR, Ciriminna R, Bright F V.Pagliaro M. Environmentally benign sgél
antifouling and foureleasing coatings. Acc Chem Res 2014;47:878

[252] Matrtinelli E, Sarvothaman MK, Galli G, Pettitt ME, Callow ME, Callow JA, et al.
Poly(dimethyl siloxane) (PDMS) network blends of ampHiphacrylic copolymers
with poly(ethylene glycoHluoroalkyl side chains for foulingelease coatings. Il
Laboratory assays and field immersion trials. Biofouling 2012;2882.1

[253] Hussain H, Busse K, Kressler J. Poly(ethylene oxideyl poly (perflorohexylethyl
methacrylaterontaining amphiphilic block copolymers: Association properties in
agueous solution. Macromol Chem Phys 2003;204:936

[254] Wang J, He C. Photopolymerized biomimetic-salhesive Polydimethylsiloxad®ased
amphiphilic crosdinked coating for antbiofouling. Appl Surf Sci 2019;463:109Z06.

[255] Kirillova A, Marschelke C, Friedrichs J, Werner C, Synytska A. Hybrid Hairy Janus
Particles as Building Blocks for Antibiofouling Surfaces. ACS Appl Mater Interfaces
2016;8:32591603.

[256] Li J, Xie Z, Wang G, Ding C, Jiang H, Wang P. Preparation and evaluation of
amphiphilic polymer as foulingelease coating in marine environment. J Coatings
Technol Res 2017;14:12B45.

[257] Martinelli E, Pretti C, Oliva M, Glisenti A, Galli GSol-gel polysiloxane films
containing different surfaeactive trialkoxysilanes for the release of the marine foulant
Ficopomatus enigmaticus. Polymer (Guildf) 2018;145i836

[258] Martinelli E, Del Moro I, Galli G, Barbaglia M, Bibbiani C, Mennillo Et al.
Photopolymerized network polysiloxane films with dangling hydrophilic/hydrophobic
chains for the biofouling release of invasive marine serpulid Ficopomatus enigmaticus.
ACS Appl Mater Interfaces 2015;7:82%01.

[259] Gudipati CS, Creenlief CM, Johmis JA, Prayoncpan P, Wooley KL. Hyperbranched
fluoropolymer and linear poly(ethylene glycol) based amphiphilic crosslinked networks
as efficient antifouling coatings: An insight into the surface compositions, topographies,
and morphologies. J Polym Sci PArPolym Chem 2004;42:619308.

[260] Zhu X, Guo S, JaE&zewski D, Parra Vel and
fluorinated amphiphilic polyions for marine fouling prevention. Langmuir 2014;30:288

115



CHAPTEXUNCT!I ONPOLYMEMATERI ALSMPDRRMARI NBE OFOUL IENG

96.

[261] Wang Y, Pitet LM, Finlay JA, Brewer LH;one G, Betts DE, et al. Investigation of the
role of hydrophilic chain length in amphiphilic perfluoropolyether/poly(ethylene glycol)
networks: towards higperformance antifouling coatings. Biofouling 2011;27: 111553

[262] Tan BH, Hussain H, Chaw KC, €kinson GH, Gudipati CS, Birch WR, et al. Barnacle
repellent nanostructured surfaces formed by theasslémbly of amphiphilic block
copolymers. Polym Chem 2010;1:286

[263] Dimitriou MD, Zhou Z, Yoo HS, Killops KL, Finlay JA, Cone G, et al. A general
approach to controlling the surface composition of poly(ethylene okxids¢d block
copolymers for antifouling coatings. Langmuir 2011;27:137&2

[264] Patterson AL, Wenning B, Rizis G, Calabrese DR, Finlay JA, Franco SC, et al. Role of
Backbone Chemistryand Monomer Sequence in Amphiphilic Oligopeptidand
OligopeptoidFunctionalized PDMSand PEGBased Block Copolymers for Marine
Antifouling and Fouling Release Coatings. Macromolecules 2017;50:8856

[265] Lutz JF, Ouchi M, Liu DR, Sawamoto M. Sequeontrolled polymers. Science 80
2013;341:1238149.

[266] Badi N, Lutz JF. Sequence control in polymer synthesis. Chem Soc Rev 2009;88:3383
90.

[267] Leng C, Buss HG, Segalman RA, Chen Z. Surface Structure and Hydration of Sequence
Specific Amphiphilic Polypeptoids for Antifouling/Fouling Release Applications.
Langmuir 2015;31:9304.1.

[268] Sakala GP, Reches M. PeptiHased Approaches to Fight Biofouling. Adv Mater
Interfaces 2018;5:1800073.

[269] Van Zoelen W, Zuckermann RN, Segalman RA. Tunableasarfproperties from
sequencespecific polypeptoigpolystyrene block copolymer thin films. Macromolecules
2012;45:707182.

[270] Miller SM, Simon RJ, Ng S, Zuckermann RN, Kerr JM, Moos WH. Comparison of the
proteol ytic susceptibi laictiidegs Dofamhbpmolaacg adu
substituted glycine peptide and peptoid oligomers. Drug Dev Res 1995;38:20

[271] Barry ME, Davidson EC, Zhang C, Patterson AL, Yu B, Leonardi AK, et al. The Role
of Hydrogen Bonding in Peptoilased Marine AntifoulingCoatings. Macromolecules
2019;52:128795.

[272] Van Zoelen W, Buss HG, Ellebracht NC, Lynd NA, Fischer DA, Finlay J, et al. Sequence
of hydrophobic and hydrophilic residues in Amphiphilic polymer coatings affects
surface structure and marine antifoulingitiag release properties. ACS Macro Lett
2014;3:3648.

[273] Omae I. Organotin antifouling paints and their alternatives. Appl Organomet Chem

116



PART PuBLI CATI ONS

2003:17:81105.

[274] Almeida E, Diamantino TC, de Sousa O. Marine paints: The particular case of
antifouling pairts. Prog Org Coatings 2007;592D.

