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MARINE BIOADHESION ON
POLYMER SURFACES AND
STRATEGIES FOR ITS PREVENTION

SITARAMAN KRISHNAN

6.1 INTRODUCTION

Biofouling is the undesired accumulation of biomolecules, cells, or organisms
on synthetic surfaces. It is a frequently encountered and important problem
in the design and use of prosthetic devices such as contact lenses [1]; in blood-
contacting devices such as catheters, artificial heart valves, and vascular grafts
[2,3];in biosensors [4]; in industrial food processing [S]; in membrane technol-
ogy for water purification [6]; and in the shipping industry. The increase in
surface roughness of a biofouled ship’s hull causes increased frictional drag
on the ship, lower maximum attainable speed, lower fuel economy, and
increased greenhouse gas emission. The overall cost associated with hull
fouling for the U.S. Navy’s present coating, cleaning, and fouling level is esti-
mated to be $56M per year [7]. Fouling of aquaculture equipment and struc-
tures such as pipelines, pumps, filters, and holding tanks leads to increased
production losses and maintenance costs [8]. Marine fouling of heat exchang-
ers and ocean biosensors is also a serious problem. Biocidal “self-polishing”
paints based on copper and zinc are widely used for biofouling control as
replacements for the toxic tributyltin-based paints that were banned in 2003
[9, 10]. However, these coatings are a major cause of metal levels in the marine
environment exceeding water quality standards. It has been estimated that the
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total annual copper input into the 64 km stretch of Florida’s Indian River
Lagoon, because of copper-based antifouling paints, is between 1.7 and
2.1 tons/year [11]. There is considerable interest in developing environmen-
tally friendly nontoxic coatings that do not use heavy metals to control fouling
in the marine environment. For example, the silicone-based “fouling-release
coatings” [12, 13], which weaken the adhesion strength of organisms that
attach to the coatings so that they are easily removed by the shear stress
experienced during the flow of water past the ship hull in motion, or during
gentle underwater hull cleaning without the need for dry docking, are now
commercially available. Intersleek® 700 and Intersleek 900 (International
Paint Ltd., Gateshead, UK), SeaGuard® Sher-Release Surface and Tie Coats
(Sherwin-Williams Industrial & Marine Coatings, Cleveland, OH), and
NAFDAC™, and FPU™ (21* Century Coatings, Inc., Chevy Chase, MD) are
representative biocide-free fouling-release coatings currently in use.

Over the past decade, significant advances have been made in the design of
a different category of marine coatings called the “antifouling coatings” that
evade settlement and attachment of organisms in the first place. Recent reviews
by Scardino and de Nys [14] and Ralston and Swain [15] discuss how many
organisms in the marine environment protect themselves against the settle-
ment and growth of fouling organisms, and how some of these techniques that
plants and animals use to prevent or limit the process of fouling could be
adapted in synthetic marine antifouling technology [14, 15].

A clean surface that is immersed in water first adsorbs a molecular film
consisting of marine dissolved organic matter. This is followed by the forma-
tion of a “biofilm,” a collection of attached cells of bacteria, unicellular algae,
particularly diatoms, and cyanobacteria (blue-green algae) [16]. The microor-
ganisms in the biofilm, also referred to as “microfouling” or “slime,” adhere to
surfaces by secreting bioadhesives (extracellular polymeric substances, EPS).
Diatoms can form compact and fairly thick biofilms (=500 um) on surfaces by
attachment, EPS secretion, and cell division. Macrofouling communities sub-
sequently develop on the microbial slime. These include “soft fouling” species
such as algae and invertebrates (soft corals, sponges, anemones, tunicates, and
hydroids), and “hard fouling” invertebrates such as barnacles, mussels, and
tube worms [16].

A major challenge in the design of effective marine antifouling or fouling-
release coatings is the vast diversity in the attachment behaviors and adhesion
mechanisms of fouling organisms in the marine environment. These organisms
range in size from micrometers (single-celled bacteria, spores of algae, diatom
cells) to hundreds of micrometers or even millimeters (larvae of invertebrates
such as tube worms and barnacle cyprids) [17, 18]. Attachment to surfaces is
an important step in the reproductive cycle of seaweeds such as the green alga
Ulva, and most invertebrates [19]. Ulva, which has become a model organism
for understanding bioadhesion of soft foulants, reproduces via the production
of a large number of motile zoospores (Fig. 6.1a), which need to locate and
bind to a surface quickly in order to complete their life cycle [20]. During the



INTRODUCTION 229

flagellum @ new
oy

adhesive

. location of discharge of permanent adhesion;
vesicle - .
o surface; adhesive retraction of flagella;
free swimming zoospore rotatiron ~1 min ~2-3 min
apicaldome production of cell wall;
~ 20 min

Figure 6.1 (a) SEM image of swimming quadriflagellate zoospores of U. linza.
(Reprinted from Reference [20], Callow, J., Callow, M. (2006), The Ulva spore adhesive
system. In: Biological Adhesives, p. 63, fig. 4.1; reprinted with permission of Springer
Science+Business Media, © 2006, Springer-Verlag.) (b) Environmental SEM image of
a settled spore of Ulva showing the central spore body surrounded by the annular pad
of the adhesive (from Reference [21], reprinted with permission of Taylor and Francis
Ltd, http://www.tandf.co.uk/journals). (c) Cartoon representation of the stages involved
in Ulva settlement and adhesion (adapted from Reference [16]). (d) A photograph of
sporelings (young plants of germinated spores) of U. linza attached to a glass micro-
scope slide (courtesy of Dr. Maureen Callow, University of Birmingham). (See color
insert.)

surface sensing phase, the spore movement switches from random swimming
to a “searching” pattern of exploration close to the surface [16]. After initial
spinning like a “top” on its apical dome, using its flagella as propellers, the
spore secretes a sticky, hydrophilic glycoprotein that spreads and cures on the
surface (see Fig. 6.1b). A cell wall is subsequently formed. Figure 6.1c is a
schematic of the various steps involved in the settlement of the Ulva linza
spores on a surface. The settled spores germinate to form young plants called
sporelings (Fig. 6.1d).

The degree of spreading of the glycoprotein spore adhesive on the surface,
which is influenced by the surface chemistry of the coating [22], determines
the adhesive strength of the organism with the surface. Thus, the mode of
influence of an “antifouling coating” would be in preventing settlement of
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motile zoospores, while that of a “fouling-release” coating would be in weak-
ening the adhesion strength of a settled zoospore.

This chapter discusses how the surface and mechanical properties of organic
coatings affect their antifouling and fouling-release behavior. The primary
focus is on antifouling polymer coatings that are resistant to adsorption of
biomolecules such as proteins and the attachment of marine organisms, such
as algae, and invertebrate larvae. The ultrathin organic coatings, namely, self-
assembled monolayers (SAMs) and polymer brushes, are also discussed.
Besides examining the fundamental aspects of biofouling, this chapter will
review recent advances in this rapidly developing field. Section 6.2 is on
protein-repellant coatings and Section 6.3 is on interaction of organisms with
synthetic surfaces. This review is a sequel of other recent articles exploring
polymer coatings for the antibiofouling technology [23-33].

6.2 PROTEIN ADSORPTION ON SOLID SURFACES

Because the adhesion of an organism to a substrate is mediated by its protein-
based adhesive pad [20, 34], it is helpful to understand the factors that influ-
ence the surface affinity and adsorption of proteins. A vast amount of
information on protein adsorption on surfaces is available from research on
biomaterials, where there is interest in designing coatings that are resistant to
protein adsorption, platelet adhesion, and blood clotting at tissue—biomaterial
interfaces.

The interaction of proteins with a solid surface is influenced by the physi-
cochemical properties of the protein, the bulk aqueous phase (the solution),
and the surface. The properties of the protein that determine the affinity of
the protein for the surface include size, charge, and the stability of the protein’s
tertiary structure (which will affect its ability to unfold, expose buried hydro-
phobic groups, and spread on the surface). In the case of adsorption from a
solution containing several proteins, for example, the blood plasma, kinetic
factors such as the relative rates of settlement of the different protein mole-
cules on the surface and conformational changes of the adsorbed proteins are
also important. Both of these factors depend on the sizes and concentrations
of the proteins in the solution. Moreover, the pH and ionic strength of the
solution influence electrostatic interactions between the protein and the
surface. The main surface properties affecting protein adsorption are chemical
composition and topography of the surface. The important factors and their
modes of influence are summarized in Table 6.1.

6.2.1 Protein-Repellant Surfaces

In general, hydrophilic surfaces have been found to be more protein repellant
than hydrophobic surfaces. Recent advances in the modification of surfaces
using hydrophilic SAMs and polymer brushes have been discussed in many
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TABLE 6.1 Surface Factors Influencing Protein Adsorption

Surface chemistry

Presence of polar and
nonpolar functional
groups

Interfacial energy with
water

Molecular conformation
and packing [35-37]

Surface wettability

Chemical heterogeneity
(patchy vs. uniform
surface) [38—43]

Surface charge [38, 44]

Surface topography
Microscale and nanoscale
surface textures [43, 45]

Chemical polarity of the surface groups influences van
der Waals forces of interaction between the protein
and the surface.

Hydrophobic surfaces have high interfacial energy
with water. Proteins adsorb on these surfaces to
lower the interfacial energy.

Well-hydrated, linear chains of a flexible (intrinsically
low T,) polymer tethered to a surface resist protein
adsorption by exerting steric-hydration repulsion.

The polymer architecture (linear vs. dendronized)
influences steric repulsion.

The effect of how closely the polymer molecules are
grafted to the surface depends on the size of the
adsorbing protein molecule.

The ability of the surface to promote denaturation and
spreading of a protein influences surface affinity of
the protein.

Nanoscale heterogeneities will make surface contacts
of unfolded proteins more difficult.

Surface charge influences electrostatic interactions of
the surface with protein molecules that contain
positively and negatively charged amino acid residues.

Surface roughness affects the solid surface area
available for protein adsorption at the aqueous
interface.

Porosity of a hydrophilic surface increases the surface
area available for protein adsorption.

If the porous surface is hydrophobic, and the surface
roughness is in a range that can promote trapping of
air within the pores, there is reduction in solid
surface area in contact with water.

reviews [24, 25, 30, 46, 47]. It is now well established that the hydrophilic
polymer, poly(ethylene glycol) (PEG), has exceptional resistance to protein
adsorption. Andrade, de Gennes, and coworkers attributed the protein resis-
tance of surfaces grafted with PEG to the steric repulsion exerted by the PEG
surface on a protein molecule approaching the surface by diffusion [36, 37].
The steric repulsion has two contributions. First, the compression of PEG
chains initiated by the approaching protein leads to a decrease in the confor-
mational entropy of the grafted PEG chains, which manifests as an elastic
response of the surface, pushing the protein away from the substrate. Second,
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the increase in the free energy associated with the excluded volume interac-
tions of the protein with the hydrated PEG chains leads to an osmotic contri-
bution to the repulsion of protein. Considerations of the steric repulsion and
hydrophobic interaction free energies led to the prediction that a high surface
density and long chain length of the surface-tethered PEG would exhibit
optimal protein resistance, with the attainment of high surface density of PEG
being more important than long chain length [36]. Thus, densely grafted SAMs,
with only a few ethylene glycol units per molecule, have shown remarkable
resistance to adsorption of proteins [48, 49].

