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Anti-fouling behavior of polymer brush immobilized
surfaces

Yuji Higaki1,2,3, Motoyasu Kobayashi1,4, Daiki Murakami1,2 and Atsushi Takahara1,2,3

Polymer brushes have been utilized as a proper model interface for the investigation of wetting, lubrication, hydrated chain

dimension and the structure of hydrated water at hydrated polymer interfaces. Zwitterionic polyelectrolyte-tethered surfaces

represent significant anti-fouling materials for bio-macromolecules, marine fouling organisms and pipeline foulants. Systematic

anti-fouling tests for various polymer brushes were performed to demonstrate the critical factors for universal anti-fouling

properties. In this focused review, material design concepts and recent progress on anti-fouling polymer materials are reviewed,

and our recent research on anti-fouling studies using polymer brushes is provided.
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MATERIAL DESIGN FOR ANTI-FOULING

Material interfaces are always exposed to the threat of foreign

substance adhesion. Materials lose their original interfacial

performance following coverage by foulants. The deposition accumu-

lates to immediately lead to a serious impact on the materials. Thus,

anti-fouling is a conventional yet markedly important research subject

in the medical and industrial fields. Medical devices that contact

human blood are required to prevent protein adsorption and blood

cell adhesion, which trigger an organism’s defense cascade system.1

Marine organism settlement leads to reductions in both fuel efficiency

and navigation performance of ocean vessels as well as the deteriora-

tion in heat exchange capacity of seawater cooling systems in thermal

and atomic power plants.2–4 Pipeline fouling is a crucial problem in

the petroleum industry because it reduces the transportation efficiency

and generates maintenance costs.5 Biocide releasing coatings and the

addition of surface-active agents are extremely effective but generate

adverse effects on the environment, and these coatings are not

applicable to medical devices and implantable artificial organs. There-

fore, non-toxic anti-fouling technologies without active chemicals have

garnered interest in both the medical and industrial fields.

The adhesion of foreign substances to polymeric material surfaces is

dictated by their chemical, physical and mechanical parameters. Four

mechanisms are regarded as the common mechanisms for foulant

adhesion, including (1) chemical bonding, (2) electromagnetic inter-

actions and physical adsorption, (3) mechanical inter-locking and (4)

surface rearrangement.6 Nonpolar surfaces without dipolar, ionic or

reactive functional groups as well as conformationally mobile dynamic

surfaces prevent attractive electromagnetic interactions based on

surface charge and van der Waals forces and their reactions with

foreign substances. The interpenetration of foulants into surface

cavities on rough and porous materials allows adhesion in the absence

of chemical compatibility. Contact with bio-adhesives causes surface

rearrangement in both topography and chemical components to lead

to temporary adhesive micro-defects that may then accumulate

foulants. Therefore, ‘non-polar, chemically inert, neutral charged

surfaces that are conformationally mobile but stable in topography

and chemical component at the foulant interface with smooth and

impenetrable geometry' have been recognized as the general approach

for versatile anti-fouling surfaces. However, recent studies indicate that

the composite structure at the material interface, including hydrated

polymer chains, the hydrogen-bonded network structure of hydrated

water and local chain dynamics has been recognized as a key factor for

biofouling and fouling release in wet conditions.7–12 Moreover, the

appropriate combination of surface topography and dynamic liquids is

proposed as a new concept for low adhesive, slippery surfaces.13

BIO-MIMETIC ANTI-FOULING STRATEGIES

The bio-mimetic approach is a recent trend in material design for

biocompatible and non-toxic anti-fouling materials. The current

bio-mimetic anti-fouling strategies can be divided into two main

categories: (i) microtopography and (ii) lubricant retention.

Microtopography is one of the nature-inspired, non-toxic

anti-fouling strategies, as it is found in nature as a defense system

against biofouling.14–16 Shark skin and clam shells are representative

examples, and these systems demonstrated effectiveness for

barnacles,17 algae18 and bacteria adhesion. While the anti-fouling

mechanism has not been elucidated, surface wettability, surface fluid

dynamics and attachment point reduction have been cited as potential

factors to account for the improved anti-fouling performance.2 When

fouling substances are much larger than the surface texture, the
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topographic surface exhibits reduced adhesion strength due to the

reduction of attachment points. Thus, multi-scale topographic surfaces

are necessary to give versatile anti-fouling performance because of the

broad size range of fouling substances. However, the surface energy

and mechanical properties of the microtopographic surfaces must be

optimized depending on the target foulants.