[275] Sham RC tin, Tao LSR, Mak YKY, Yau JKC, Wai TC, Ho KKY, et al. Occurrence and
trophic magnification profile of triphenyltin compounds in marine mammals and their
corresponding food webs. Environ Int 2020;137:105567

[276] Ytreberg E, Bighiu MA, Lundgren L, Eklund B. XRF measurements of tin, copper and
zinc in antifouling paints coated on leisure boats. Environ Pollut 2016;21%594

[277] Chen R, Li Y, Tang L, Yang H, Lu Z, Wang J, et al. Synthesis of-kased agiate
copolymers and their marine antifouling application. RSC Adv 2017;7:40020

[278] Kim SM, Kim AY, Lee |, Park H, Hwang DH. Synthesis and characterization of self
polishing copolymers containing a new zinc acrylate monomer. J Nanosci Nanotechnol
2016;16:109087.

[279] Wang D, Xu J, Yang J, Zhou S. Preparation and synergistic antifouling effect-of self
renewable coatings containing quaternary ammosfimstionalized SiO2 nanopatrticles.
J Colloid Interface Sci 2020;563:26A1.

[280] Li Y, ChenR, Fag YH, Liu L, Sun X, Tang L, et al. Antifouling behavior of se¢ghewal
acrylate boron polymers with pyridirdeiphenylborane side chains. New J Chem
2018;42:1990816.

[281] Li Y, Chen R, Feng Y, Sun X, Tang L, Takahashi K, et al. Synthesis of Amphiphilic
Acrylate Boron Fluorinated Polymers with Antifouling Behavior. Ind Eng Chem Res
2019;58:801625.

[282] Lone N, Cheong IW, Cho M, Hong YK, Choi YS, Perumal S, et al. Preparation of
urushiolcontaining poly(methyl methacrylate) copolymers for antibacteriadl a
antifouling coatings. J Coatings Technol Res 2017;14821

[283] Xie Q, Ma C, Liu C, Ma J, Zhang G. Poly(dimethylsiloxaB&sed Polyurethane with
Chemically Attached Antifoulants for Durable Marine Antibiofouling. ACS Appl Mater
Interfaces 2015;7:2BWi 7.

[284] Feng K, Ni C, Yu L, Zhou W, Li X. Synthesis and evaluation of acrylate resins
suspending indole derivative structure in the side chain for marine antifouling. Colloids
Surfaces B Biointerfaces 2019;184:110518.

[285] Erni-Cassola G, Zadjelovic VGibson MI, ChristieOleza JA. Distribution of plastic
polymer types in the marine environment; A metalysis. J Hazard Mater
2019;369:6918.

[286] Shim WJ, Hong SH, Eo S. Marine microplastics: Abundance, distribution, and

composition. Microplastic Coatn. Aquat. Environ. An Emerg. Matter Environ.
Urgency, 2018, p.126.

117



CHAPTEXUNCT!I ONPOLYMEMATERI ALSMPDRRMARI NBE OFOUL IENG

[287] Tokiwa Y, Calabia BP, Ugwu CU, Aiba S. Biodegradability of plastics. Int J Mol Sci
2009;10:372p42.

[288] Gross RA, Kalra B. Biodegradable polymers for the environment. Scienee) (80
2002;297:8087.

[289] Siracusa V. Microbial degradation of synthetic biopolymers waste. Polymers (Basel)
2019;11:1066.

[290] Zia KM, Bhatti HN, Ahmad Bhatti I. Methods for polyurethane and polyurethane
composites, recycling and recovery: A review. Réamct Polym 2007;67:6792.

[291] Xu W, Ma C, Ma J, Gan T, Zhang G. Marine biofouling resistance of polyurethane with
biodegradation and hydrolyzation. ACS Appl Mater Interfaces 2014;6i2d17

[292] Gang H, Lee D, Choi KY, Kim HN, Ryu H, Lee DS, et Blevelopment of High
Performance Polyurethane Elastomers Using Varidised Green Polyol Chain
Extender Originating from Lignocellulosic Biomass. ACS Sustain Chem Eng
2017;5:45828.

[293] GarciaPacios V, Colera M, lwata Y, Martidartinez JM. Incidencef¢he polyol nature
in waterborne polyurethane dispersions on their performance as coatings on stainless
steel. Prog Org Coatings 2013;76:1726

[294] Mahajan N, Gupta P. New insights into the microbial degradation of polyurethanes. RSC
Adv 2015;5:4183B54.

[295] Rutkowska M, Krasowska K, Heimowska A, Steinka I, Janik H, Haponiuk J, et al.
Bi odegradat i on -cafroladibme) in Diffezedt Efvioohnyeqts) Polish J
Environ Stud 2002;11:4120.

[296] Chen Y, Liu Z, Han S, Han J, Jiang D. Poly(propgecarbonate) polyurethane self
polishing coating for marine antifouling application. J Appl Polym Sci 2016;133:43667.

[297] Labet M, Thielemans W. Synthesis of polycaprolactone: A review. Chem Soc Rev
2009;38:3484504.

[298] Chang R, Rohindra D, Lata RuKb o y a ma K, OQugi zawa TF. Devel
caprolactone)/pine resin blends: Study of thermal, mechanical, and antimicrobial
properties. Polym Eng Sci 2019;59:£32.

[299] Ma C, Zhang W, Zhang G, Qian PY. Environmentally Friendly Antifouling Coatings
Basd on Biodegradable Polymer and Natural Antifoulant. ACS Sustain Chem Eng
2017;5:63049.

[300] Azemar F, Fay F, Réhel K, Linossier I. Development of hybrid antifouling paints. Prog
Org Coatings 2015;87:10.

[301] Chen S, Ma C, Zhang G. Biodegradable payms controlled release system of organic
antifoulant to prevent marine biofouling. Prog Org Coatings 2017;108%8

118



PART PuBLI CATI ONS

[302] Zhou X, Xie Q, Ma C, Chen Z, Zhang G. Inhibition of Marine Biofouling by Use of
Degradable and Hydrolyzable Silyl Acrylate Copolymdnd Eng Chem Res
2015;54:955D65.

[303] Ma C, Xu W, Pan J, Xie Q, Zhang G. Degradable polymers for marine antibiofouling:
optimizing structure to improve performance. Ind Eng Chem Res 2016;551B0195

[304] Pantani R, Sorrentino A. Influence of cryitaty on the biodegradation rate of
injectionrmoulded poly(lactic acid) samples in controlled composting conditions. Polym
Degrad Stab 2013;98:108%6.