6.2.1.1 Design Rules and Exceptions Using more than 50 SAMs on Au
surfaces, Whitesides and coworkers screened a number of functional groups
for their ability to resist the adsorption of proteins [50, 51]. The surfaces were
prepared by the “anhydride method” that gave a “mixed” SAM consisting of
an approximately 1:1 mixture of C(=O)NRR” (where R = H or CH3, and R’
is the protein-repellant group) and —C(=0O)OH (or —C(=0)0O") groups. These
mixed SAMs were studied for adsorption of fibrinogen and lysozyme using
surface plasmon resonance spectroscopy. Fibrinogen is a large (340 kDa)
blood plasma protein that adsorbs strongly to hydrophobic surfaces. Lysozyme
is a small protein (14.7 kDa) that is positively charged in phosphate-buffered
saline (pH 7.4). The protein adsorption results were normalized based on
adsorption on a mixed SAM presenting a 1:1 mixture of dodecyl groups (in
the form of —C(=O)NH(CH,);;CH3;)) and —C(=O)OH groups. With the highly
protein-repellant mixed SAM of tri(ethylene glycol) as the standard, four
molecular characteristics that imparted protein resistance to some of the
screened functional groups were identified. Mixed SAMs that resisted the
adsorption of fibrinogen and lysozyme:

* contained polar functional groups

+ incorporated hydrogen bond accepting groups
+ did not contain hydrogen bond donor groups
* had no net charge

Surfaces presenting derivatives of oligo(sarcosine), N-acetylpiperazine, and
permethylated sorbitol groups were particularly effective in resisting the
adsorption of proteins. The most protein-resistant surfaces were hydrophilic.
However, there was no correlation between the amount of adsorbed protein
and the advancing contact angle (CA) of water on the SAMs.

Ostuni et al. [51, 52] noted that carbohydrate surfaces, which contain hydro-
gen bond donor groups (hydroxyl groups) and yet resistant to protein adsorp-
tion, did not conform to these design principles. Based on a previous study by
Rau and Parsegian [53], where the repulsive interaction measured between
carbohydrate surfaces with acetylated hydroxyl groups was no different than
that measured between surfaces with free hydroxyl groups, they attributed the
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low protein adsorption on carbohydrate-based surfaces to the formation of a
protein-repellant hydration layer on these surfaces [51]. Other exceptions to
the principle of exclusion of hydrogen bond donor groups [54-56] and to the
principle of charge neutrality [44] have now been recognized (see the section
“Nonionic Polymer Brushes with Hydrophilic Groups” and Section 6.2.1.3 and
Section 6.2.1.4).

6.2.1.2 Polymer Brushes

Nonionic Polymer Brushes with Hydrophilic Groups Polymer brushes, like
SAMs, provide a high surface density of protein-repellant groups, but are
thicker and produce more robust coatings. The exceptional resistance of
poly(oligo(ethylene glycol) methacrylate) (POEGMA) “bottle brushes” to
protein adsorption is now well accepted, and has been reviewed by Hucknall
et al. [46]. The reduction in the background noise afforded by these brushes
could lead to ultrasensitive, surface-based clinical and proteomic assays.
PEGylated polymer brushes have been prepared by surface-initiated polym-
erization (SIP) [57], commonly using the atom transfer radical polymerization
(ATRP) [58-61], but also using nitroxide-mediated controlled radical polym-
erization [62], reversible addition-fragmentation chain transfer (RAFT)
polymerization [63], anionic polymerization [64], and by grafting of end-
functionalized PEG [65-67].

Gunkel et al. [35] found that oligoglycerol-based brushes with linear or
dendronized sized chains on Au surfaces showed good resistance to adsorption
from single protein solutions (1 mg/mL bovine serum albumin [BSA] or fibrin-
ogen in phosphate-buffered saline [PBS]). Protein adsorption of all brushes
from single protein solutions were below 25 ng/cm” However, in the case of
adsorption from undiluted human serum and human blood plasma, the best
performance was achieved with dendritic brush 1 (see Chart 6.1), which
adsorbed proteins at a level (35 ng/cm?) comparable to POEGMA brushes
(40 ng/cm?). Slightly higher adsorption was detected on linear hydroxylated
oligoglycerol-based brush 4 (56 ng/cm?), followed by higher generation den-
dritic brush 2 (103 ng/cm?) and linear methylated oligoglycerol-based brush 3
(116 ng/cm?). The highest adsorption of serum was observed on poly(glycerol
monomethacrylate) brush 5 (130 ng/cm?). Thus, the brush architecture was
found to have a pronounced effect on biofouling. Note that the lower adsorp-
tion on bottle brush 4 than on brush 3 is a contradiction to the design principle
that hydrogen donors (such a hydroxyl groups) lead to higher protein adsorp-
tion. The lower protein adsorption on brush 4 with free hydroxyl groups was
attributed to better hydration of these brushes, and is consistent with the lower
captive bubble water CA of 42° for brush 4 compared with 54° for brush 3.
Other studies of protein adsorption on dendritic polymers are discussed in
Section 6.2.1.4.

Hydroxyl-containing  poly(2-hydroxyethyl —methacrylate) (PHEMA)
polymer brushes were also found to be resistant to protein adsorption [55, 60].
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Chart 6.1 Chemical structures of glycerol-based brushes [35]: dendritic acrylate
brushes of generation 1 and 2 (1, 2), linear oligo(methyl glycerol) methacrylate brush
(3),and linear oligoglycerol methacrylate brush (4) and glycerol methacrylate brush (5).

Yoshikawa et al. [60] studied the adsorption of four proteins, aprotinin, myo-
globin, BSA, and immunoglobulin G (IgG), of different sizes (hydrated diam-
eters of 2,4, 10, and 13 nm, respectively). They explained the dependence of
protein adsorption on the graft density of the brush using the size-exclusion
effect. The PHEMA brush with the lowest graft density (0.007 chains/nm?)
adsorbed all the four proteins, while the brush with the highest graft density
(0.7 chains/nm?) adsorbed none. A brush with an intermediate graft density
(0.06 chains/nm?) adsorbed the aprotinin and myoglobin, but repelled BSA
and IgG.

Zhao et al. [55] examined the effect of film thickness of PHEMA and
poly(3-hydroxypropyl methacrylate) (PHPMA) on their antifouling perfor-
mance in a wide range of biological media including single-protein solution,
human blood serum, and plasma. Too thin or too thick polymer brushes
resulted in large protein adsorption. The authors proposed that the polymer
chains in the thick polymer brushes entangled and underwent extensive inter-
chain hydrogen bonding interactions at the expense of hydrogen bonding
interactions with water, leading to less hydration, and therefore poorer protein
resistance. In contrast, for the thin polymer brushes, the shorter polymer chains
do not form a sufficiently dense hydration layer to resist protein adsorption.

Yang et al. [68] investigated the influence of grafting density and chain
length on the protein resistance of glucose-functionalized polymer brushes
and found that protein adsorption decreased with an increase in brush grafting
density. They studied the adsorption of three different proteins: lysozyme with
a molecular weight (MW) of 14.7 kDa and pl of 10.5; BSA with an MW of
66.4 kDa and a pl of 4.7; and fibrinogen with an MW of 340 kDa and pI of
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5.5.The adsorption of BSA (from a1 mg/mLin 10 mM PBS solution) decreased
with an increase in the degree of polymerization of the polymer chains in the
brush. Fibronogen was found to adsorb less on the polymer brushes compared
with the other proteins because of its larger dimensions.

Bioinspired Anchors for Surface-Initiated Polymerization An important
advance in SIP for antifouling polymer brushes is the development of new
anchoring groups to attach initiator molecules to a variety of substrates includ-
ing glass, metals, and polymers. The adhesion of biomimetic adhesives such as
dopamine (inspired by mussel adhesive) [69], barnacle cement (BC; harvested
from live barnacles and used in its native state) [70], and cyanobacterial sid-
erophore, anachelin [71], to metal surfaces has been used to tether polymer
chains to surfaces.

Siderophores are microbial iron chelators that can form chelates of excep-
tional thermodynamic stability with ferric ions [72]. These relatively low MW
compounds consist of ligands such as catechol, citric acid, or citrate-
hydroxamates. Although the siderophore ligand is virtually specific for Fe(I1I)
among the naturally occurring metal ions of abundance, McWhirter et al. [73]
found that the catechol-containing siderophores could bind not only to ferric
oxide but also to TiO,. Ziicher et al. [71] synthesized PEG conjugates of four
different analogues of anachelin, a cyanobacterial siderophore, and found that
only compounds 8 and 9 (Chart 6.2) showed film formation on TiO,, and good
resistance to protein adsorption from full human serum. They attributed the
observed stability of the adsorbed films to electrostatic interactions and pro-
posed that the positive charge in compound 8 could favorably interact with
the negative hydroxylates on the oxide surface, thus increasing the overall
binding stability. Conversely, the observed loss (detachment) of molecules 10
and 11 from the negatively charged TiO, surface, during washing using low
ionic strength solutions, was explained on the basis of electrostatic repulsion
experienced by the negatively charged carboxylates 10 and 11. Electrostatic
interactions were absent for the adsorbed layer of the neutral compound 9,
which showed lower dissolution than 10 or 11, but higher dissolution than 8
during washing.

Yang et al. [70] used coatings of BC and polydopamine (PDA, 12 and 13,
Chart 6.2) on stainless steel (SS) to serve as the initiator anchors for SIP.
Uncured BC, harvested from live barnacles, was deposited directly on an SS
substrate and allowed to cure in air for 15 minutes. The hydroxyl and amine
moieties of BC were reacted with 2-bromoisobutyrl bromide to provide the
alkyl halide initiator required for ATRP. Another set of coatings was prepared
by immersing SS in a tris-HCI solution (pH 8.5) of dopamine (2 mg/mL con-
centration). Self-polymerization of dopamine [74] produced a PDA layer that
adhered strongly to SS. The PDA film was reacted with 2-bromoisobutyrl
bromide, in dichloromethane, and in the presence of triethylamine to function-
alize the layer with alkyl bromide initiator groups for ATRP. The functional-
ized BC and PDA surfaces were used to initiate polymerization of
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Chart 6.2 Catechol initiator for surface-initiated ATRP (6) [69]; cyanobacterial iron
chelator anachelin (7), its mPEG-5000 conjugate derivative (8), and control polymers
(9-11) [71]; and PDA formed by self-polymerization of dopamine (12 and 13) [70]. The
dihydroxyindole groups in a PDA-coated surface can be reacted with 2-bromoisobutyrl
bromide for surface-initiated ATRP.

2-hydroxyethyl methacrylate (HEMA) to obtain PHEMA polymer brushes.
The BC-modified SS surface was hydrophobic with a static CA of about 89°.
To assess the stability of BC and PDA as initiator anchors on SS surfaces, the
SS-BC and SS-PDA substrates were immersed in sterile PBS at 37°C for 30
days and the surface composition was monitored using X-ray photoelectron
spectroscopy (XPS). Both the biomimetic anchors were found to be relatively
stable and durable in the PBS buffer, with only a slight decrease in coating
thickness after 30 days of immersion. Polymeric adlayers such as these could
be used to increase the binding strength of the anchoring group toward the
substrate and overcome the problems of instability and dissolution discussed
by Ziircher et al. [71].

Zoulalian et al. [75] investigated the adhesion of a terpolymer of
poly(ethylene glycol)methyl ether methacrylate, n-butyl methacrylate, and
(11-methacryloyloxyundecyl)phosphonate. Angle-resolved XPS showed that
the phosphonate groups tethered the terpolymer to TiO, substrates and that
a PEG brush layer was formed at the outermost layer of the coating.

6.2.1.3 Zwitterionic Surfaces Synthetic blood-contacting biomaterial sur-
faces could often trigger undesired responses such as blood clotting (throm-
bosis) and activation of the immune system. The adsorption of blood
components such as plasma proteins and the adhesion of blood cells such as
platelets trigger the formation of clots (thrombi) on the surface of the material,
which could detach from the surface and form loose clots (emboli). The
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Chart 6.3 Chemical structures of phospholipids in cell membrane: phosphatidylcho-
line (14), sphingomyelin (15), and glucosyl-cerbroside (16) [76].

embolus could potentially block a blood vessel and starve a tissue of blood
and oxygen, resulting in tissue death. However, the blood-contacting surface
of an untraumatized blood vessel does not elicit these responses. The anti-
thrombogenic nature of the inner walls of a blood vessel, such as an artery, is
attributed to the endothelial cell lining on the arterial wall. The outer surface
of the plasma membrane of these cells consists of phospholipids containing
the zwitterionic phosphorylcholine head groups (in phospholipids such as
phosphatadiylcholine and sphingomyelin) and the hydrophilic glycosyl head
groups (in glycolipids such as cerebroside) (see Chart 6.3), which are non-
thrombogenic [77].