Secretion and subsequent retention of a lubricant is the other anti-

fouling strategy in nature. The retention of slippery low-surface-

tension oils or hydrophilic proteoglycan aggregates induce the repul-

sion of foreign foulants as well as self-cleaning properties. This anti-

fouling strategy is found in mollusk shells, the Nepenthes pitcher

plant, fish skin and articular cartilage. The lubricant components are

retained on the substrate by wetting into topographical surface

textures or by grafting to substrates through chemical bonds or

electromagnetic interactions. The Nepenthes pitcher plant uses

microtopographic textures to retain an aqueous lubricant liquid that

makes insects slide down into the dining site by repelling the oils on

their feet.19 Aizenberg and colleagues13 proposed that synthetic low

adhesive surfaces be named ‘slippery liquid-infused porous surfaces’,

which consist of lubricating liquids retained on a microporous

substrate infused by conditioning solid and liquid surface energies.

The infusion of low-surface-tension perfluorinated liquids into

fluorinated nano-texture affords a highly stable, defect-free liquid film

that repels oils, insects and ice.20–22 Recently, a non-fluorinated

oleophilic slippery surface was also reported.23 Articular cartilages

consist of a collagen fiber substrate and surface-tethered bottle-brush

structure chains of hyaluronic acid with proteoglycan side chains. The

proteoglycan subunits are hydrated to give a hydrogel-like swollen

lubrication layer along with the joint synovia.1 While the lubrication

mechanism has not been clearly demonstrated, it is generally believed

to involve ‘elasto-hydrodynamic lubrication (EHL)’.24 The highly

hydrated polyelectrolyte surface layer leads to the formation of a fluid

lubrication film at the interface of the friction probe and the swollen

polyelectrolyte layer. Although low-viscosity liquids hardly encourage

fluid film formation, the high viscosity of a hydrated polyelectrolyte

layer induces a fluid lubrication film with the support of the existing

viscous joint synovia.

ANTI-FOULING CHARACTERISTICS OF POLYMER BRUSHES

Because the adhesion of foreign substances involves various factors,

each parameter must be separated to obtain further insight into the

anti-fouling mechanisms. The polymer brush, that is, a surface-

tethered polymer layer, is a proper model interface of polymeric soft

materials. Recent developments in controlled radical polymerization

techniques allow the preparation of high-density polymer brushes,

where the polymer chains are densely grafted onto the substrate, to

make the so called ‘high-density polymer brushes’.25 The simultaneous

initiation and controlled growth from surface-immobilized initiators

afford high-density surface-tethered polymer chains with controlled

molecular weight and molecular weight distribution to yield a highly

homogeneous polymer layer without serious defects. Because the chain

end is covalently bound to the substrate, the surface-tethered polymer

chains do not fall off by friction or washing, and they stay on the

substrate even under good solvent.

Because of their stretched chain conformation, high-density brushes

in solvent, in particular, exhibit unique surface properties compared

with low-density brushes. The thickness depends on the balance

between the osmotic pressure induced by the neighboring chains and

the elastic restoring force of the polymer chains. High-density chain

grafting promotes chain stretching due to the large osmotic pressure.

Therefore, the high-density polymer brushes on Si substrates can be

regarded as a model interface for the polymeric material to be applied

to precise structural and spectroscopic analysis, while they contain

their own features derived from the high-density grafting. For precise

interface characterization, well-defined polymer brushes without

serious defects are required because the irregularities of the polymer

interface induced by the molecular weight distribution and topological

defects obscure the interface structure and dynamics. Fabrication of

polymer brushes onto resin and/or coating surfaces have been

reported, and the similar performance can be introduced into the

material surfaces.26–30

There are many reports of anti-fouling polymer brush surfaces for

proteins, cells and organisms.31–35 The adsorption processes are

diverse, but there are common principles for the non-fouling

performance of hydrophilic polymer brushes. In the following

sections, some of the principles are introduced.

Wettability and oil repellency of polyelectrolyte brushes in aqueous

solution

One of the most attractive aspects of polymer brushes is the simple

modification of their surface characteristics by choosing the chemical

structure of the surface-grafted polymers. For instance, water and

hexadecane droplets on fluorinated polymer brushes show high

contact angles, while water-soluble or hydrophilic polymer brushes

afford the hydrophilic surfaces without any change in the bulk

performance of the substrates.36 Particularly, polyelectrolyte brushes,

such as poly(methacrylic acid sodium salt) (PMANa), poly(2-metha-

cryloyloxyethyl)trimethylammonium chloride) (PMTAC) and

poly[3-(2-methacryloyloxyethyl-N,N-dimethyl)ammonatopropanesul-

fonate] (PMAPS) showed low water contact angles of ~ 10°.