[305] Zhao Y, Fu J, Ng DKP, Wu C. Formation and degradation of poly(&xtide)
nanoparticles anttheir potential application as controllable releasing devices. Macromol
Biosci 2004;4:9016.

[306] Bartnikowski M, Dargaville TR, Ivanovski S, Hutmacher DW. Degradation mechanisms
of polycaprolactone in the context of chemistry, geometry and environnmegtPBlym
Sci 2019;96:120.

[307] Silva AL, Bordado JC. Recent developments in polyurethane catalysis: Catalytic
mechanisms review. Catal Re$ci Eng 2004;46:351.

[308] Cregut M, Bedas M, Durand MJ, Thouand G. New insights into polyurethane
biodegradabn and realistic prospects for the development of a sustainable waste
recycling process. Biotechnol Adv 2013;31:1634.

[309] Abioye OP, Loto CA, Fayomi OSI. Evaluation of Aiiofouling Progresses in Marine
Application. J Bie Tribo-Corrosion 2019;5:22

[310] Dafforn KA, Lewis JA, Johnston EL. Antifouling strategies: History and regulation,
ecological impacts and mitigation. Mar Pollut Bull 2011;621453

[311] Turner A. Marine pollution from antifouling paint particles. Mar Pollut Bull
2010;60:15971.

[312] Boyle JF, Sayer CD, Hoare D, Bennion H, Heppel K, Lambert SJ, et al. Toxic metal
enrichment and boating intensity: sediment records of antifoulant copper in shallow lakes
of eastern England. J Paleolimnol 2016;5517918.

[313] Hu Y, Chen J, Hu GYu J, Zhu X, Lin Y, et al. Statistical research on the bioactivity of
new marine natural products discovered during the 28 years from 1985 to 2012. Mar
Drugs 2015;13:2021.

[314] Pénez N, Culioli G, Pérez T, Briand JF, Thomas OP, Blache Y. Antifoulingepies
of simple indole and purine alkaloids from the Mediterranean gorgonian Paramuricea
clavata. J Nat Prod 2011;74:23@4

[315] Molina-Torres J, Garci&Chavez A, RamireChavez E. Antimicrobial properties of

alkamides present in flavouring plants itemhally used in Mesoamerica: affinin and
capsaicin. PG- 241-8 AB - The bioactive amides affinin and capsaicin isolated

119



CHAPTEXUNCT!I ONPOLYMEMATERI ALSMPDRRMARI NBE OFOUL IENG

[316]

[317]

[318]

[319]

[320]

[321]

[322]

[323]

[324]

[325]

[326]

[327]

120

respectively from Heliopsis longipes roots and Capsicum spp fr. J Ethnopharmacol
1999;64:2418.

Wang X, Yu LM, Li FC, Zhang GLZhou WJ, Jiang XH. Synthesis of amide derivatives
containing capsaicin and their antioxidant and antibacterial activities. J Food Biochem
2019;43:€13061.

Feng DQ, He J, Chen SY, Su P, Ke CH, Wang W. The Plant Alkaloid Camptothecin as
a Novel Antifoulng Compound for Marine Paints: Laboratory Bioassays and Field Trials.
Mar Biotechnol 2018;20:6238.

Moodie LWK, Trepos R, Cervin G, Brathen KA, Lindgard B, Reiersen R, et al.
Prevention of Marine Biofouling Using the Natural Allelopathic Compouathisin
[l and Synthetic Analogues. J Nat Prod 2017;80:2001

Liu H, Chen SY, Guo JY, Su P, Qiu YK, Ke CH, et al. Effective natural antifouling
compounds from the plant Nerium oleander and testing. Int Biodeterior Biodegrad
2018;127:1707.

Pawlik JR. Antipredatory defensive roles of natural products from marine invertebrates.
Handb. Mar. Nat. Prod., 2012, p. 6720.

Pereira RC, Carvalho AGV, Gama BAP, Coutinho R. Field experimental evaluation of
secondary metabolites from marine inedrates as antifoulants. Brazilian J Biol
2002;62:31120.

Nalini S, Inbakandan D, Venkatnarayanan S, Mohammed Riyaz SU, Dheenan PS,
Vinithkumar N V., et al. PYRROLO isolated from marine sponge associated bacterium
Halobacillus kuroshimensis SNSABDAntifouling study based on molecular docking,
diatom adhesion and mussel byssal thread inhibition. Colloids Surfaces B Biointerfaces
2019;173:917.

Shao CL, Xu RF, Wang CY, Qian PY, Wang KL, Wei MY. Potent Antifouling Marine
Dihydroquinolin2(1H)-one-Containing Alkaloids from the Gorgonian Coiaérived
Fungus Scopulariopsis sp. Mar Biotechnol 2015;17:468

Zhang J, Ling W, Yang Z, Liang Y, Zhang L, Guo C, et al. Isolation and structure
activity relationship of subergorgic acid and synthedigs derivatives as antifouling
agent. Mar Drugs 2019;17:101.

Wang KL, Xu Y, Lu L, Li Y, Han Z, Zhang J, et al. LeWoxicity Diindol-3-ylmethanes
as Potent Antifouling Compounds. Mar Biotechnol 2015;17:824

Wang X, Huang Y, Sheng Y, Su Bju Y, Ke C, et al. Antifouling activity towards
mussel by smalinolecule compounds from a strain of vibrio alginolyticus bacterium
associated with sea anemone Haliplanella sp. J Microbiol Biotechnol 2017;270460

Chen M, Wang KL, Wang CY. Antifding Indole Alkaloids of a Marinderived
Fungus Eurotium sp. Chem Nat Compd 2018;54:207



PART PuBLI CATI ONS

[328] Moubax I, Bontemps$Subielos N, Banaigs B, Combaut G, Huitorel P, Girard JP, et al.
Structureactivity relationship for bromoindole carbaldehydes: Effectshensea urchin
embryo cell cycle. Environ Toxicol Chem 2001;20:586.

[329] Wang CY, Wang KL, Qian PY, Xu Y, Chen M, Zheng JJ, et al. Antifouling phenyl ethers
and other compounds from the invertebrates and their symbiotic fungi collected from the
South Clna Sea. AMB Express 2016;610.