Several polymer coatings that mimic the phospholipids of cell membranes
have been developed to prevent protein adsorption and cell adhesion [78-90].
Biodegradable and hydrogel coatings incorporating the phosphorylcholine
moieties have been reported [91, 92]. Carboxybetaine and sulfobetaine groups
have also been found to be highly effective in repelling proteins [84, 86, 93—
101]. Using Raman spectroscopy and attenuated total reflection infrared spec-
troscopy, Kitano et al. [102-104] found that zwitterionic groups such as
phosphobetaine, sulfobetaine, and carboxybetaine did not significantly disturb
the hydrogen-bonded network structure of neighboring water molecules and
attributed the excellent blood compatibility of these materials to the structure
of water at the surface of the zwitterionic compounds. The protein resistance
of zwitterionic polymers has also been attributed to the high hydration capac-
ity of these zwitterions [105].
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The idea that charge neutrality plays an important role in protein repulsion
has led to the hypothesis that the protein repulsion of zwitterions is because
of electrical neutrality of the zwitterionic head group [85, 86, 106]. This has
also led to the development of antifouling coatings based on mixed SAMs
formed from thiols terminating in cationic and anionic groups [86, 107], copo-
lymers consisting of 1:1 molar compositions of cationic and anionic monomers
[108], and antifouling membranes composed of blends of anionic and cationic
polymers [109]. However, the protein-repellant nature of a polysulfobetaine
surface cannot be attributed to the charge neutrality of the surface. Zeta
potential measurements of Wu et al. [44] indicated that the sulfobetaine surface
was negatively charged over a pH range of 1-10. However, adsorption of the
positively charged BSA (fluorescein conjugated, BSA-FITC) in a pH 3.5 solu-
tion was significantly lower on this surface compared to the adsorption of the
negatively charged BSA-FITC on the cationic block copolymer surface (in
PBS) (see Fig. 6.2).

6.2.1.4 Dendritic Coatings Hyperbranched polymers have attracted inter-
est because of their ability to present a dense layer of protein-repellant
hydrophilic moieties at the surface. SAMs of polyglycerol (PG) dendrons [56,
110, 111] or other branched PEGylated SAMs (e.g., that of branched poly-
ethylenimine reacted with an acyl chloride, CIC(=O)R, where R = CH; or
CH,(OCH,CH,),0OCH3;) [112], have been found to have excellent resistance
to protein adsorption.

Haag and coworkers [56] synthesized PG dendrimers using a trifunctional
1,1,1-tris(hydroxymethyl)propane [trimethylolpropane, (HOCH,);CCH,CHj;]
core, or a triflunctional glycerol core, [(OHCH,),CHOH], or a tetrafunctional
1,1,1-tris(hydroxymethyl)ethanol [pentaerythritol, (HOCH,);CCH,OH] core.
In one of the dendritic PGs, about 88% of the peripheral hydroxyl groups
were partially methylated. The PGs were reacted with 1,2-dithiolane-3-
pentanoic acid such that each dedrimer molecule contained approximately
one 1,2-dithiolane group attached to the dendrimer by a pentanoic ester
linkage. The 1,2-dithiolane groups resulted in the formation of stable SAMs
of the dendritic PGs on Au-coated glass surfaces. These SAMs were studied
for adsorption of fibrinogen. The highly protein-resistant SAMs of
HS(CH,);;(OCH,CH,);OH, and surfaces of a commercially available dextran-
based sensor chips (Au surface coated with partially carboxymethylated
dextran) were used as reference coatings for structure-activity correlation.
SAMs of hexadecanethiol, 3-mercaptopropane-1,2-diol (thioglycerol;
HOCH,CH(OH)CH,SH), and bare Au surfaces were also included as controls.
Table 6.2 compares the protein adsorption and water CAs of surfaces modified
with the dendritic PGs and reference surfaces. It was found that dendritic
PGs prepared using the tetrafunctional core (see Table 6.2, entries f and g)
were more resistant to protein adsorption than the PGs prepared using the
trifunctional core (Table 6.2; entries d and e). This was attributed to the higher
surface density of hydrophilic groups that would be possible using the more
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Figure 6.2 Adsorption density (in relative fluorescence units, RFU) of a fluorescein
isothiocyanate conjugated BSA in pH 6.9 and 3.5 solutions on surfaces of hydrophobic
homopolymers, poly(2,3,4,5,6-pentafluorostyrene) (PPFS) and polystyrene (PS), and
polystyrene block copolymers with hydrophilic nonionic monomer (17) and ionic
monomers (18-20). The protein has a net negative charge at pH 6.9 and a net positive
charge at pH 3.5. Adsorption on the surface of the cationic polymer, 20, is strongly
dependent on the protein charge, whereas adsorption on the surfaces of 18 and 19 are
less sensitive to net protein charge. Reproduced with permission from Reference [44];
© 2012, John Wiley & Sons.

globular trimethylolpropane-based dendrimer. No pronounced MW depen-
dence was detected for fibrinogen adsorption on two trimethylolpropane-
based dendritic PGs of two different MWs (Table 6.2; entries f and g). In spite
of the large surface density of hydrogen bond donors (OH groups), protein
resistance of the dendritic PG surfaces d, f, and g (Table 6.2) were comparable
to that of surface e with fewer hydrogen bond donors (because of 88% meth-
ylation of peripheral hydroxyls). Moreover, protein resistance of dendritic PG
surfaces f and g were similar to that of the tri(ethylene glycol)-terminated
SAM, h, and better than the commercially available dextran-coated surface, i.
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TABLE 6.2 Protein Adsorption on Dendritic Polymer Surfaces [56]

Relative Amount

of Adsorbed
Surface Bhvaar (°) Fibrinogen (%)
a Hexadecane thiol SAM 97 100
b Bare Au 74 46
c Thioglycerol SAM 20 47
d 5 kDa trimethylolpropane-based 31 4
PG dendrimer with peripheral
OH groups
e 5 kDa glycerol-based PG dendrimer 50 2
with peripheral methoxy groups
f 2.5 kDa pentaerythritol-based PG 20 1
dendrimer with peripheral OH
group
g 5 kDa pentaerythritol-based PG 20 1
dendrimer with peripheral OH
groups
h HS(CH,),;(OCH,CH,);OH SAM 34 1
i Partially carboxymethylated Not determined 3

dextran coating

Yeh et al. [113] synthesized monothiol-terminated hyperbranched polyglyc-
erols (HPGs) via ring-opening polymerization of 2.3-epoxy-1-propanol
(glycidol) using partially deprotonated bis(2-hydroxyethyl) disulfide
[HOCH,CH,S-SCH,CH,OH] as the initiator. The monothiol-functionalized
HPGs were obtained by subsequent reduction of the disulfide group. Two
different HPG thiols, of MWs 1600 and 4300 g/mol, were synthesized. The
HPG thiols readily adsorbed on Au surfaces to form highly uniform smooth
SAMs (as observed during atomic force microscopy [AFM] morphological
studies), and were compared with SAMs of commercially available mPEG
thiol, CH;0O(CH,CH,0),,;CH,CH,CH,CH,SH (5715 g/mol), for reduction in
protein adsorption compared to a bare Au surface. Adsorptions of BSA-FITC
and antimouse goat IgG were studied using fluorescence microscopy. Graft
densities of SAMs on Au were determined using ellipsometric thickness of the
SAMs and MWs of the molecules in the SAM. The lower MW HPG resulted
in a higher graft density (1.6 molecules/nm?) compared with the higher MW
HPG (0.56 molecules/nm?). With the linear PEG, a graft density of 0.83 chains/
nm? was obtained. In spite of the lower graft density, the higher MW HPG was
found to have better protein resistance than the lower MW HPG and also the
linear mPEG thiol.

6.2.1.5 Hydrogel Coatings Hydrogel coatings such as thermally cross-
linked poly(N-vinylpyrrolidone) [114], and those obtained using a polyfunc-
tional axiridine cross-linking agent [115], were found to be effective against
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protein adsorption and bioadhesion. Shimizu et al. [116] prepared superhydro-
philic interpenetrating polymer networks of poly(bis(trimethylsilyloxy)meth-
ylsilylpropyl glycerol methacrylate) (PSiMA) and poly(2-methacryloyloxyethyl
phosphorylcholine) (PMPC) and found that the hydrogels were resistant to
adsorption of BSA.

6.2.1.6 Hydrophobic and Superhydrophobic Surfaces Proteins readily
adsorb on flat hydrophobic surfaces because of the “hydrophobic attraction”
that arises from the increased dynamic structuring of water in the vicinity of
a nonpolar surface, leading to a large interfacial energy and a thermodynamic
driving force for adsorption to eliminate the water-nonpolar interface [117,
118]. Using a micropatterned surface consisting of alternating stripes of
2-[methoxy(polyethyleneoxy)propyl]trimethoxysilane (mPEGS) and fluo-
rooctatrichlorosilane (FOTS) SAMs on silicon substrates, Finlay et al. [119]
demonstrated the preferential adsorption of BSA-FITC on the hydrophobic,
fluorinated regions of the patterned surface. Koc et al. [45] found that BSA
adsorption was higher on flat fluorocarbon coatings (obtained by treating glass
microscope slides with Grangers Wash-In solution, Grangers International
Ltd., Derbyshire, UK) than on hydrocarbon SAMs prepared using octyl-
triethoxysilane. However, on a fluorinated surface with nanoscale surface
topology (resulting from the use of a substrate consisting of copper oxide
nanoneedles on copper sheet), the surface density of adsorbed BSA was about
60% lower than that on the fluorinated flat glass surface. The nanorough fluo-
rinated surface was superhydrophobic, with a water CA of 152°. Moreover,
considerable amounts of the adsorbed protein were removed from the surface
under flow conditions. The fluorinated nanostructured surfaces became almost
completely clear of protein when they were exposed for 30 minutes to a buffer
solution flowing at a rate of 20 cm’/min in a 65 mm long microchannel (of
1500 x 650 um cross section). In contrast, equivalent flat surfaces lost only
about 10-20% of the adsorbed protein. Greater adsorption was observed on
the fluorinated copper oxide needle surfaces compared to the corresponding
methylated surfaces. Two other sets of surfaces were also reported: (1) large-
grained silica sol-gel coating (4 um particle size and 20 um pore size); and (2)
small-grained silica sol-gel coating (0.8 um particle size and 4 um pore size)
on glass slides. The sol-gel coatings were chemically modified to obtain hydro-
carbon or fluorocarbon surface chemistry. These surfaces were also superhy-
drophobic and showed water CA as high as 169°. The small-sized sol-gel
surface had a lower degree of protein adsorption compared with the larger-
sized material. The fluorinated sol-gel surfaces showed considerably lower
protein adsorption than the equivalent hydrocarbon-terminated surfaces.

6.2.1.7 Nanopatterned Surfaces Gudipati et al. [43] found that certain
compositions of hyperbranched polymer coatings containing fluorinated and
PEGylated groups were resistant to adsorption of biomolecules such as BSA,
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lectin from Codium fragile (a seaweed), lipopolysaccharide from Escherichia
coli, and lipopolysaccharide from Salmonella minnesota. They hypothesized
that the complex surface topographies, morphologies, and compositions of
nanoscopic dimension exhibited by the coatings made the adsorption of
protein or lipopolysaccharide energetically unfavorable on these surfaces.
Weinman et al. [40] found that nanopatterned but topographically smooth
surfaces of an amphiphilic diblock copolymer were highly resistant to adsorp-
tion of BSA-FITC compared to the Si/SiO, surface of a bare silicon wafer
(which showed about eight times higher fluorescence intensity of adsorbed
BSA-FITC) or the hydrophobic surface of a polystyrene-block-poly(ethylene-
ran-butylene)-block-polystyrene (SEBS) triblock copolymer (which showed
50x fluorescence intensity). Moreover, no measurable force of adhesion
was detected between an AFM tip functionalized with strands of BSA
protein and the amphiphilic block copolymer surface. Ma et al. [120] stud-
ied segment polyurethanes containing PEG, poly(propylene glycol), or
poly(dimethylsiloxane) (PDMS) soft segments. They have argued that the
protein resistance of the polyurethane coatings was a result of hydration of
the PEG segments, and not because of microphase separation (and complex
surface topography or composition).