Poly(3-sulfopropyl methacrylate potassium salt) (PSPMK) and poly

(2-methacryloyloxyethyl phosphorylcholine) (PMPC) wet the water

especially well to generate extremely low contact angles of o3°. The

chemical structures and abbreviations of the non-ionic and ionic

polymer brushes described in this paper are shown in Figure 1.

Excellent hydrophilicity is maintained over long periods by grafting

the ionic polymers, although surface modifications by corona

discharge treatment or plasma treatment immediately lose their effects.

It is particularly difficult to maintain the hydrophilicity of the

materials with a low glass transition temperature (Tg), for example,

polyolefins, because of the surface rearrangement. Kobayashi et al.26

reported preparation of the zwitterionic PMPC brushes on bromo-

functionalized polyolefine sheets by surface-initiated atom transfer

radical polymerization. They found that the PMPC brush immobilized

sheets retained a low water contact angle of o10° under atmospheric

conditions over 3 years after surface modification.

Although polyelectrolyte brushes exhibit extremely low water

contact angles, a water droplet does not wet the surface completely.

Partial wetting with a finite contact angle is usually observed, even if

the brushes are water-soluble polymers. The wetting of water on the

polyelectrolyte brushes cannot be simply explained by the local

equilibrium at the three-phase contact line but, instead, involves the

hydration enthalpy of the polyelectrolyte brushes37 as well as a thin

hydrated layer existing beneath and around the water droplet. High

spatial resolution microscopic infrared (IR) spectroscopy demon-

strated that water molecules outside the droplet were confined to

the thin hydrated brush layer with a highly ordered hydrogen-bonding

network, that is, ice-like structured water, which is discussed again in

the following section.38 The hydrated thin film with structured water

changes the surface and interfacial free energies of polyelectrolyte

brushes, thus preventing the complete wetting of water. Therefore, the

accurate surface free energy of the polyelectrolyte brushes cannot be
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simply obtained by the contact angles of probe liquids. The surface

free energies of the polymer brushes were tentatively estimated by a

three-liquid acid− base method proposed by van Oss, Chaudhury

and Good.

As mentioned in the section above, hydrophilic surfaces in nature

achieve their own self-cleaning system, which is applicable to artificial

hydrophilic polymer brush surfaces. The anionic PSPMK and zwitter-

ionic PMPC brushes show extremely low contact angles (o3°) for

both water and hexadecane in air, indicating that super-hydrophilic

surfaces receive oily foulant adhesion under dry conditions. In

contrast, hydrophilic polymer brushes repel oils in de-ionized water,

indicating excellent anti-fouling in wet conditions. The polyelectrolyte

brushes were wet with water to reduce the interfacial free energy to

yield a hydrated polyelectrolyte brush layer. The silicone oil that was

spread on the polyelectrolyte brush surfaces in air quickly beaded up

and detached from the brushes once they were immersed in water, as

shown in Figure 2. The work of adhesion (WOWS) in water for the

silicone oil on the hydrated polyelectrolyte brushes, such as PSPMK

and PMPC, was calculated to be o0.06 mNm− 1 using the contact

angle of the oil (4173°). The low adhesion force between

the hydrated polyelectrolyte brushes and oils is attributed to the

conformational mobility and lower volume fraction of solid compo-

nents in the swollen brush layers. The stable hydration shell prevents

foreign objects from approaching the polymer chains, and the defect-

free fluid layer blocks the attachment of foulants.

In contrast, the fluorinated polymer brush, poly(2-perfluoroocty-

lethyl acrylate) (PFA-C8) exhibited a large contact angle of water and

oil in air, indicating that it repels both hydrophilic and oleophilic

foreign substances. However, air bubbles and oil droplets attached on

the PFA-C8 brushes under water (Figure 2b). Therefore, hydrophobic

foulants are likely to adhere to the fluorinated polymer brushes in

water. Oil detachment was not observed on the PFA-C8 brushes, most

likely due to the large WOWS (14.3 mNm− 1) in water for the

silicone oils.