[330] Almeida JR, Moreira J, Pereira D, Pereira S, Antunes J, Palmeira A, et al. Potential of
synthetic chalcone derivatives to prevent marine biofouling. Sci Total Environ
2018;643:98106.

[331] Wang X, Yu L, Liu Y, Jiang. Synthesis and fouling resistance of capsaicin derivatives
containing amide groups. Sci Total Environ 2020;710:136361.

[332] Escobar A, Pérez M, Sathicq A, Garcia M, Paola A, Romanelli G, et al. Afiybates
obtained by green chemistry proceduressagable new antifoulants for marine
protective coatings. J Coatings Technol Res 2019;166609

[333] Inoue Y, Takashima S, Nogata Y, Yoshimura E, Chiba K, Kitano Y. Isocyanides Derived
f r o mDidubstiduted Amino Acids: Synthesis and Antifouling AdiyviAssessment.
Chem Biodivers 2018;15:e1700571.

[334] Feng K, Li X, Yu L. Synthesis, antibacterial activity, and application in the antifouling
marine coatings of novel acylamino compounds containing gramine groups. Prog Org
Coatings 2018;118:147%.

[335] Feng K, Ni C, Yu L, Zhou W, Li X. Synthesis and antifouling evaluation of indole
derivatives. Ecotoxicol Environ Saf 2019;182:109423.

[336] Pérez M, Garcia M, Ruiz D, Autino JC, Romanelli G, Blustein G. Antifouling activity
of greensynthesized -hydroxy-4-methylcoumarin. Mar Environ Res 2016;113:134.

[337] Chen Y, Xie XG, Ren CG, Dai CC. Degradation chbterocyclic indole by a novel
endophytic fungus Phomopsis liquidambari. Bioresour Technol 2013;1294%68

[338] Kawamata M, Korya K, Miki W. 5,6Dichloro-1-methylgramine, a notoxic
antifoulant derived from a marine natural product. Prog Mol Subcell Biol 2006;42:125
39.

[339] Yang C, Sun W, Liu S, Xia C. Comparative effects of indole derivatives as antifouling
agents on the growth of two marine diatspecies. Chem Ecol 2015;31:2997.

[340] Nakahata N, Harada Y, Tsuji M, Keia K, Shizuri Y, Ohizumi Y. Structuractivity
relationship of gramine derivatives in Ca2+ release from sarcoplasmic reticulum. Eur J
Pharmacol 1999;382:1P92.

[341] Iwata S, @ito SY, Konya K, Shizuri Y, Ohizumi Y. Novel marinderived halogen

containing gramine analogues induce vasorelaxation in isolated rat aorta. Eur J
Pharmacol 2001;432:630.

121



CHAPTEXUNCT!I ONPOLYMEMATERI ALSMPDRRMARI NBE OFOUL IENG

[342] Yang C, Yu Y, Sun W, Xia C. Indole derivatives inhibited the formatiobaufterial
biofilm and modulated Ca2+ efflux in diatom. Mar Pollut Bull 2014;88%2

[343] Hepler PK. Calcium: A central regulator of plant growth and development. Plant Cell
2005;17:214p55.

[344] Bothwell JHF, Ng CKY. The evolution of Ca2+ signallingohotosynthetic eukaryotes.
New Phytol 2005;166:2138.

[345] Wheeler GL, Brownlee C. Ca2+ signalling in plants and green atgsenging channels.
Trends Plant Sci 2008;13:50H4.

[346] Azab IHE, Youssef MM, Amin MA. Microwavwassisted synthesis of noveHz2
chromene derivatives bearing phenylthiazolidinones and their biological activity
assessment. Molecules 2014;19:196:48

[347 Geeson MB, Cummi ns CC. Let s Make White P
2020;6:84860.

[348] Sheldon RA. Metrics of Green Qiméstry and Sustainability: Past, Present, and Future.
ACS Sustain Chem Eng 2018;6i33.

[349] Schattling P, Jochum FD, Theato P. Multimuli responsive polymetthe altin-one
talents. Polym Chem 2014;5i2%5.

[350] Demirci S, KinalitDemirci S, Jiang SA switchable polymer brush system for antifouling
and controlled detection. Chem Commun 2017;53:B813

[351] Xu G, Liu X, Liu P, Pranantyo D, Neoh KG, Kang ET. ArginiBased Polymer Brush
Coatings with Hydrolysigriggered Switchable Functionalities fno Antimicrobial
(Cationic) to Antifouling (Zwitterionic). Langmuir 2017;33:69235.

[352] Wang X, Yan S, Song L, Shi H, Yang H, Luan S, et al. TemperiRasponsive
Hierarchical Polymer Brushes Switching from Bactericidal to Cell Repellency. ACS
Appl Mater Interfaces 2017;9:40980.

[353] Gillies ER, Goodwin AP, Fréchet IMJ. Acetals asgatisitive linkages for drug delivery.
Bioconjug Chem 2004;15:12583.

[354] Chen S, Ma C, Zhang G. Biodegradable polymers for marine antibiofoflingl -y ( U
caprolactone)/poly(butylene succinate) blend as controlled release system of organic
antifoulant. Polymer (Guildf) 2016;90:2181.

[355] Andersson Trojer M, Nordstierna L, Bergek J, Blanck H, Holmberg K, Nydén M. Use
of microcapsules as controlledlease devices for coatings. Adv Colloid Interface Sci
2015;222:1843.

[356] Wang W, Hao X, Chen S, Yang Z, Wang C, Yan R, et al-rggpponsive

Capsaicin@chitosan nanocapsules for antibiofouling in marine applications. Polymer
(Guildf) 2018;158:22830.

122



PART PuBLI CATI ONS

[357]

[358]

[359]

[360]

[361]

[362]

[363]

[364]

[365]

[366]

[367]

Samal SK, Dash M, Vlierberghe S Van, Kaplan DL, Chiellini E, Blitterswijk C van, et
al. Cationic polymers and their therapeutic potential. Chem Soc Rev 2012;4094147

Xu G, Liu P, Pranantyo D, Neoh KG, Kang ET. Dextraand ChitosasBased
Antifouling, Antimicrobial Adhesion, and Seolishing Multilayer Coatings from pH
Responsive LinkageSnabled Layeby-Layer Assembly. ACS Sustain Chem Eng
2018;6:391626.