6.3 POLYMER COATINGS RESISTANT TO MARINE BIOFOULING

All the factors that influence protein interactions with surfaces (see Table 6.1)
also play a strong role in the interaction of cells with surfaces. In addition, cells
respond to mechanical properties of the surface such as stiffness (Young’s
modulus) and friction coefficient [121-125]. As a part of the U.S. Office of
Naval Research (ONR) Antifouling/Fouling Release Coatings Program, and
the Advanced Nanostructured Surfaces for the Control of Biofouling
(AMBIO) program of the European Commission, polymer coatings devel-
oped in several research laboratories have been evaluated for marine bioadhe-
sion using standardized test procedures. The algal settlement and adhesion
assays carried out at the University of Birmingham use U. linza and Navicula
perminuta as model organisms to evaluate fouling release and antifouling
properties of coatings [121]. (Ulva, a macroalgal fouling species, and Navicula,
a siliceous microalgal species, are important contributors to marine biofoul-
ing.) In these assays, the test surface is exposed to a suspension of cells in
artificial seawater. The settlement density, which characterizes the affinity of
the cells to the surface, is obtained by counting the number of cells that had
settled per unit area of the surface using image analysis software. To determine
the strength of attachment, the fraction of the adhered cells that are released
from the surface upon exposure to water shear stress in a turbulent flow
channel [126] or a water jet apparatus [127] is measured. The percentage
removal of cells is calculated by comparing cell counts on slides not exposed
to shear with those on slides after exposure to shear. In the Ulva adhesion
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assays, sporelings (young plants, see Fig. 6.1d) are cultured on the test surfaces
for 7-10 days. Sporeling growth is quantified, in terms of relative fluorescence
units, by measuring the fluorescence of chlorophyll present within the cells
after extraction in dimethyl sulfoxide. The strength of attachment of sporelings
is assessed using the flow channel or the water jet apparatus. The surfaces of
Silastic® T-2 RTV silicone elastomer (Dow Corning Corporation, Midland,
MI) are used as controls.

For a fully developed turbulent flow in a channel with rectangular cross
section of height H, the wall shear stress, 1,, is related to friction factor, f, by
7, = pU*f8, where p is the density of water and U is the superficial velocity of
water through the channel, which is obtained from the volumetric flow rate of
water through the channel and the channel cross-sectional area. The depen-
dence of the friction factor, f, on the Reynolds number of flow, Re = HUp/u,
is given by f= 0.331/Re***, where u is the viscosity of water. Using the flow
apparatus at the University of Birmingham [126], wall shear stresses up to
about 55 Pa can be achieved.

The wall shear stress experienced by the adhered cells in the water jet
experiment can be estimated using the equation derived by Phares et al. [128]
for a laminar boundary layer in a fully developed axisymmetric jet impinge-
ment: 7,, = 44.6pui Re;"*(h/ D), where h is the distance from the nozzle to
the surface, D is the nozzle diameter, i, is the jet exit velocity, and Re, is the
flow Reynolds number at the jet exit. 7,, is the maximum wall shear stress at
the surface, which occurs at a radial distance of 0.094 from the jet axis. The
laminar boundary layer analysis is valid for Re, values as high as 10°. For the
water jet apparatus at the University of Birmingham [127], with A/D = 15.6,
the relation between the jet impact pressure, defined as 1/2puj (kilopascals,
kPa) and the maximum wall shear stress (pascals, Pa) is, therefore,
7,, = 7.681(impact pressure)””. For water jet impact pressures of 250 kPa, wall
shear stresses up to about 480 Pa can be achieved.

6.3.1 Hydrophobic Marine Fouling-Release Coatings:
The Role of Surface Energy and Modulus

Fouling-release coatings are based on lowering the adhesion strength between
the organism and the surface. The design guidelines for these types of coatings
are based on the concepts of fracture mechanics that relate the pull-off force
required to detach a rigid cylindrical stud from an elastomeric film, to the work
of adhesion and mechanical properties of the film [13]. As discussed by Brady
[129] and Chaudhury et al. [124], the pull-off force, F, in the Kendall’s model,
is given by F = na* (2WK/h)'?, where a is the radius of the stud, / is the thick-
ness of the elastomeric film, W is the work of adhesion or the energy per
unit area needed to detach the stud from the film, and K is the bulk modulus
of the film, which is related to its Young’s modulus by E/[3(1 —2v)], v being
the Poisson’s ratio. This equation applies to situations where the contact radius
a is much larger than the thickness of the film. For small contact radius, the
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pull-off force is independent of thickness, as evident from the equation,
F = [87na®WEI(1 — v*)]". In either case, the pull-off force is proportional to
(work of adhesion x modulus)"?, which suggests that nonpolar coatings, with
low surface energy (and, therefore, low work of adhesion), and soft coatings,
with low modulus, would function effectively as fouling-release surfaces.
Accordingly, the self-cleaning ability of the stratum corneum of the pilot whale
(Globicephala melas) has been attributed to the presence of a low-modulus,
gel-like material (enriched with various hydrolytic enzymes) on the skin of the
whale [130]. By applying oscillating loads using a stress-controlled rheometer,
the storage modulus of the gel was found to be less than 1200 Pa and the loss
modulus, greater than 120 Pa.

Coatings of polymers with low surface energy (e.g., siloxane and fluorinated
polymers) lower the work of adhesion between the coating and the bioadhe-
sive. In the case of nonpolar surfaces (with negligible polar component of
surface energy), the work of adhesion between the coating and the adhesive,
based on the Dupré equation [131],is equal to 2+/ysy4 , where % is the surface
energy of the coating and Y% is the dispersive component of the surface energy
of the adhesive. Hence, a lowering of surface energy of the coating is expected
to lower the fracture strength between the coating and the organism (provided
that the nonpolar coating does not cause underwater spreading of the adhesive
on the surface, which would result in an increased area of contact between the
organism and the surface and promote adhesion).

According to Brady and Aronson [132], the coating characteristics that
contribute to effective biofoulant release from nontoxic coatings are:

+ a smooth surface, which prevents mechanical interlocking with bioadhe-
sives and provides a sharp, easily fractured interface between the organ-
ism and the coating

* the absence of heteroatoms, ions, and dipoles at the polymer—water inter-
face, to avoid polar interactions with marine adhesives

 good chemical and physical stability in the marine environment

They also identified additional characteristics that were specific to fluorinated
or silicone coatings. The additional requirements in the case of fluorinated
coatings are listed below.

* The surface must be composed exclusively of fluorinated groups.

* The bulk of the coating must contain sufficient concentration of fluori-
nated groups to effectively control the organization of fluorine at the
surface.

* Dipoles such as CF,—CH, must be concealed well beneath the surface.

* Polymer chains at the surface must be cross-linked to hold fluorinated
groups in place and to resist infiltration of marine adhesives.



POLYMER COATINGS RESISTANT TO MARINE BIOFOULING 245
The silicone coatings must possess the following properties:

* They must consist of flexible polymer chains with linear Si—-O back-
bone.

* Side groups that reduce surface energy while maintaining backbone
mobility must be present.

* The elastic modulus must be low, but the coating should be tough and
durable.

* The polymer must be hydrolytically stable to avoid loss of mass and
development of surface roughness.

* The coating must have an optimal thickness that promotes fracture of the
foulant—coating interface by peel rather than by shear.

These lists of desired coating properties provide useful guidelines for the
design of new fouling-release coatings. However, as will be discussed in Section
6.3.2, Section 6.3.3, Section 6.3.4, Section 6.3.5, and Section 6.3.6, highly effec-
tive fouling-release coatings that do not conform to these “design rules” have
now been developed.

6.3.1.1 Siloxane Polymers Siloxane polymers have relatively low surface
energy, low modulus, low coefficient of friction, good weather resistance, and
high water repellency [10]. The surface energy of PDMS is 19.8 mJ/m? which
is relatively low compared to those of hydrocarbon polymers such as polysty-
rene (40.8 mJ/m?) [44] or polyisobutylene (33.6 mJ/m?). It is also a highly
nonpolar polymer, with the polar component of surface energy of only 0.8 mJ/
m?. Silicone elastomers have proven to be promising alternatives to biocidal
antifouling paints [13,133]. The fouling-release properties of silicones has been
attributed to: (1) a critical surface tension in the optimal range; (2) low modulus;
(3) low glass transition temperature and molecular mobility at coating—water
interface; and (4) interfacial slippage and friction [134].

Some commercial silicone coatings contain nonbonded silicone oils, such as
polymethylphenylsiloxane, that migrate to the coating surface, making the
surface “slippery” [135, 136]. In their study using alkane thiol SAMs of differ-
ent alkyl chain lengths, Bowen et al. [123] found significant correlation between
the friction coefficient of the SAMs and the removal of Ulva zoospores and
Navicula diatoms, for friction coefficients lower than about 0.35. These results
are consistent with the report by Chaudhury et al. that surface lubricity lowers
the adhesive strength of viscoelastic adhesives [136].

For the release of the spores of Ulva from model PDMS elastomeric films
with different modulus values (in the range of 0.2-9.4 MPa), Chaudhury et al.
[22] found that there was no significant effect of modulus on the removal of
settled Ulva spores, except at the lowest modulus of 0.2 MPa for which the
percent removal was significantly higher. These coatings were prepared by
hydrosilation cross-linking of vinyl-terminated dimethylsiloxane telechelic
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oligomers with methylhydrogensiloxane crosslinker, (H;C);O[Si(H)(CH;)O],—
(Si(CHj;),0),Si(CHj;);. The detachment behavior did not follow that predicted
by the Kendall equation using the coating modulus. However, when the
modulus E in the Kendall equation was replaced by a composite modulus, E.,
that incorporated the elastic modulus of the spore adhesive pad as well,
1/E. = 1/E, + 1/E,, a qualitative agreement between the prediction and experi-
mental data was observed.

6.3.1.2 Fluorinated Polymers Fluoropolymers such as poly(tetrafluoro-
ethylene) (PTFE), poly(vinylidenefluoride) (PVDF), and poly(hexafluoro-
propylene) (PHFP) are of interest as fouling-release coatings because of their
remarkably low surface energy [129]. The critical surface energy of PHFP is
only 16.2 mJ/m* and that of PTFE is 18.6 mJ/m’. However, because of their
relatively high stiffness, the Kendall equation predicts that the softer, low-
modulus silicone polymers would be better fouling-release coatings than fluo-
ropolymers. Moreover, because of its porous nature and hydrophobicity, PTFE
(Teflon®, DuPont, Wilmington, DE) has poor antifouling properties and fouls
severely after only 75-day immersion in the marine environment [137]. It has
been hypothesized that the penetration and curing of marine adhesives in the
pores of PTFE would create a secure mechanical interlock and prevent release
of foulants in spite of minimal intermolecular adhesive interactions at the
interface [129].

Although silicone polymers were believed to show better fouling-release
capability than fluoropolymers [135], in a study on direct comparison of the
marine antifouling properties of commercial silicone (Intersleek 700) and fluo-
ropolymer (Intersleek 900) coatings, Dobretsov and Thomason [138] found
that the fluoropolymer coating had significantly thinner biofilms with fewer
diatom species, no algal spores, and lower number of bacteria than the silicone
coating (in 10-day long field experiments). They concluded that the fluoropoly-
mer coating possessed higher antifouling effectiveness than the silicone
coating.