Swollen state and network structure of hydrated water in

polyelectrolyte brushes

The swollen state of the polyelectrolyte chains and the hydrogen-

bonding network structure of hydrated water are striking factors not

only for bio/blood compatibility but also for anti-fouling in wet

conditions. As mentioned above, the swollen thickness and chain

conformation of the solvated polymer brushes are essentially deter-

mined by the balance between the osmotic pressure and the elastic

restoring force of the polymer chains. However, in the case of

polyelectrolyte brushes, the ionic strength of aqueous solution and

the electrostatic inter- and intra-molecular interactions complicate the

swollen structures of polyelectrolyte brushes in aqueous media. The

hydrated chain dimension of PMTAC as well as zwitterionic PMPC

and PMAPS brushes in aqueous solutions at various ionic strengths

were characterized by neutron reflectivity39,40 and small angle X-ray

scattering41–44 measurements. The hydration state and the salt

concentration dependence clearly depend on the chemical structure

of the charged polyelectrolyte chains. PMTAC brushes adopt a

two-phase structure that consists a shrunken region at the Si substrate

Figure 2 Droplet images with contact angle (θ) and work of adhesion (WOWS) in silicone oil (5.0 μl, KF-96-100CS, Shin-Etsu Chemical Co., Tokyo, Japan) on

(a) PSPMK and (b) PFA-C8 brushes in water, and (c) schematic representation for the definition of surface and interfacial free energies of an oil droplet on

polymer brushes in water. The interfacial free energies for oil–water, water–solid and solid–oil are described as γOW, γSW and γSO, respectively.

CH2 C

CO2CH3

CH3

n

PMMA PBA

CH2 CH

CO2(CH2)3CH3

n

CH2 C

CO2(CH2)2O

CH3

n

PMPC

PTMSM

P O(CH2)2N

O

O

CH3

CH3

CH3

CH2 C

CO2(CH2)2

CH3

n

PMTAC

N

CH3

CH3

CH3

Cl

CH2 C

CO2(CH2)2

CH3

n

PMAPS

N

CH3

CH3

(CH2)3SO3

CH2 C

CO2(CH2)3

CH3

n

Si

OSi(CH3)3

OSi(CH3)3

OSi(CH3)3PHMA

CH2 C

CO2(CH2)5CH3

n

CH3

PFA-C8

CH2 CH

CO2(CH2)2(CF2)7CF3

n

CH2 C

CO2(CH2)3

CH3

n

PSPMK

SO3 K

CH2 C

CO2

CH3

n

PMANa

Na

Figure 1 Chemical structures and abbreviations of polymer brushes.
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interface and a diffuse region at the solution interface in de-ionized

water.45 The diffuse swollen chain collapsed in a sodium chloride

solution due to the charge shielding effect. In contrast, PMAPS

brushes collapse in de-ionized water because of the strong attractive

interaction of the sulfobetaine groups, whereas their aggregation is

dissociated by the addition of sodium chloride to obtain a diffuse

swollen layer. The hydration state of PMPC brushes is stable and inert

to the ionic strength of the solution. The unique ionic strength-

dependent hydration state of the polyelectrolyte brushes plays a

significant role in anti-fouling properties.

The structure of hydrated water involves both the hydrogen-bonded

network of water and the local orientation (rotational rearrangement)

of water around the polymer chains. It is becoming recognized that

the water structure is an important cast member in the bio/blood

compatibility and anti-fouling characters.7–12 For the past few decades,

considerable experimental and theoretical efforts have been devoted to

the dynamics and structures of hydrated water. Vibrational spectro-

scopy, including Raman and IR spectroscopy, have been applied to

show the hydrogen-bonded network structure and the rotational

rearrangement of water molecules because the observation time scale

is much shorter than the relaxation time scale of these structures.

Alternatively, differential scanning calorimetry,9 X-ray diffraction/

scattering,46 dielectric relaxation47,48 and nuclear magnetic

resonance49 measurements provide diffusion-averaged structures of

the water molecules. Tanaka et al.9,10 proposed a unique hydration

model to describe a common principle found in the bio/blood

compatible polymeric materials. They found a freezing-bound water

molecule that exhibits cold crystallization in the heating process of

differential scanning calorimetry o0 °C and presents a strong peak at

3400 cm− 1 in an IR spectrum, a so called ‘intermediated water’.