Su Y, Zhao L, Meng F, Qiao Z, Yao Y, Luo J. Triclosan loaded polyurethane micelles
with pH and lipase sensitive properties for antibacterial applications and treatment of
biofilms. Mater Sci Eng C 2018;93:9230.

Chen ZC, zZhu BC, Li JJ, Zhou YN, Luo ZH. Dwuasponsive copolymer
poly(2,2,3,4,4,shexafluorobutyl methacrylatd)lock-poly[2-(dimethylamino)ethyl
methacrylate] synthesized via photoATRP for surface with tunable wettability. J Polym
Sci Part A Polym Chem 2016;54:3869 .

Li R, Lian X, Wang Z, Wang Y. Radical Cation Initiated Surface Polymerization on
Photothermal Riober for Smart Antifouling Coatings. Cherd Eur J 2019;25:183.

Selim MS, EiSafty SA, EtSockary MA, Hashem Al, Elenien OMA, Efaeed AM, et

al. Smart photanduced silicone/TiO2 nanocomposites with dominant [110] exposed
surfaces for seltleanng foulrelease coatings of ship hulls. Mater Des 2016;101:218
25.

Fu Y, Jin B, Zhang Q, Zhan X, Chen F. ffluced Switchable Superwettability of
Efficient Antibacterial Fabrics for Durable Selective Oil/Water Separation. ACS Appl
Mater Interfaces @17;9:3016170.

Kim YJ, Matsunaga YT. Thermmesponsive polymers and their application as smart
biomaterials. J Mater Chem B 2017;5:4BRY.

GuY, Zhou S, Luo H, Wu L, Gao W, Yang J. Temperatigpendent phassegregation
behavior and antifoulg performance of UMurable methacrylated PDMS/PEG
coatings. J Polym Sci Part B Polym Phys 2016;54:1832

Wang B, Xu Q, Ye Z, Liu H, Lin Q, Nan K, et al. Copolymer Brushes with Temperature
Triggered, Reversibly Switchable Bactericidal and Antifog Properties for
Biomaterial Surfaces. ACS Appl Mater Interfaces 2016;8:2V207

Schild HG. Poly(Nisopropylacrylamide): experiment, theory and application. Prog
Polym Sci 1992;17:16249.

[368] Conzatti G, Cavalie S, Combes C, Torrisani J, Garke Tourrette A. PNIPAM grafted

surfaces through ATRP and RAFT polymerization: Chemistry and bioadhesion. Colloids
Surfaces B Biointerfaces 2017;151:158.

[369] Ista LK, Mendez S, Lopez GP. Attachment and detachment of bacteria on surfaces with

tunableand switchable wettability. Biofouling 2010;26:1BL

123



CHAPTEXUNCT!I ONPOLYMEMATERI ALSMPDRRMARI NBE OFOUL IENG

[370] Wei T, Tang Z, Yu Q, Chen H. Smart Antibacterial Surfaces with Switchable Bacteria
Killing and BacteriaReleasing Capabilities. ACS Appl Mater Interfaces 2017;9:3i7511
23.

[371] Sz y ma Es k i le MM, Kisteraakez HAV, Velema WA, Feringa BL. Reversible
photocontrol of biological systems by the incorporation of molecular photoswitches.
Chem Rev 2013;113:61148.

[372] Qu DH, Wang QC, Zhang QW, Ma X, Tian H. Photoresponsive-Baostst Functional
Sysems. Chem Rev 2015;115:7588.

[373] Banerjee S, Dionysiou DD, Pillai SC. Selkaning applications of TiO2 by pheto
induced hydrophilicity and photocatalysis. Appl Catal B Environ 2015;176:396
428.

[374] Szeto W, Leung MKH, Leung DYC. Recent devetmmnts of titanium dioxide materials
for aquatic antifouling application. J Mar Sci Technol 2021;26:301

[375] Ortelli S, Blosi M, Delpivo C, Gardini D, Dondi M, Gualandi I, et al. Multiple approach
to test nano TiO2 photactivity. J Photochem PhotobidlChem 2014;292:2633.

[376] Zhang L, Zhang J, Jiu H, Ni C, Zhang X, Xu M. Grapheased hollow TiO2
composites with enhanced photocatalytic activity for removal of pollutants. J Phys Chem
Solids 2015;86:8X.

[377] Lai Y, Huang J, Cui Z, Ge M, Zhang K@Qhen Z, et al. Recent Advances in TiBased
Nanostructured Surfaces with Controllable Wettability and Adhesion. Small
2016;12:220824.

[378] Eiamchai P, Chindaudom P, Horprathum M, Patthanasettakul V, Limsuwan P. Design
and investigation of photmducedsuperhydrophilic materials for car mirrors. Mater
Des 2009;30:34285.

[379] Liu K, Cao M, Fujishima A, Jiang L. Bimspired titanium dioxide materials with special
wettability and their applications. Chem Rev 2014;114:10044

[380] Natarajan S, Lakshi DS, Thiagarajan V, Mrudula P, Chandrasekaran N, Mukherjee A.
Antifouling and antialgal effects of chitosan nanocomposite (TiO2/Ag) and pristine
(TiO2 and Ag) films on marine microalgae Dunaliella salina. J Environ Chem Eng
2018;6:687080.

[381] Xu B, Feng C, Hu J, Shi P, Gu G, Wang L, et al. Spasting Polymer Brush Films for
Stimuli-Responsive and Antrouling Surfaces. ACS Appl Mater Interfaces 2016.

[382] Du T, Ma S, Pei X, Wang S, Zhou F. Bliaspired Design and Fabrication of
Micro/NanoBrush Du#& Structural Surfaces for Switchable Oil Adhesion and
Antifouling. Small 2017;13:110.

[383]1' | 2kovs8g8 M, Tks8gl J, Kas8k P. Switchabl e
Polymers (Basel) 2015;7:23470.