Fluorinated Polyurethanes 'To overcome the problem of high stiffness of fluo-
ropolymers, several elastomeric fluorinated polyurethanes have been synthe-
sized and investigated for physicochemical and mechanical properties
[139-141]. Polymer 21 (Chart 6.4) is a polyurethane prepared using a fluori-
nated polyol and a biuret of hexamethylediisocyanate as the cross-linker.
The fluorinated polyol is a condensation product of the diols 1,4-bis(2-
hydroxyhexafluoro-2-propyl)benzene [142] and 1,1,1,7,7,7-hexafluoro-2,6-
bis(trifluoromethyl)hept-3-ene-2,6-diol, with epichlorohydrin [143]. The
fluorinated polyurethane fouled only slowly, cleaned easily, and was durable
in the marine environment [132]. However, additives such as hindered amine
stabilizers may be required to improve the photo-oxidative stability of ure-
thane linkages in coatings with significant amounts of nonfluorinated chemical
groups [144]. The fluorinated polyurethane coatings of Wynne and coworkers
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Chart 6.4 Chemical structures of fluorinated fouling-release polymers.

(22, Chart 6.4), synthesized using a family of fluorinated diols (different x and
y values) and hexamethylene isocyanate, showed Young’s modulus ranging
from 1 to 56 MPa and surface energy in the range of 25-32 mJ/m®.

For good adhesion of fouling-release coatings to substrates, a two-coat
system consisting of a base coat that provided adhesion to the substrate,
mechanical strength, and reactivity with the top coat, and a top coat that pro-
vided nontoxic antiadhesive surface for biofoulant release was developed
[145]. The base coat was a polyurethane or polybutadiene, and the top coat
was a silicone or hydrocarbon polymer.

Liquid Crystalline Block Copolymers with Semifluorinated Alkyl Side Groups
and Hydrophobic Surfaces Using polystyrene-block-poly(1,2-isoprene-co-
3,4-isoprene) and a sequence of polymer analogous reactions, Wang et al. [146]
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synthesized a series of polystyrene block copolymers with semifluorinated
fluoroalkyl side chains. Block copolymers with lengths of fluoroalkyl side
chains below six —CF,— units formed a smectic A (S,) phase at room tempera-
ture. The critical surface energy, ¥, of the S, phase was 10.8 mJ/m? and the
polymer surface underwent significant reconstruction when immersed in
water. However, when the fluoroalkyl group contained eight or more —CF,—
units, the resulting surfaces showed very low surface energy (7. = 8 mJ/m?) and
exhibited negligible surface reconstruction. The stability resulted from the
highly ordered packing of the room temperature smectic B phase. Unlike
perfluorinated polymers such as PTFE, these polystyrene block copolymers
were readily soluble in organic solvents such as o, o, o-trifluorotoluene, tetra-
hydrofuran, and showed liquid crystalline self-assembly in the bulk and at
surfaces. Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy
showed that the surfaces of the spin-coated and annealed thin films were
almost completely covered by perfluoroalkyl groups [147].

Krishnan et al. synthesized polystyrene block copolymers with
—(CH,)o(CF,)oF side chains (23, Chart 6.4), and evaluated fouling-release
properties of coatings of this polymer against Ulva and diatoms [148].
Differential scanning calorimetry (DSC) showed the formation of a highly
ordered smectic B mesophase at room temperature (see Fig. 6.3a). The two
melting peaks observed at 98 and 113°C in the DSC heating scan correspond
to the smectic B — smectic A and smectic A — isotropic transitions, respec-
tively [146]. The coatings were, therefore, highly resistant to underwater surface
reconstruction. The advancing water CA of a thin film spin coated on a silicon
wafer, using a solution of the block copolymer in chloroform, and thermally
annealed at 150°C for 12 hours was about 124°. The receding water CA was
109°. Because of liquid crystalline self-assembly of the perfluoroalkyl groups,
covalent cross-linking is not required to prevent underwater surface recon-
struction. The surfaces would retain their nonpolar nature, without exposing
the underlying polar ester groups, even after prolonged exposure to the marine
environment.

NEXAFS spectroscopy indicated that the perfluoroalkyl side chains spon-
taneously migrated to the surface of the coatings and formed a thermally
stable smectic layer of oriented perfluoroalkyl helices [149]. NEXAFS spec-
troscopy is a highly surface-sensitive characterization technique that probes
the top 3 nm of a polymer surface. Figure 6.3b shows the NEXAFS spectra of
three different block copolymer surfaces prepared by spin coating a chloro-
form solution of the polymer on silicon wafers. The spin-coated surfaces were
dried in vacuo at 50°C for 12 hours. Two of the films were further annealed
for 12 hours in vacuo at temperatures of 120 and 150°C, respectively, which
are above the glass-transition temperature of PS and the smectic A — isotro-
pic transition temperature of the perfluorodecyl mesogens. After annealing,
the films were slowly cooled to room temperature in the vacuum oven. The C
1s NEXAFS spectra were acquired at the U7A NIST/Dow materials charac-
terization end station at Brookhaven National Laboratory and analyzed using
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Figure 6.3 (a) DSC thermal analysis of block copolymers with liquid crystalline semi-
fluorinated side chains; (b) C 1s NEXAFS spectra of block copolymer films annealed
at three different temperatures (50, 120, and 150°C), and of a polystyrene homopoly-
mer film, acquired at 55° angle between the incident X-ray beam and the surface and
an entrance grid bias of —150 V; (c) Two-dimensional grazing incidence small-angle
X-ray scattering (GISAXS) maps of block copolymer thin films annealed at 50, 120
and 150°C. (Adapted with permission from Reference [149]; © 2005, American
Chemical Society.) (See color insert.)

procedures discussed in Reference [150]. As can be seen in Figure 6.3b, the
intensity of the C 1s — 7¢_¢ peak (at 285 e€V), corresponding to PS, decreases
with an increase in the temperature of annealing, indicating the migration of
styrene mers, which have a higher surface energy of about 40.8 mJ/m? into
the interior of the film. The intensity of the C 1s — o&_¢ peak (at 293 eV) cor-
respondingly increases, showing the migration of the lower surface energy
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(8 mJ/m?) perfluoroalkyl groups toward the surface of the film. The intensity
of the C 1s — n¢_¢ peak is very small in the film that was annealed at 150°C.
Thus, the surface of this film was almost completely covered by the fluoroalkyl
groups (see NEXAFS spectrum of PS homopolymer in Figure 6.3b that shows
a significantly higher 7¢_c peak intensity). Grazing-incidence small-angle
X-ray scattering (GISAXS) studies (at the G1 station of the Cornell High
Energy Synchrotron Source [151]) showed the formation of cylindrical micro-
domains of the polystyrene block, with the smectic layers of the semifluori-
nated side chains oriented perpendicular to the axis of the polystyrene
microdomains. The perfluoroalkyl mesogens in the films annealed above the
smectic A — isotropic transition temperature were found to be highly ordered.
For the film annealed at 120°C, the strong intensity along the ¢, axis, at
0.15 A (see Fig. 6.3c), arises from the smectic layer oriented parallel to the
film plane. The circular spread arises because of a distribution in the tilt angles
of the normal to the smectic layers [151]. The spread is significantly smaller
for the film annealed at 150°C, indicating almost uniaxial orientation of the
layer normal (i.e., parallel orientation of the smectic layers in the paracrystal-
line film) [151, 152]. The layer normals were relatively unoriented in films that
were not annealed at 120 or 150°C (see 50°C film in Fig. 6.3c). Other studies
have also found that the crystallinity of fluroalkyl groups and hydrophobicity
of the surfaces of fluorinated polymers improved after thermal annealing [152,
153]. It is now well recognized that the molecular composition of surfaces of
fluorinated polymers is highly dependent on the processing conditions (spin
coating vs. spray coating [154], polarity and volatility of solvent, etc.) and
thermal history.

To independently control the coating modulus and surface energy, elasto-
meric coatings were prepared using a bilayer coating strategy [148]. The ther-
moplastic elastomer, Kraton® G1652 (Kraton Polymers, Houston, TX), which
is a SEBS triblock copolymer, and its maleic anhydride grafted version (MA-
SEBS, Kraton F1901X), were used in the base layer to improve substrate
adhesion and elastomeric properties of the resulting coatings. The Young’s
modulus of Kraton G1652 SEBS was about 18 MPa [121]. Its MW was about
50,000 g/mol, and the mass fractions of styrene and hydrogenated butadiene
(ethylene/butylene) mers were 0.3 and 0.7, respectively. Only a small fraction
(<0.1%) of the total number of styrene and hydrogenated butadiene mers in
SEBS was grafted with MA. The concentration of maleic anhydride groups in
Kraton F1901X was about 1.8 wt%. The MW of the PS end blocks was about
7500 g/mol. The top layer of the bilayer coatings consisted of the surface-active
fluorinated block copolymer 23 (Chart 6.4). The fluorinated block copolymer
was spray-coated on the SEBS layer using a solution of the polymerina 1:1
(v/v) blend of toluene and o,o,0-trifluorotoluene, and the bilayer coatings
were thermally annealed at 120°C to promote liquid crystalline self-assembly
and adhesion at the substrate/base-layer and base-layer/top-layer interfaces.
Scanning electron microscopy (SEM) images of cryogenic fracture sections of
similar bilayer coatings (prepared using SEBS and a surface-active block
copolymer containing a PS block) confirmed good adhesion between the
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polymer layers [155]. Interfacial compatibility between the top and the bottom
layers arises from incorporation of the PS block of the surface-active block
copolymer in the PS microdomains of the SEBS triblock copolymer base layer.

Figure 6.4 shows a schematic of the cross-linking reaction between the
maleic anhydride grafts of SEBS and the 3-(glycidoxypropyl)trimethoxy silane

(a) (d) . Surfffe-icti}:re bI,OCk(_7

(b)
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MA-grafted SEBS
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Figure 6.4 (a) Chemical structure of SEBS triblock copolymer; (b) a bilayer coating
consisting of SEBS base layer and a surface-active block copolymer top layer on
3-(glycidoxypropyl)trimethoxy silane (GPS)-functionalized glass substrate; (c) cova-
lent cross-linking between maleic anhydride (MA)-grafted SEBS and epoxy groups of
GPS [148]; (d) schematic of physical entrapment of the PS block of the diblock SABC
molecules in the PS microdomains of the triblock SEBS base layer at the interface
between SABC and SEBS; (¢) AFM phase image of a spray-coated fluorinated liquid
crystalline block copolymer surface; and (f) AFM phase image of Kraton 1652 SEBS
coating. (Panel e adapted with permission from Reference [148]; © 2006, American
Chemical Society. Panel f reprinted with permission from Reference [121]; © 2009,
American Chemical Society.)



252 MARINE BIOADHESION ON POLYMER SURFACES

primer on a glass microscope slide [148]. Also shown in this figure are the
schematic of adhesion between the top and base layers, and tapping-mode
AFM phase images of the SEBS base layer and the spray-coated fluorinated
surface.

Figure 6.5a,b shows the Ulva settlement density and biomass growth at the
end of 8 days on the fluorinated block copolymer 23 (Chart 6.4), on Silastic
T-2 PDMS elastomer, on Kraton 1652 SEBS, and on a block copolymer con-
taining hydrophilic PEG grafts [148]. The PEG side chains were terminated
by a methoxy group, and the number of ethylene glycol units in each side chain
was 11. Also shown are the percentage removal of Ulva sporelings and Navicula
diatoms after exposure to 53 Pa wall shear stress in a water flow channel. The
Ulva spores settled in large numbers on the hydrophobic fluorinated coatings,
but the settlement density and sporeling growth were lower than those on
Silastic T-2 silicone coatings (see Fig. 6.5a,b). Moreover, the percentage
removal of 8-day-old sporelings from the fluorinated block copolymer surface
was comparable to that from Silastic T-2 silicone, and significantly higher than
that from SEBS, glass, or the hydrophilic PEGylated block copolymer surface
(see Fig. 6.5¢). Other bilayer coatings of side-chain fluorinated block copoly-
mers on SEBS base layers have also been evaluated for adhesion of Ulva.
Youngblood et al. [157] found that the percentage removal of Ulva spores from
surfaces of block copolymers with ether-linked —(CH,)¢(CF,)sF coatings was
about 70% compared to about 45% removal from SEBS.