The hydrated water structure is roughly categorized into three

discrete states: free water (or freezing water), freezing-bound water

(or intermediate water) and non-freezing water (or non-freezing-

bound water). The bio/blood compatible polymers commonly involve

‘intermediate water’ that interacts weakly with the polymer chains,

indicating that the excellent bio/blood compatibility is derived from

the existence of intermediated water on the polymer surfaces.

The structure of hydrated water in polyelectrolyte brushes was

investigated by high-spatial resolution microscopic IR spectroscopy

using an IR beam from synchrotron radiation.38 A microscopic film of

hydrated polyelectrolyte brushes exists outside the water droplet. The

hydrated PMTAC brushes contain highly ordered, amorphous, solid-

like water. Similar hydrogen-bonded network structures were observed

in anionic and zwitterionic polyelectrolytes, indicating that the water-

soluble polyelectrolyte brushes adopt the hydrated water ice-like

structured state regardless of the surface charge.

Fluid lubrication of hydrated polyelectrolyte brushes

Polymer brushes made from water-soluble hydrophilic polymers and

charged polyelectrolytes show efficient lubrication under aqueous

environments.39,50–55 Densely grafted polyelectrolyte chains stretch

away from the substrate through hydration to avoid chain overlap due

to electrostatic repulsion and the osmotic pressure of hydrated

counter-ions around the charged chains. The conformational entropy

and the excluded volume effect of hydrated chains prevent compres-

sion by vertical loading to cause repulsive force. The fluidity of the

hydrated bound water also promotes lubrication. Klein et al.52,53

demonstrated that polyelectrolyte chain grafting reduces friction

in aqueous media using a surface force apparatus. The macro-

scopic friction coefficient and wear resistance of a series of

polyelectrolyte brushes were investigated by a ball-on-plate recipro-

cating tribometer.50,51 The sliding velocity dependence of the friction

coefficient in the polyelectrolyte brushes is in accordance with a

Stribeck curve.56,57 While the sliding probe and substrate directly

contact and slide at a low sliding velocity, inducing a high friction

coefficient (boundary lubrication state), a fluid lubrication film

separates the surfaces to cause drastic friction coefficient reduction

at a high sliding velocity (EHL).24 Although polymer brush-assisted

lubrication is not entirely explained by conventional EHL theory, the

pseudo-EHL appears to have relatively low sliding velocity because the

hydrated polyelectrolyte brush layer stabilizes the fluid film. This

mechanism is commonly found in cartilage lubrication.1,58 The

polymer brush-assisted water lubrication mechanism was further

investigated by direct measurement of the lubrication layer thickness

at the sliding interface using double-spacer-layer ultra-thin-film

interferometry.59 The gap between the PMTAC brushes and a

spherical glass probe increased with increasing sliding velocity to be

130 nm at 2×10− 2m s− 1, and the friction coefficient simultaneously

decreased to 0.01− 0.02. The lubrication effect of polyelectrolyte

brushes is surely related to the weak adhesive force of foreign

substances in aqueous media.

Anti-fouling of polymer brushes for marine fouling organisms

Various non-toxic, anti-fouling marine coatings including silicone and

fluorinated polymer-based fouling release and self-peeling coatings

have been proposed; however, multipurpose non-toxic coatings that

are long-lasting and effective on diverse marine organisms have never

been developed.2–4 The anti-fouling performance of polymer brushes

for marine fouling organisms has been investigated to obtain effective

polymer interfaces for preventing marine organism settlement.60–64

Either micro-organisms, such as marine bacteria, diatoms and algae

spores, or macro-organisms, such as barnacle cypris larvae, tube

worms, mussel larvae and algae, have been examined. Jiang et al.61–64

demonstrated versatile marine organism settlement inhibition by

zwitterionic poly(sulfobetaine)s and poly(carboxy betaine)s in a wide

variety of settlement tests; however, insight into the anti-fouling

mechanisms has not yet been clarified. The hydration state and

neutral surface charge of the polyelectrolyte chains are commonly

attributed to the anti-fouling mechanism. Although the settlement

mechanisms of marine fouling organisms have diversity, the anti-

fouling properties of polymer substrates are hardly explained by any

correlation between the physical characteristics of polymer surfaces

and the individual settlement mechanisms.