124

ma



PART PuBLI CATI ONS

[384] Scardi no A, De Ny s WRSteinberg & nMic@topogaphg @andn o r
antifouling properties of the shell surface of the bivalve molluscs Mytilus
galloprovincialis and Pinctada imbricata. Biofouling 2003;19i301

[385] Brzozowska AM, Maassen S, Goh Zhi Rong R, Benke PI, Lim CS, MaliiM)] et al.
Effect of Variations in Micropatterns and Surface Modulus on Marine Fouling of
Engineering Polymers. ACS Appl Mater Interfaces 2017;9:17568

[386] Tan LT, Goh BPL, Tripathi A, Lim MG, Dickinson GH, Lee SSC, et al. Natural
antifoulants from the marine cyanobacterium Lyngbya majuscula. Biofouling
2010;26:68595.

[387] Liu K, Jiang L. Bicinspired seHcleaning surfaces. Annu Rev Mater Res 2012;42:231
63.

[388] Bixler GD, Bhushan B. Fluid drag reduction with shakin riblet inspired
microstiuctured surfaces. Adv Funct Mater 2013;23:4%8/

[389] Carman ML, Estes TG, Feinberg AW, Schumacher JF, Wilkerson W, Wilson LH, et al.
Engineered antifouling microtopographigSorrelating wettability with cell attachment.
Biofouling 2006;22:1121.

[390] Bechert DW, Bruse M, Hage W. Experiments with thtgeensional riblets as an
idealized model of shark skin. Exp Fluids 2000;28i4(23

[391] Chung KK, Schumacher JF, Sampson EM, Burne RA, Antonelli PJ, Brennan AB. Impact
of engineered surface microtopaghy on biofilm formation of Staphylococcus aureus.
Biointerphases 2007;2:894.

[392] Scardino AJ, de Nys R. Mini review: Biomimetic models and bioinspired surfaces for
fouling control. Biofouling 2011;27:7386.

[393] Dundar Arisoy F, Kolewe KW, Homyak ,BKurtz IS, Schiffman JD, Watkins JJ.
Bioinspired Photocatalytic Shafkin Surfaces with Antibacterial and Antifouling
Activity via Nanoimprint Lithography. ACS Appl Mater Interfaces 2018;10:20835

[394] Yang H, Zzhang W, Chen T, Huang S, Quan B, WangeMal. Direct experimental
evidence of biomimetic surfaces with chemical modifications interfering with adhesive
protein adsorption. Molecules 2019;24:27.

[395] Munther M, Palma T, Angeron IA, Salari S, Ghassemi H, Vasefi M, et al.
MicrofabricatedBiomimetic placoid Scaknspired surfaces for antifouling applications.
Appl Surf Sci 2018;453:166 2.

[396] Chen Z, Zhao W, Xu J, Mo M, Peng S, Zeng Z, et al. Designing environmentally benign
modified silica resin coatings with biomimetic textures fotilsiofouling. RSC Adv
2015;5:3687481.

[397] Fu J, Zhang H, Guo Z, Feng D qing, Thiyagarajan V, Yao H. Combat biofouling with
microscopic ridgdike surface morphology: A bioinspired study. J R Soc Interface

125



CHAPTEXUNCT!I ONPOLYMEMATERI ALSMPDRRMARI NBE OFOUL IENG

2018;15:20170823.

[398] Zzhang Y, Zhao W, Chen 4,iu Z, Cao H, Zhou C, et al. Influence of biomimetic
boundary structure on the antifouling performances of siloxane modified resin coatings.
Colloids Surfaces A Physicochem Eng Asp 2017;52887

[399] Sullivan T, Regan F. Marine diatom settlement onratextured materials in static field
trials. J Mater Sci 2017;52:584%6.

[400] Song C, Cui W. Review of Underwater Ship Hull Cleaning Technologies. J Mar Sci Appl
2020;19:41529.

[401] Hearin J, Hunsucker KZ, Swain G, Stephens A, Gardner H, LiebermamKAmalysis
of longterm mechanical grooming on largeale test panels coated with an antifouling
and a foulingrelease coating. Biofouling 2015;31:638.

[402] Tribou M, Swain G. Grooming using rotating brushes as a proactive method to control
ship hull fouling. Biofouling 2015;31:30019.

[403] Radziuk D, Méhwald H. Ultrasonic Mastering of Filter Flow and Antifouling of
Renewable Resources. ChemPhysChem 2016;1i5331

126



PART PuBLI CATI ONS

Chapter 3
CotSenh el | Structured N

Contr ol Il n Aquacul tur e

I n this wehéa&ll tédercorered aqusacaddsigfee lnley ed
by i mpregnation of nyl on nets wasthlmaREMS /aH ¢
introduces a hydr opledkeiacs es prrfogpeea tared ftoulaigru
of PDMS into the net core material -teerargl e
mechani cal sttaebim isttya.biThe yl confg t he Cl-gadret \
field test 1 n thebifBmultiicmg Seaul odbde aargdi |hy rrd
surface.

The results of t hhed siomaetghcgeawsdngbleenl pubéi Re

Own contribution to the presented article:
A Conception of the study

Sampl e preparation

Sampl e characterizati on

Data analysis and interpretation

o o o o

Manuscript writing and editing

The f ol l otwiinng tchbisst ecehparpotdeurc ed wi t h per mi ssi C
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CorSehel | Structured Net s for
Aguacul ture

Haoyi**®hona Ga&PpereermiRaipmser *Padned uMiagr t3% na Baum
@aFunctional Nanomaterial s, l nstitute for Mat e
University,2Knd43erkitel , 2GeDmany.