Although the fluorinated polymers were quite effective as fouling-release
coatings for Ulva, they showed poor release of Navicula diatoms (see Fig.
6.5d), possibly because of greater spreading of the adhesive on the hydropho-
bic fluorinated surfaces. The strong adhesion of diatoms to the fluorinated
coatings was consistent with prior observations that diatoms adhered quite
strongly to nonpolar silicone coatings as well [158]. In contrast, hydrophilic
PEGylated and amphiphilic block copolymers showed a significantly higher
removal of diatoms than the hydrophobic coatings (see Fig. 6.5d,i, Section
6.3.2, and Section 6.3.3).

Perfluoropolyether-Based Elastomers Hu et al. [159] studied Ulva zoospore
settlement and sporeling removal from photochemically cross-linked coatings
of perfluoropolyether-based methacrylate and 4-vinylbenzyl macromonomers.
The macromonomers were synthesized using perfluoropolyether diols
(HOCH,CF,O(CF,CF,0),,(CF,0),,CF,CH,OH, Fomblin® Z DOL 4000,
Solvay Plastics, Houston, TX) and were ultraviolet (UV)-cured using o-
hydroxycyclohexylphenyl ketone photoinitiator. Of the methyl methacrylate-
and 4-vinylbenzyl-based elastomers, only the latter showed improved
performance compared to PDMS controls, which was attributed to their lower
modulus and the lower CA hysteresis values than the methacrylate elastomers.
The two coatings that showed promising antifouling and fouling-release prop-
erties were: (1) a homopolymer of the o,o -divinylbenzyl-modified perfluo-
ropolyether (“4 kg/mol sPFPE”) and (2) a copolymer of this macromonomer



POLYMER COATINGS RESISTANT TO MARINE BIOFOULING 253

= 1400 = 35
<
<E 1200 - (a) £ 30 (b)
i
S 1000 - B i
5 ©
%‘ 800 - é 2.0 4
3 600 - § 15 4
e
S 400 - & 10
@ a
£ 200 - g o5 -
> o
o @ 0.0 4 - T T T
Fluorinated PEGylated SilasticT-2  Kraton Glass Fluorinated PEGylated SilasticT-2  Kraton Glass
block block silicone G1652 black block silicone G1652 SEBS
copolymer copolymer SEBS copolymer copolymer
% 90 £ 0
£ o
T 0 ()| 2 e (d)
o T
g 70 1 2 70 -
£ 60 - g
s 3 60 1
%5 50 1 = 50
= o
g 40 A g 40 -
E 30 A £ 30
g 20 <20 ]
8 8
: 0 “HR SN | e
=} k-
g 0=+ ‘ ‘ 2 0 . : :
Fluorinated PEGylated SilasticT-2  Kraton Glass B Fluorinated PEGylated SilasticT-2  Kraton Glass
block block  silicone  G1652 SEBS block block  silicone G1652 SEBS

copolymer copolymer

copolymer copolymer

100

(i)

80
60

40 +

. . .

Glass Silastic T-2 Amphiphilic block
silicone copolymer

Percentage removal of Navicula diatoms

Figure 6.5 (a—d) Antifouling and fouling-release properties of hydrobhobic and
hydrophilic elastomeric coatings [148]; 8-day-old Ulva biofilms on glass and amphiphi-
lic block copolymer surfaces before water flow (e and f, respectively), and the same
surfaces after exposure to shear stress of 53 Pa in water channel (g and h, respectively);
and the percentage removal of Navicula diatoms from glass, Silastic T-2 silicone, and
the amphiphilic block copolymer surfaces after exposure to water flow corresponding
to a wall shear stress of 53 Pa (i). (Panels a-d adapted with permission from Reference
[148]; © 2006, American Chemical Society. Panels e-i adapted with permission from
Reference [156]; © 2006, American Chemical Society.)
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with tridecafluorooctyl 4-vinylbenzenesulfonate (“10% sPFPE-SS”; 24, Chart
6.4). The mole fraction of each comonomer in 10% sPFPE-SS was about 0.5.
The overall surface energy values of the two coatings were relatively low (14.3
and 13.8 mJ/m? respectively) and the polar components of surface energy
were also low (1.3 and 1.4 mJ/m?, respectively). Both the coatings were quite
hydrophobic, with advancing water CAs of about 115°, but they exhibited rela-
tively large water CA hysteresis (about 40°). The perfluoropolyether elasto-
mers had low stiffness (Young’s moduli of 2.2 and 2.6 MPa, respectively, at
room temperature). Only the coatings with lower modulus and lower CA
hysteresis showed higher removal of Ulva sporelings. The attachment density
of Ulva spores were much lower on these coatings than on Silastic T-2 silicone
elastomer, and the percentage release of 7-day-old sporelings was 30-60%
higher than that from the silicone coating (when a water jet with 32 kPa impact
pressure was used to clean the surfaces). The lower spore settlement on these
coatings is intriguing and could be related to the relatively large molar con-
centration of polar sulfonate groups in the coatings.

Photocurable fluorinated coatings, consisting of methacrylic ester or acryl-
amide derivatives of Krytox® (DuPont), were synthesized and evaluated for
adhesion of Ulva spores and sporelings [160]. The Krytox compounds were
oligomers of hexafluoropropylene oxide with methyl ester or methylene
alcohol functional end groups. Glycidyl methacrylate was used as a cross-
linkable comonomer, which resulted in photoacid-catalyzed thermal curing
because of interchain or intrachain reactions between the epoxy side groups
of the monomer. A third comonomer, methyl methacrylate (homopolymer
glass-transition temperature, 7, of about 105°C) or buty acrylate (7, of -54°C),
was used for modulus control. The chemical structure of a representative ter-
polymer, 25, is shown in Chart 6.4. In the case of the coatings incorporating
the low T, butyl acrylate mers, the CA hysteresis (difference between the
advancing and receding CAs) for water decreased with an increase in the cure
time, corresponding to an increase in the degree of cross-linking. The immo-
bilization of nonpolar groups at the surface of the coatings, because of covalent
cross-linking, was found to slow down surface reconstruction under water. The
fluorinated coatings showed significantly higher release of Ulva spores than
PDMS, but the removal of 8-day-old sporelings was lower, possibly due to the
blooming of polar groups to the coating—water interface. Although some of
the starting materials are potentially toxic (carboxylic acid, methyl ester, and
methylene alcohol-terminated Krytox are listed in the Toxic Substances
Control Act), the copolymer coatings were nontoxic to Ulva spores.
Nevertheless, hydrolysis and leaching of the potentially toxic Kraytox carbox-
ylic acid moieties into the marine environment is of concern.

6.3.1.3 Fluorinated Siloxane Block Copolymers Marabotti et al. [161]
prepared fouling-release coatings by blending block copolymer 26 (Chart 6.4)
with PDMS homopolymer. The compositions of the fluorinated block copoly-
mer in the blends were in the range of 0.15-10 wt%. They found that the
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addition of the fluorinated-siloxane copolymer to the PDMS matrix resulted
in a decrease in the settlement of barnacle, Balanus amphitrite, cyprids, and
significantly improved release of Ulva sporelings and young barnacles than
the siloxane control. XPS, NEXAFS, and GISAXS characterization of coatings
prepared using the fluorinated-siloxane block copolymers showed that the
surfaces of these coatings were predominantly covered by the lower surface
energy fluorinated block (regardless of the microstructure of the block copo-
lymer in the bulk), even in block copolymers in which the PDMS block was
the majority component [162].

6.3.2 Hydrophilic Coatings

6.3.2.1 PEGylated Polymers Bilayer coatings prepared from block copo-
lymers with PEG side chains showed good fouling release of Navicula diatoms
(see Fig. 6.5d). These coatings were hydrophilic, with advancing and receding
water CAs of 70° and 30°, respectively. Although spore settlement on these
elastomeric PEGylated coatings was not significantly different from that on
the hydrophobic fluorinated block copolymer, hydrophilic PEGylated surfaces
are expected to possess antifouling properties against protein adsorption and
cell settlement. Finlay et al. [119] studied settlement of Ulva spores on micropa-
tterned 1 x 1 cm regions consisting of alternating stripes of hydrophobic FOTS
SAMs and hydrophilic mPEGS SAMs. A silicon wafer with a 3-inch diameter
was patterned with eight different 1 x 1 cm squares containing patterned
stripes of 2, 5, 10, 20, 50, and 200 um widths (Fig. 6.6a,b). One of the squares
was uniformly covered with either PEGylated or fluorinated SAM, opposite
to the background. In the square with stripes wider than 5 um, the spores
preferentially settled on the fluorinated stripes and avoided the PEGylated
stripes. The spores settled gregariously on the fluorinated surfaces, forming
large clumps of spores (Fig. 6.6c). In contrast, isolated cells were found on the
PEGylated surfaces that were “inhospitable” for settlement. The background
had a strong influence on settlement density. When the background was unfa-
vorable for settlement (i.e., PEGylated), the spores settled in large numbers
on the more hospitable areas of the wafer (the fluorinated regions of the pat-
terned squares). This study clearly demonstrated the antifouling properties of
PEGylated surfaces against Ulva spore settlement.

Bartels et al.[163] used the thiol-ene “click” chemistry to prepare PEGylated
coatings by photoinitiated cross-linking of alkene-modified Boltron polyester
dendrimers with 4-armed PEG-tetrathiol, C[O(CH,CH,0)s,CH,CH,CH,SH],,
and another tetrathiol, pentaerythritol tetrakis(3-mercaptopropionate),
C[CH,0OC(=0)CH,CH,SH],. The settlement of Ulva spores was significantly
lower on the surfaces of these coatings than on Silastic T-2 silicone elastomer
and uncoated borosilicate glass surfaces. However, the percentage removal of
10-day-old sporelings, with a water jet impact pressure of 64 kPa, was signifi-
cantly lower than that from the silicone coating.
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(a)

(C) PEG Background FOTS square

500 pm stripes 500 pm PEG stripe
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Figure 6.6 (a) Diagram showing the layout of chemically patterned Si wafer. The
numbers denote squares with stripes of widths 2, 5, 20, 50, 100, 200, and 500 um. The
number 0 refers to a uniformly covered square of either the PEGylated or fluorinated
SAM opposite to the background. Background is either pure PEG or pure fluorinated
monolayer. (b) Image shows close-up of the patterned squares. Each square is 1 cm?
in area. (c) Fluorescence images of settled spores on regions of a wafer with a PEGylated
background. Top row: pure PEG background (left) and FOTS square (right). Middle
row: border region between 500 um PEG and 500 um FOTS stripe (left) and 500 um
PEG stripe (right). Bottom row: 500 um FOTS stripe (left) and 200 um striped square
centered on FOTS region (right). The width of each image is 485 um. The dotted lines
indicating the boundaries between the PEGylated and fluorinated areas are provided
to assist interpretation. (Adapted with permission from Reference [119]. © 2008
American Chemical Society.) (See color insert.)

6.3.2.2 Polysaccharides Although certain polysaccharide coatings have
been found resistant to protein adsorption and platelet adhesion (and,
therefore, hemocomptaible) [25, 164, 165], Cao et al. [166] observed that
Ulva zoospores and barnacle cyprids were able to colonize polysaccharide
coatings consisting of hyaluronic acid, alginic acid, or pectic acid. The
coatings were prepared by covalent coupling of the polysaccharides with
3-aminopropyltriethoxysilane functionalized microscope glass slides. The sur-
faces were quite hydrophilic (with water CAs less than about 20°) and resistant
to the adsorption of BSA, fibrinogen, and pyruvate kinase. However, barnacle
cyprids and zoospores of Ulva, in general, showed a relatively high affinity
toward the three polysaccharide coatings. Complexation of bivalent ions, such
as calcium, from seawater was proposed as a reason for the fouling of polysac-
charide coatings in the marine environment.
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6.3.3 Amphiphilic Coatings

As discussed in Section 6.3.1 and Section 6.3.2, elastomeric block copolymer
coatings with hydrophobic semifluorinated alkyl side chains exhibited good
fouling-release properties against Ulva sporelings, but were not effective
against diatom adhesion, whereas those with hydrophilic PEG side chains
showed high removal of diatoms but poor release of Ulva. Interestingly, block
copolymers with amphiphilic perfluoroalkyl-terminated PEG (F-PEG) side
chains (27, Chart 6.5) showed good release of both Ulva sporelings and
Navicula diatoms (Fig. 6.5h,i) [156]. The low adhesion of Ulva sporelings on
amphiphilic coatings was consistent with the findings of Gudipati et al. that
hyperbranched amphiphilic copolymers consisting of the pentafluorostyrene
and PEG groups showed good fouling-release behavior against Ulva zoo-
spores [43]. Gudipati et al. attributed the fouling-release property to the
nanoscale chemical and topographical heterogeneity of the surface that
hindered protein unfolding on the surface. However, surfaces of block copo-
lymer 27 [156] were uniformly covered by the amphiphilic block, and yet
showed excellent resistance to Ulva and Navicula adhesion. The amphiphilic
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polymers.
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(b) (c)

Figure 6.7 Liquid crystalline self-assembly of semifluorinated alkyl side chains in
liquid crystalline block copolymer and surface reconstruction at amphiphilic block
copolymer surface.

block copolymer surfaces were also resistant to the settlement of barnacle
larvae [167].