We carried out comprehensive anti-fouling research on a wide

variety of polymer brushes with three marine fouling organisms,

barnacle cypris larvae, mussel larvae in their adhesion period, and

marine bacteria, using filtered natural sea water.65 The settlement tests

were performed using artificially cultivated larvae to ensure the

reproducibility of the examinations.66 A variety of polymer brushes

including zwitterionic polyelectrolytes PMPC and PMAPS, cationic

polyelectrolyte PMTAC, a hydrophobic glassy polymer (poly(methyl

methacrylate), PMMA), a hydrophobic aliphatic polymer (poly(butyl

acrylate), PBA) and silicone containing polymer (poly(3-[tris(tri-

methylsiloxy)silyl]propylmethacrylate), PTMSM) were examined.

Zwitterionic polyelectrolyte brushes showed versatile anti-fouling

behavior for all examined marine organisms, whereas all hydrophobic

polymer brushes allowed marine fouling organism settlement

(Figure 3). Moreover, we found organism-selective anti-fouling of

cationic PMTAC brushes. Positively charged PMTAC brushes showed

excellent anti-fouling performance with barnacle cypris larvae, similar

to the zwitterionic polyelectrolytes, but mussel larvae and marine
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bacteria settled on PMTAC brushes in a manner similar to hydro-

phobic polymer brushes.

For the barnacle cypris larvae, enthusiastic searching action was

observed and the majority of them settled after 10 days on the

hydrophobic polymer brushes, while both zwitterionic and cationic

polymer brushes refused their exploration to achieve complete

settlement inhibition. In contrast, the mussel larvae crept on all

polymer brushes, but only zwitterionic polyelectrolyte brushes inhib-

ited their permanent settlement. The mussel larvae attempted to settle

on the surface by secreting adhesive proteins from the tip of their

byssus. However, their settlement failed on the zwitterionic polyelec-

trolyte brushes, whereas it worked on the cationic polyelectrolyte

surface. In the marine bacteria colonization test, the population of

bacterial colonies was less in the zwitterionic polyelectrolyte brushes

than the other polymer brushes. Cationic PMTAC brushes accept a

large amount of bacterial colonies even after washing.

These interesting contrasts in anti-fouling performance of polyelec-

trolyte brushes were explained by the bio-adhesion mechanism of

fouling organisms as well as the hydration state and surface charge of

the polymer brushes. Barnacle cypris larvae crept onto a surface by the

attachment of splitting cuticular villi at the antennal tip through van

der Waals interaction and capillary adhesion of the non-polar viscous

glycoproteins at the antennular secretion.66 The adhesion force is

relatively weak to repeat cyclic adhesion. The mussel foot adhesive

protein (mfp) consists of amino acids with post-translationally

modified side chains, including 3,4-dihydroxy-L-phenylalanine

(DOPA), and shows strong adhesive forces in ocean reefs.67 The

mussel byssus has a suction pad at the tip and removes water prior to

the secretion of adhesive proteins. Negatively charged marine bacteria

attach through polysaccharide-based extracellular polymeric sub-

stances to achieve unspecific adhesion. As described in the section

above, zwitterionic polyelectrolytes are well hydrated in a sodium

chloride solution and are supposed to maintain the strongly bound

water, whereas cationic PMTAC collapses in sodium chloride solution,

losing part of the hydrated water under high ionic strength. Although

the weak cyclic adhesion by the cuticular villi of barnacle larvae is

prevented by moderate hydrophilic surfaces, the hydration state in

saline water could be crucial for mussel adhesion because of the water

suction process and the strong adhesive force of the mfp. Positive

surface charge is a disadvantage in marine bacteria adhesion. In

addition, PMTAC brushes lost the hydration shell that prevents

bacterial attachment by fluid lubrication and the washing out proper-

ties through water penetration at the adhesion interface.

Anti-fouling of polymer brushes for asphaltene deposition

Crude oil includes a component that aggregates and deposits,

asphaltene, and it is the principal source of pipeline blocking.5

Asphaltenes consist of heterogeneous macromolecules with high

degrees of aromaticity and polarity. Genzer and colleagues68 reported

asphaltene adsorption studies for self-assembled monolayers. They

concluded that the surface energy of the monolayer is not the leading

factor for asphaltene adsorption, instead the thickness of the self-

assembled monolayers is most important. Sjöblom and colleagues69

monitored the adsorption quantity of asphaltenes to surface-modified

silica particles. Hydrophilic particles received more asphaltenes than

hydrophobic particles, indicating that the shielding interaction by the

hydrophobic organic layer is effective for separating the underlying

polar substrate. We examined the adsorption behavior of an asphal-

tene model compound (C5Pe) and the detachment behavior of

asphaltene deposit films on polymer brushes.70 Zwitterionic PMAPS,

a water insoluble but weakly hydrophobic glassy polymer, PMMA and

hydrophobic aliphatic polymer, poly(hexyl methacrylate) (PHMA)

were examined. The polymer brushes were immersed in a

0.2 mg ml− 1 toluene solution of C5Pe for 24 h; subsequently, the

polymer brushes were lifted from the solution and dried. While the

PMMA brushes were covered with C5Pe, the PMAPS and PHMA

brushes exhibited only small amounts of C5Pe adsorption (Figure 4a).