Ph$t one AG, Kadi 1s4e3r,s tKri.e 12,, @®er many.
*Correspondi ng Auatghat i ehRaadaymie rQirAd,@ fw.ngnhi. de

ABSTRACT:

This study demonstrates a robust, flexible int
as core materi al and polydimethylsiloxane (PL
s Hd component into the core materi al enabl es
macro scal e, providing mechanical stability
surface properties-knBwne bPbDeM8Beualisien gamaiwveer il al |,
dr awbacks with respect t o -tmseucbhsatnriactael, swhriecnhg t
overcome by the presented approach. Nowadays,
real i zed bycounstianignibnigocciodaet i ngoft @orgaoi d msher a
them. Up to now, there are no coatings avail al
protection for aquaculture nets during the wh
bi oci dal coatings ceyxharmd tneed itrmd tleel eédulcaein:
substantial | oss of the coating and i-mfcreased
concept study covers the scope from the desig
field te8astin BSkRa. The presented approach er
fundamentally different approach in Dbiofouli:i
aqguac.ul ture

KEYWORDRBol ydi met hyl sil oxane; Aquacultufre nets;
rel ease; Bi ofouling control
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1. | nt roducti on

The r apupd obfuinhadri ne organi sms-cah| dbimend®
i's apresvemt procestshatn pguas i & dhiadpnit fait sant
industry. Unl i ke capture fisheries, aquacul
three decades. I n 2018 it amounted to 114.°F¢
to thegatf amme value of USD 263.6 billion an
pr odulcRA@202 The twisted nylon netting used
a highly suitable substrate for the adhesic
fibers bearing specific roughnesnst foefa tourrgeasn
by forming strong adhesi on, e. g., by mecha
irregulariti é€riogp tédnte slurfad®d5;geWalrlker,, t1l
bi of ouling growth and its diversity depend:
one site, such factors as deptulbsof at emer s ie
(vertical or horizobde aMys pdrmad @ue rmtsisem,t i 200
Furthermore, the growth of bi of ouling orga
enriched in organic and i norgani(cDewaNsytse sa nj
Guent her, 2009)

Despite its fast expansion and tremendou
techniques applied in-agdamadit gps eist Ihemerutp po
nets are far fofiohlheeritdeaenelt.hoOhe sstteatee | mp-r egna
containing antifouling paints that produce
potenti al bi of gul iemgdsotgahiasme. afimual emi s s
can exert a negative impact on té&Bdiamruey e
al ., 201 3; Braithwaite and McEvoy, 2004; B L
Si mpson et al ., 2013; BSkiaddSfvbki g a@nhvi r o2r
coppent aiat inggscocommonl y used i n t he aqua
efficiency against bi ofouling and are not
cyc( Bl oecher et al ., 2015TTheGeéotr leerttodebyeab
compl emented with per(iBddiexc helre amidn@hl mirelova e d |
hand, i f nets are unprotected and not reget
(several dkialroes fpermend wi t(hBrmaiat lcwaiiptlee anfd W
Fouling on nets | eads to three main probl en

1) Decreased mesh size disrupts waandrnietxrcihe

2)

rich water inside enclosures, as wel |l a .
and fish faeces) can affeBrtaitthlewaietad t dnc
2004, Cottee and Petersan, 20009, De Nys

Bi of ouling can i ncr eas eanutcthe aveentdivotlddo fa ntdl
the dragf dlod.ceTHe viekeavy weight of biofou
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complete | oss of the cultured fish stock.
di sturb the ecologicpbolbabbn¢edeasdr natodna
(Cottee an@O9et eftsg wiegr ddot al . ,-Go2ndelz7 ; anldz qui

Sancherze z, 201 6; Mi | ne, 1970)

3) Biofouling communities can host pat hogeni
transmi ssion betwee(Bwnhdsted eul abred2616
Mc Evoy, 2004, Cottee and Petersan, 20009, D
2012)

Aqguacul ture operations are gQubfjoeocdt ecu atloi t g/t
environment(aMar otnan d a2r0dosO ; War.dl@GonsndeMomnigi ¢,he
growt hagiadtuthleture industry and the correspond
the se@ond@apmemg coatings may be banned in th
from fish farming to Norwegian cd&&ktadbtBvi ker s
al .,. 2RAdd9rding to the RID (Riverine Inputs a
direct discharge from aquacultures in Norway
(Farkas and SkbBméBRef &rre 202®Yyi ronmentally beni
systems ar e r ebgrueierdeidn gt oc onsitnsi nainzde pr ot ect t he ¢

Pol ydi methyl sil ox-anewit PDIEIE e rticeX i aca sed &t lemrama t i
bi oeciodhd ai ni ng ant i f o(uBrianigt hcwaaitti en gasn dd oMc BwWao yp, 6 S
|l ow surface free eMmesngiyc PBHEMES shphand excallllte mtg pc

foudriemg@gase coatings, i . e. coat dsnegtst | tehmeetnt d d u
signifdoartthere adhesion strength to the coa
bi of ouling by mechanical cleaning or by hydr
operati on( Huf etth ea |HlgiwgwWe2r0,) t hi s same feature (
adhetss8ohstrate, driving scientists to develo
properties on the surface while mecrhawidcad st
by another m@apeavaaeteralal,. 201 d;urQiawp peto aalh.,, |
of | ow -taglbhlest oamt e i s solved due to & heompenetr
resuhg i n mechanicalé&Gi yaemnl odli ragldwittilont he hmee
all ows the net to remain flexible.

I n this study, a g usahceul | It ug ter uncettusrii@w ig tdiper e ad d re
were fabricataédnlgyhparccedeygs.cofmmerci ally avail al
nets were i mpregnated with a PDMS/ hexane solu
Cl eaNet possesseelpreomi ®ahdgq efawloipeg mi es abl bhny
and me c hanliictayl, dwhriacbhi ar e essenti al propert
aqguacul ture. We should highlight -tthhaen dfl eec ialned f
applicable at an industrial scale.

A key feature of the method described in th
PDMS by wusing a solvent (e.g., hexane). The t

130



PART PuBLI CATI ONS

are 1) the drastic weight reducft iroend uocfe dt hceo
thickness and 2) the significant enhancemer
coating due to the penegstrpaionaond PDMST or
interpeneghaltli ngt rcwateur e.l elaMNeed e hfi ggehtl wr esu i Mmae
cleaning, which becdsmeaquarcdu lstfulrmesngpdsRe@riatta |d m

2 . Mat eri al and Met hods

2. Materials and sampl e preparation

The r-luiblkbeeroommpeonent sili ¢tokEd3PWES pPluasthasic
Chemie AG (Muni ch, Germanxyxurilng sysbamedndr
when exposed to air moisture. The solvent

GmbH + Co. KG (Karl srahbeacGet maryhet $héhalpl
were provided by Mechanische Netzfabrik Wa
Ger many) .