The hydrophobic, fluorinated chains of the side chain liquid crystalline
block copolymer 23 can be present at the water—polymer interface because of
the formation of a stable liquid crystalline mesophase at the surface of the
coating (see Fig. 6.7a). The F-PEG side chains of the block copolymer 27 can
be present at both air and water interfaces due to the low surface energy of
fluoroalkyl groups and hydrophilicity of PEG groups, respectively, which is
responsible for their “amphiphilic” attribute. These chains undergo dynamic
surface reconstruction as depicted in Figure 6.7b,c.

CA measurements, XPS, and NEXAFS spectroscopy [150, 156] showed that
the amphiphilic F-PEG side chains produced a dynamic surface that responded
to the polarity of the environment. The advancing and receding water CAs on
these surfaces were 97° and 42°, respectively. The captive bubble water CA
decreased from 55° immediately after immersion to a value of about 31° after
2 weeks (indicating a more hydrophilic surface). The interfacial energy of
the amphiphilic surface, in contact with water, was estimated to be below
5 mJ/m?. The antifouling effectiveness of the amphiphilic block copolymer
surfaces can be attributed to the low polymer—water interfacial energy.

A wide range of polymers with mixed hydrophobic and hydrophilic moi-
eties have been subsequently investigated for antifouling and fouling-release
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properties. Chart 6.5 shows the chemical structures of some of these
polymers.

Martenelli et al. [155] studied the antifouling properties of a series of block
copolymers where the F-PEG groups were attached to 4-vinylbenzoic acid
mers (27b, Chart 6.5) instead of acrylic acid mers used by Krishnan et al. (27a).
The amphiphilic benzoate polymers showed a significantly higher removal of
Ulva sporelings than SEBS. The percentage removal of Navicula diatoms using
a wall shear stress of 51 Pa was also high, but slightly lower than SEBS.

Weinman et al. [121] synthesized amphiphilic triblock copolymers with
ether-linked F-PEG side chains using the polystyrene-block-poly(ethylene-
ran-butylene)-block-polyisoprene precursor. Epoxidation of the vinyl groups
in the polyisoprene block, with 3-chloroperoxybenzoic acid, gave triblock
copolymer 28, and the reaction of the epoxy groups with F-PEG alcohol, in
the presence of the Lewis acid, BF;, resulted in the amphiphilic polymer 30a
that was evaluated in biofouling assays. Bilayer coatings of the amphiphilic
block copolymer were prepared using two different SEBS base layers,
Kraton G1652 and MD6945, of moduli 18 and 1.2 MPa, respectively. The
amphiphilic surfaces exhibited antifouling properties against Ulva spores.
The settlement density of the spores was much higher on Silastic T-2 and
SEBS surfaces than on the F-PEGylated amphiphilic surface. The amphiphilic
surface also showed significantly higher removal of Ulva sporelings than
Silastic T-2, even at low water jet impact pressures in the range of 15-45 kPa.
The percentage removal was much higher from bilayer coatings with softer
base layer (1.2 MPa modulus) than from the coating with the stiffer base
layer (18 MPa modulus). In adhesion assays using Navicula diatoms, Silastic
T-2 showed only 5% removal of cells after exposure to a wall shear stress
of 23 Pa, whereas the amphiphilic coating demonstrated 51% removal of
settled cells.

Park et al. [168] synthesized triblock copolymers with mixed hydrophobic,
semifluorinated alkyl, and hydrophilic, PEG, side chains (29a, Chart 6.5) and
found that the settlement of Ulva spores was higher for surfaces incorporating
a larger proportion of the hydrophobic fluoroalkyl side chains, while surfaces
with polymers with larger proportion of PEG chains inhibited spore settle-
ment. The percentage removal of diatoms after exposure to water flow
increased as the content of PEG side chains increased relative to the fluoro-
alkyl side chains. Triblock copolymers with the longer perflurodecyl side chains
(29a) showed significantly higher removal of Ulva sporelings and Navicula
diatoms than those with the shorter perfluorooctyl-containing side chains
[-(CH,)s(CF,)sF] because of improved surface segregation of the amphiphilic
(PEGylated) block, induced by the longer perfluorodecyl side groups [169].
The observation that longer perfluroalkyl segments are more surface active
than shorter perfluoroalkyl segments is consistent with previous studies of
hydrophobic fluorinated liquid crystalline block copolymers containing the
perfluorodecyl [148], the perfluorooctyl [157, 170], and perfluorohexyl side
chains [170].
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The amphiphilic block copolymer coatings of Sundaram et al. [171] that
contained oligodimethylsiloxane-terminated PEG side groups (29b) showed
fouling-release properties against Ulva sporelings and Navicula diatoms,
similar to those of 29a. Fouling-release behavior improved with an increase in
the PEG content of the coatings. The amphiphilic coatings showed protein-
repellant properties when evaluated for adsorption of BSA.

Cho et al. [172] synthesized a series of surface-active triblock copolymers
using the amphiphilic Brij™ surfactants (Croda International, PLC, Edison,
NJ), C,Hon.:(OCH,CH,),OH, with different values of m and n (30b, Chart
6.5). The block copolymers, functionalized with Brij 72, Brij 76, and Brij 78
surfactants, contained C,;gHss-terminated PEG side chains with 2, 10, and 20
ethylene oxide units in the PEG group, respectively. The Brij 56 surfactant
contained the Ci¢Hj; alkyl segment and a PEG segment with 10 ethylene oxide
units. The settlement density of Ulva spores decreased with an increase in the
length of the PEG segment. Sporeling growth was also much lower (almost
none) on the block copolymer with Brij 78 side chains compared to the block
copolymer with Brij 72 side chains. Almost 100% of the adhered sporelings
were removed from the bilayer coatings of polymers with Brij 76 and Brij 72
side chains, at relatively low water jet impact pressures in the range of 20—
50 kPa. These coatings showed weak adhesion of Navicula diatoms as well. A
triblock copolymer with Silwet L-408 surfactant (Momentive Performance
Materials, Albany, NY) as the amphiphilic side chains was also investigated
(30c). However, this polymer resulted in poor removal of Ulva sporelings and
did not function as an effective fouling-release coating.

Lee and coworkers [173-175] synthesized a series of liquid crystalline
(alkylthio)methyl-substituted poly(oxyalkylene)s and (alkylsulfonyl)methyl-
substituted poly(oxyalkylene)s (31, Chart 6.5). These polymers were
prepared by polymer analogous reactions on poly(epichlorohydrin) [i.e.,
poly(oxy(chloromethyl)ethylene)] and poly(oxy(chloromethyl)ethylene-co-
oxyethylene) [176, 177]. Surfaces of the comb-like polymers, with hexyl, octyl,
and decyl side chains and sulfone linking group, showed advancing water CAs
in the range of 106-113°. However, the receding CAs were significantly lower,
in the range of 60-67°. The CA hysteresis is evidently because of the polar
poly(oxyethylene) backbone. Bacterial adhesion (measured in terms of per-
centage of surface area covered by adhered cells after gentle rinsing to remove
loosely attached cells) was found to be significantly lower on the amphiphilic
copolymersurfacesthanonahighly hydrophobicsurface of poly[(perfluorooctyl)
ethyl acrylate] (6,4, = 124°), or polydimethylsiloxane (6,,.,4, = 120°), or poly-
styrene (6.4, = 94°), or glass (6,4 = 32°).

Dimitriou et al. [178] synthesized polystyrene-block-poly[(ethylene oxide)-
ran-(allyl glycidyl ether)] diblock terpolymers with varying incorporation of
allyl glycidyl ether (AGE) in the poly(ethylene oxide) (PEO) block (from 0
to 17 mol% of AGE). The pendant alkenes of the AGE mers were functional-
ized by thiol-ene chemistry with the semifluorinated thiol, F(CF,),CH,CH,SH,
to obtain side-chain liquid crystalline block copolymers, 32 (Chart 6.5), with
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different graft densities. The ethylene oxide mers in these polymers were
present along the polymer backbone rather than the side chains of the previ-
ous studies [121, 156]. NEXAFS spectroscopy showed that even when only
8 mol% of the monomers in the PEO block contained the fluorinated side
chains, the surface was almost completely covered by the fluorinated block
and no PS was detected at the surface. The settlement of Ulva spores was
significantly lower on the fluorinated PS-6-PEO polymer compared to the
unmodified PS-b-PEO polymer. The attachment strength of sporelings of Ulva
was also reduced on the fluorinated polymers compared to the unmodified
diblock copolymer and Silastic T-2 coatings.

Wang et al. [179] found that amphiphilic photocurable coatings prepared
using dimethacryloxy-functionalized hydrophobic perfluoropolyether (PFPE-
DMA) and hydrophilic monomethacryloxy-functionalized poly(ethylene
glycol) (PEG-MA) showed surface segregation of the PEG groups when the
photocuring (using 2,2-diethoxyacetophenone photoinitiator) was carried out
in a high humidity environment. The coatings that were cured under 57% rela-
tive humidity resulted in advancing and receding water CAs of 103° and 39°,
respectively, and showed almost no accumulation of Ulva sporelings. In con-
trast, the coatings that were cured at 24% relative humidity showed signifi-
cantly higher sporeling growth than Silastic T-2 silicone elastomer. The effect
of the PEG chain length on the antifouling and fouling-release properties was
also studied [180]. Polymers with about 23 ethylene oxide units in the PEG
segments showed lower settlement of Ulva zoospores compared to Silastic T-2
silicone, and almost 100% removal of 7-day-old Ulva sporelings (using water
jets with impact pressures in the range of about 23-75 kPa). Moreover, these
coatings resulted in greatly reduced adhesion strength of Navicula diatoms.
The density of attached diatoms after exposure to water flow past the surface,
with a wall shear stress of 26 Pa, was about 500 cells/mm? on Silastic T-2
surface; the cell density was only 16 cells/mm? on the amphiphilic PFPE-DMA/
PEG-MA networks with 23 ethylene oxide units in the PEG segments. The
coatings completely inhibited the settlement of barnacle cypris larvae. The
excellent antifouling and fouling-release properties of these coatings is because
of surface amphiphilicity, relatively low Young’s modulus (about 5.1 MPa),
and a low glass-transition temperature of —95.4°C, corresponding to the per-
fluoropolyether segments in the coatings.

Thus, amphiphilic surfaces containing hydrophilic PEG groups and nonpo-
lar perfluoroalkyl or alkyl groups have shown promising antifouling and
fouling-release properties in marine biofouling assays. Similarly, amphiphilic
coatings containing the zwitterionic (hydrophilic) phosphorylcholine groups
and the hydrophobic lauryl groups have exhibited resistance to diatom adhe-
sion [181]. However, it is not just amphiphilic polymers that show combined
antifouling and fouling-release behaviors. Purely hydrophilic ultrathin coat-
ings of surface-tethered PEO [182] or polysulfobetaine [183] polymers have
also been successful in preventing both Ulva and diatom fouling in laboratory
assays, which has been attributed to strong surface hydration due to the polar
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mers in the coatings [183]. These coatings resisted the settlement of Ulva
spores and greatly lowered the adhesion strengths of the spores and sporelings
of U. linza and also of diatoms. The excellent antifouling properties of polymer
brushes incorporating hydrophilic mers is because of the exclusion of high
surface energy groups, such as polystyrene, that are used in other coating
strategies (for producing thicker coatings and to prevent dissolution of the
coating in the marine environment). Because the polymer brushes are attached
to the substrate through covalent bonds, they can undergo extensive hydration
without getting released from the surface.