The weakly adsorbed C5Pe was removed by sonication, and the

Figure 3 The ratio of (a) ‘settled’ barnacle cypris larvae to the initial

population of cypris larvae after 10 days and (b) ‘settled’ mussel larvae to

the initial population of mussel larvae after a 6-day settlement test period on

the polymer brushes. Reproduced from the study by Higaki et al.65 with

permission.

Figure 4 (a) Fluorescence microscopy images of the polymer brush surfaces

after C5Pe adsorption test. (b) Relative amount of C5Pe adsorption onto the

polymer brush surfaces. Reproduced from the study by Higaki et al.70 with

permission.
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adsorption amount was measured by ultraviolet–visible absorption

spectroscopy (Figure 4b). Both the PMAPS and PHMA brushes clearly

prevented the C5Pe adsorption, whereas the PMMA brushes received

a large amount of C5Pe adsorption. The detachability of the

asphaltene deposit was evaluated by detachment test in solvent. A

1.0 wt% toluene solution of an extracted natural asphaltene was

deposited on the polymer brushes and dried in air. The asphaltene

films were immersed in model oil (1/4 (vol/vol) toluene/n-heptane) or

de-ionized water and shaken for 20 min. The asphaltene films on the

PHMA brush detached in the model oil, whereas the asphaltene films

remained adhered to the PMAPS and PMMA brushes, as shown in

Figure 5. In contrast, the asphaltene films on the PMAPS brush

detached in water, whereas the asphaltene films remained adhered to

the PHMA and PMMA brushes. The C5Pe adsorption and detach-

ment behavior of the asphaltene deposits were explained by the

interfacial free energies for the polymer brush/asphaltene (γSA) and

polymer brush/toluene (γSO) interfaces. For the PHMA brush, the γSO
is smaller than the other polymer brushes and is similar in magnitude

to γSA. In this case, the solvent (toluene) wets the PHMA brush,

leading to effective suppression of C5Pe adsorption. For the PMMA

and PMAPS brushes, γSO4γSA, indicating that C5Pe adsorption is

preferred over solvent wetting. The γSA in the PMAPS brushes is much

higher than the other polymer brushes, and the electromagnetic

interaction of the charged sulfobetaine groups is supposed to promote

C5Pe adsorption. However, the C5Pe adsorption quantity is lowest in

PMAPS brushes. This behavior is attributed to the hydrated layer

formation at the interface. Because of the low interfacial free energy

for the PMAPS/water interface (γSW), a slight amount of water in

toluene immediately adsorbs to PMAPS and the hydration layer

prevents C5Pe contact. The liquid penetration into the asphaltene

deposit/polymer brush interface is driven by thermodynamic inter-

facial free energy reduction due to the low polymer brush/liquid

interfacial free energy. The solvated polymer brushes repel the

adsorbent to maintain a low interfacial free energy.

FUTURE PERSPECTIVES

This review summarizes the recent research on the anti-fouling of

polymer brushes. Polymer brushes are one of the most appropriate

model interfaces for the investigation of the polymer/water interfacial

structure. The wetting, lubrication, hydration state of the polymer

chains and network structure of hydrated water play inter-related,

essential roles in anti-fouling. The versatile anti-fouling potential of

zwitterionic polyelectrolyte brushes for bio-macromolecules, marine

fouling organisms and asphaltene deposition has been demonstrated,

and the mechanism behind the anti-fouling has been considered based

on the physical states in hydrated polymer brushes. However, there are

more complicated structures, including electrolytes in solution71 and

discrete local hydrogen-bonded network structures of water.72 Further

insights regarding the hydration structure through cutting-edge

interface-sensitive analysis will define the essential mechanism of

anti-fouling, and this could lead to novel material design for advanced

polymeric anti-fouling materials.
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