For the modification of the aquacul t-ure n
tbexane wei gHt rigduacau lotfurle nets were | mmer s
solution for 2 minutes. In the first mi nut
sufficient I mpregnation by PDMS. Afterward,
achieve allsmotoit nc tsthrecea atAfnigerprtoncee sadsi,p t he i1
unf ol ded, hung, and dried under at mospher
i mpregnated with undiluted PDMS were prepalt
solvent .

2.2ampl e characterization and field test

To investigate the nets i mpregnated with
mi croscopy (SEM), aquipppreadyvwi BEXhX )a nd eetneesatgo/r
Oberkochen, Ger mawmgl)t ade amf a@®@ ek eV awsdest ipiea rnf
of the net yarn. To prepare the samples for
were cut into an appropriate sizeewtitbna E

sampl es wdrei sputgtoé de f or 90 sTeucsi A@, aP fs2pfuf
Switzerl and) .

To evaluate the weight increase of the ne
PDMS, three samples of each wvariation wer ¢
i mpregnation process using an analytical ba

To eval uat-reeltehaes @/loeaasayngr operties of Cl eal
the dimension of 15 cm x 15 cm werdhrmpre
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uncoated net samples were used as a referenc:

Al Mg3 frame with cable ties. Those were i mmer
Sea, Kiel, Germany) from July @9 1lWwernre® dMaganrdd (
l1wveek of 1 mmersion (mawaak cf elhpmimaphieeamdr af t
water jet (K&@rcher PressutGmbMaskWenneAdened GK?¥

The net appearance was( Oleyonp-tle dDEemkdy OGygr morc
Tokyo, Japan).

3. Results and Discussi on

Fi g. 1 shiowwrso ggrEdMp hs and -ntagrsr eosf{s @ac ddirmaps sBD X t
Cl easNeytarn. As silicon (Si) -map 0,nltyh e ositlaii cnoerd
red) illustrates the PDMS distribut&dornawhi.l e
The &netarn was completely covered and protect
the micrometer range. Si mul ttdee au 4 luyt,e dd uPeD MtSq
core area, the «céatyiamrgn,p erneesturlattiendg tihne nmmeecthani
thesngtarn and PDMS. Diluting PDMSNyilso ne snseetn t i
i nterl ocking sanircuotgu ragehssd dotdi daE@lorfyoatr me | NMmetr e g n a
with undiluted PDMS is illustrated in Fig. A
superficial PDMS corona G®vaywarfro,r mendd rmselarrloyw nnda
PDMS inte® yarennaase founhde high viscosity of P

Fi §SENMi crographs (a, c¢)ymamsd (cho,r rskdscpoafnodai nodge obga¥e nCl e a N
Si signal in red and C signal in green refer to PDM
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To the best of our knowledge, it is&for t
yarn and the PDMS coating was investigated
PDMS, a protective ayarnsoanoaimdgian ¢ edtalin@ g &
easily cause the coating to peel off and f a
bet ween PDMSyammn. nlent ranc tme cchhaenilcanlg st abi | i
antifouling coatimnglfilomnaguaolivtedr eanmdettdai 3
when the nets are subjected to-phiegls umec wa
cleaning) . I n contrast to our approach, ma

aguacul tufr-pohesbBi age Beespolubhttabniocyg daée awa
a hprmgédssure water cleaning resul thbasied <seowdr
and can remove up to 30% of the (Bbtadichgroml
2019, Camps et al ., 2014)

Besi des stchues sjeds tasgiect, Swain and Shinjo s
with a commeasedl|lpaioptpeirncreased by 400% co
the cuprous oxide par(tSwdiers el HBHh inrejdatf nst b

found that the weight increase of the net
compared to an untreated net, while the wei
PDMS) i ncreased only bhyt 5r0e%l. ucTthieo nsiogfnitfhiec ac

diluted PDMS is a significant advantage sil
costs and reduces the risk of a net fractur

Anot her i mportandeasmetctc dge st har dhoapweenr i o ¢
withstand adverse environment al conditions
factors contributing to increased drag need
and nets coated with -bammdrspavalsl ¥ ocauwnai It ablbe
surface (r®Swagihmearsd .Shlinnjtohe 2d0ds#e of the CI
surface becomes very smooth due to the forn
Suppl e metnegrairayl sMa Fi g. A.2), which is benefi
increased coating thickness can al so ionf |l ue
open area. For instance, by uss aynuafdt é utterd
increased by approx. 50% due to the for ma
i mpregnation of nets with diluted PDMS has
only a thin PDMS shel |l iwdrtdhmeat e ryepr)angse f(b+ obk

I n order to ervallaadet @giheadaopgidameyr ti es of
tests were conducted. Both the CleaNet and
| ocal fish falrm Gé8rarhany) .Sekhi,g.KiZz shows exe
i mmer sion test. The experiment started in J
one of the main fouling species on aquacul't
net ovapl et ely covered by young mussels whil «
on the CleaNet (for details see Suppl ementa
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in the <case of the Cl eaNertelcasebegobptPDiMBet e

Whenever a shear force (i.e., seawater current
can be easily removed from the surface of the
knots and smoot hed t hecasnurrfeascuel to fi nt hceh alnl geeadN eftl
around it thus creating a |l ess (Baomabt eakn)
2017; Hodson et al., 2000; Swain and Shinjo,
Aft el7 weeks of i mmersion, judging by the a
uncoated nets were completely covered by adul
the mussels were attached to therlfy asmeemnidn nfe
3b (for details see Supplementary Material s,
be easily taken off from the CleaNet as they
perfectly clean netassur thee adhRhiegi oddf Imec on
nets was strong. When mussels were subjected
the cohesive failure within the byssus of the
the mechtmieast femgdhy sodfust.h eAfnmuesrs erlesmovi ng t h
uncoated nets (Fig. 3c), the residues from mu
nets and the color of the net turned to brown

Fi gl mages of thec@CidtctadNedgaadul ture nets i mmersed in
Germany) over time. Both of the nets wererlkeasdrel ean
water cleaner after 46 weeks ofi mmenmesrisono,n .t hFeor muCsl see
attached to the frame and not to the coated net,
Suppl ementary Materials, Fig. A.4, Video A.1).

All the mussels covering and att aodMeierkgs t o t
of i mmersion. As already mentioned, the remov
fast in contrast to uncoated nets. As shown i
Cl eaNet while the uncoated bmretozwas d&atgidisimafswslell
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