6.3.4 Self-Polishing Coatings

Coatings have been designed to mimic the sloughing of polysaccharide mucus
that some marine organisms use against fouling [14]. In a technology inspired
by biofouling defense mechanism of the pilot whale skin, polyacrylamide-
based skin-forming coatings are continuously shed off from the coated surface,
along with the accumulated biofoulants [184]. Xie et al. [115] developed self-
polishing hydrogel coatings using a blend of a terpolymer of methyl methac-
rylate, acrylic acid, and tributylsilyl methacrylate, and a polyfunctional aziridine
cross-linker (XAMA® 7, Bayer MaterialScience, Pittsburgh, PA). The aziridine
rings of the cross-linker reacted with the carboxylic acid groups of the acrylic
acid monomer, resulting in a hard and hydrophobic film. The hydrolysis of the
tributylsilyl ester group in seawater resulted in the formation of a self-polishing
hydrogel layer at the surface of the coating. The coatings showed promising
resistance to barnacle fouling after 2 months of immersion in field tests.

6.3.5 Coatings with Topographically Patterned Surfaces

The skins of sharks and whales are topographically complex (see Fig. 6.8) and
resistant to algal, diatom, and barnacle fouling. This fact has led to the devel-
opment of coatings with surface topographies that mimic natural antifouling
surfaces in the marine environment.

Magin et al. [18] have reviewed the influence of surface topography on
antifouling performance. The bioinspired surface, Sharklet AF™ (Sharklet
Technologies, Aurora, CO), created in poly(dimethyl siloxane) elastomer (see
Fig. 6.8c), was found to cause significant reduction in Ulva spore settlement
compared to a smooth surface [185]. The Sharklet AF coatings had patterns
similar to sharkskin scales, but with feature sizes smaller than the average
diameter of the spore body of Ulva (=5 um). The Ulva spore settlement was
86% lower on Sharklet AF compared to a smooth surface when the feature
width and spacing were 2 um. Efimenko et al. [188] found that surface topog-
raphy played a dominant role in governing the coating defense against bar-
nacle fouling even without fine-turning the chemical composition of the
surface.

Cao et al. [187] studied the interaction of zoospores of Ulva with bioinspired
polyelectrolyte multilayers (PEMs) with hierarchial nano- and microscale
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Figure 6.8 Bioinspired topographically patterned antifouling surfaces. Riblets of
sharkskin scales of (a) the spinner shark, (b) the Galapagos shark, and (c) the Sharklet
AF film fabricated in PDMS [185] (from Reference [14], reprinted with permission of
Taylor and Francis Ltd, http://www.tandf.co.uk/journals). SEM images of (d) the skin
of a pilot whale [186], and (e-h) PEM films prepared using polyelectrolyte solutions
with different pH values [186]. (Panel d reproduced with permission from Springer
Science+Business Media: Baum, C.B., Meyer, W.M., Stelzer, R.S., Fleischer, L.G.F,,
Siebers, D.S. (2002) Average nanorough skin surface of the pilot whale (Globicephala
melas, Delphinidae): Considerations on the self-cleaning abilities based on nanorough-
ness. Marine Biology, 140, p. 653, figure 3, © 2001, Springer-Verlag. Panels e-h repro-
duced with permission from Reference [187]; © 2010, John Wiley & Sons.)

surface structures mimicking the skin of a pilot whale G. melas. The PEMs
were prepared using poly(acrylic acid) (PAA) and polyethyleneimine (PEI).
The PAA layers were deposited by spray-coating a PAA solution at a pH of
2.89. The topographical properties of the multilayer films, such as texture size,
film roughness, and thickness could be systematically controlled by tuning the
pH of the PEI solution. Using PEI solutions of pH 5.0, 6.5, 7.5, and 9.0, mul-
tilayer coatings with “texture sizes” increasing from about 0.6, 1.1, 1.6, to
2.3 um could be prepared (Fig. 6.8e-h). The texture sizes were determined by
a two-dimensional (2-D) Fourier transform image analysis of the SEM images
of the coatings.


http://www.tandf.co.uk/journals

264 MARINE BIOADHESION ON POLYMER SURFACES

The PEMs consisted of 15 layers, with PAA as the terminal layer. The root
mean square (RMS) roughness and film thickness of the PEMs increased from
34 to 294 nm, and from 0.3 to 1.2 um, respectively, with an increase in the pH
of the PEI solution used during coating preparation. Similarly, the static water
CA increased from about 57°, for the PEM with 0.6 um textures, to about 75°
for the PEM with 2.3 um textures. The density of the attached Ulva spores was
very low compared to unmodified glass surfaces. The spore settlement on
spray-coated (PEI/PAA);s multilayers did not show a dependence on the
deposition pH. This observation is different from the results of other studies
using PEM coatings (prepared using the dip-coating technique and with RMS
surface roughness values below about 5 nm), wherein cell attachment was
strongly dependent on deposition pH but less dependent on the nature of
the terminal layer, that is, whether the last layer adsorbed was cationic or
anionic [189].

Cao et al. [187] further modified the PA A-terminated PEM coatings using
a linear PEO silane of about 2000 g/mol MW [(PEI/PAA),s-PEO], or with
tridecafluorooctyltriethoxysilane [(PEI/PAA)s-(CH,),(CF,)sF] such that the
topographical features remained the same, but the chemical polarity or wet-
tability of the textured surfaces were different. It was found that the spore
settlements on the hydrophilic [(PEI/PAA),s-PEO] multilayers, with four dif-
ferent morphologies, were very low, similar to the unmodified (PEI/PAA);s
multilayers. In contrast, in the case of the hydrophobic (PEI/PAA);s-
(CH,),(CF,)¢F PEM coatings, the spore settlement densities were higher. The
smallest surface structures (0.6 um) had the highest number of settled spores
while structures with feature sizes of 1.1, 1.6, and 2.3 um showed reduced
settlement densities. The increase in spore settlement density with an increase
in the surface feature size was explained on the basis of the attachment point
theory [190], according to which the attachment on microtextured surfaces is
higher when there are optimal numbers of attachment points and reduced
when there are lower numbers of points of attachment. The reduced number
of contact points, in combination with their irregular distribution, therefore
contributed to the low number of settled spores on surfaces with larger struc-
tures. In contrast, the percentage removal of spores, after the settled spores
were exposed to a wall shear stress of 52 Pa in a turbulent flow water channel,
was the highest on the smaller nanostructured surface, with a morphology size
of 0.6 um. Thus, surface nanostructuring was found to decrease the adhesion
strength of the fouling organism. Cao et al. [187] have proposed that one of
the following mechanisms could be operative:

 The spreading and sticking of the adhesive secreted by the spores depends
on the capillary forces exerted by the structures, and is higher in the case
of coatings with the three larger morphologies.

+ The nanostructures (0.6 um morphology) bind water so strongly that it
cannot be excluded by the adhesive of the spore, preventing firm bonding,
adhesive failure, and reduced adhesion strength of spores.
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 The presence of nanobubbles at the surfaces of the nanostructured coating
(0.6 um morphology) prevents wetting of the surface by the adhesive and
lowers the adhesion strength of the spores.

6.3.6 Antifouling Surfaces with Surface-Immobilized Enzymes and
Bioactive Fouling-Deterrent Molecules

A wide range of enzymes have been investigated for prevention of biofilm
formation on surfaces [191, 192]. The mechanisms of antifouling properties of
these coatings include [192]:

* Hydrolysis of the adhesive that the organism uses for attachment

* Enzyme-catalyzed degradation of the biofilm exopolymer

* Release of antifouling compounds from the surface, catalyzed by the
enzymes

* Disruption of intercellular communication during colonization of a
surface

Of the 17 enzymes that were tested for their effects on the settlement and/or
adhesion of the green alga U. linza, the diatom, N. perminuta, and the barnacle
B. amphitrite [193], serine proteases were found to have the broadest antifoul-
ing potential. These enzymes reduced the adhesion strength of spores and
sporelings of U. linza, cells of N. perminuta, and inhibited settlement of cypris
larve of B. amphitrite. The serine protease alcalase reduced adhesion of Ulva
in a concentration-dependent manner, but the spores could recover their
adhesive strength if the enzyme was removed. Moreover, the adhesive of U.
linza and juvenile cement of B. amphitrite became progressively less sensitive
to enzymatic hydrolysis as they cured. Hydrogen peroxide is an environmen-
tally benign compound that is known to repel marine-fouling organisms [194,
195]. It breaks down rapidly in the environment to oxygen and water and is
generally not harmful to humans in concentrations less than 3 wt%. Hydrogen
peroxide-producing enzymes, glucoamylase, and hexose oxidase; and starch
were incorporated in xylene-based rosin self-polishing coatings. Glycoamylase
hydrolyzed the starch present in the coating to produce glucose, and hexose
oxidase catalyzed the oxidation of glucose to form H,O,. These coatings
released H,O, at rates exceeding a target of 36 nmol/(cm’*~day) for 3 months
in a laboratory assay [194, 195]. Surface-tethered contact-active biocides have
also been explored for fouling deterrence [26, 196, 197].

Imbesi et al. [198] incorporated noradrenaline, an adrenoreceptor agonist
that is known to inhibit larval settlement in oysters and barnacles, into hyper-
branched fluoropolymer-PEG (HBFP) cross-linked coatings, and found that
barnacle cyprid settlement on these coatings was significantly reduced as com-
pared to HBFP coatings without noradrenaline.

There are some challenges in the design of effective enzyme-based antifoul-
ing coatings [191, 192]. These include the temperature variations in seawater
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(from 0 to 30°C) that could greatly influence enzyme stability and functional-
ity, the adverse effect of other components on enzyme activity, the leaching
of enzyme from the coating, and the decrease in enzyme activity upon
immobilization.

6.4 CONCLUSION

This chapter has discussed a wide range of antibiofouling polymer coatings
that are resistant to protein adsorption and marine bioadhesion. In general,
the highly hydrated surfaces of surface-tethered PEGylated and zwitterionic
polymer brushes have shown good resistance to protein adsorption, low settle-
ment density of Ulva spores, and weak adhesion of Ulva and diatoms. The low
interfacial energy between the organic coating and water appears to be a
primary factor in antifouling activity. The incorporation of hydrophobic groups
in the coatings (to prevent dissolution of the coating in water) and their pres-
ence at the coating surface generally leads to a reduction in the antifouling
effectiveness of the coating. The nonpolar groups decrease the hydration
capacity of the surface and increase the polymer—water interfacial energy.
However, practical amphiphilic coatings that contain the highly nonpolar
groups, such as perfluroalkyl segments, and polar groups, such as PEG, are as
effective as hydrophilic polymer brushes against fouling by proteins, algal
slimes, and barnacle larvae in laboratory assays. These coatings have low inter-
facial energies in water, significantly below 5 mJ/m* The Young’s modulus of
a coating has a strong influence on its fouling-release behavior. Coatings with
good fouling-release properties have Young’s modulus lower than about
10 MPa. The approach of chemically and topographically patterning surfaces
has shown significant promise in the marine antifouling technology. The strat-
egy employed in the design of these coatings is to make the surface chemically
and topographically complex such that a fouling organism is unable to estab-
lish optimal contact with the surface for settlement and adhesion.

In spite of the significant advances in the design of nontoxic marine anti-
fouling coatings, the discovery of a completely antifouling, environmentally
friendly, economically viable, chemically stable, and mechanically robust thick
protective coating, which can overcome the wide range of adhesive chemistries
that marine organisms of various sizes and shapes use in their native environ-
ment to get a foothold on solid surfaces, remains an unsolved challenge.
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