
A common method to reduce cellular and

proteinaceous fouling is the immobilization of

antifouling polymers on biomaterial surfaces (Fig. 1).

Several polymer classes have been explored for this

purpose, including polyacrylates3-7,

oligosaccharides8,9, polymer mimics of

phospholipids10-12, and poly(ethylene glycol) 

(PEG)13-17. Although the general physical and

chemical properties that make surfaces antifouling

are not known, Merrill18 as well as Whitesides and

coworkers19 postulate that nonfouling surfaces

should be electrically neutral, hydrophilic, and

possess hydrogen bond acceptors but not hydrogen

bond donors. Although exceptions to these rules have

been observed20,21, many polymers with antifouling

properties possess most of these traits.

Two basic strategies exist for functionalizing material

surfaces with antifouling polymers. The first approach,

termed graft-to, consists of the adsorption to surfaces of

presynthesized polymer chains end-functionalized with a

chemical anchoring group (Fig. 1, top). Alternatively, 

graft-from approaches, in which a polymer is grown in situ

from the surface via a surface-adsorbed initiation group, are

generally capable of producing denser polymer layers (Fig. 1,

bottom). Essential to both approaches, however, is the

requirement of a robust mechanism for immobilizing the

antifouling polymer onto metals, ceramics, polymers, and

electronic materials. Numerous methods of anchoring

polymers to surfaces have been proposed, and can be broadly

classified as either physisorptive or chemisorptive.
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Controlling biointerfacial phenomena is crucial to the

success of many biomedical technologies. For

applications in biosensing, diagnostics, and medical

devices, precise control of interactions between

material surfaces and the biological milieu is an

important but elusive goal1. Emerging strategies for

manipulating the biological response to medical

materials seek to take advantage of specific

interactions between designed surfaces, biomolecules,

and cells2. Limiting nonspecific interaction of cells,

proteins, and microorganisms with material surfaces

is critical, since these interactions can prove highly

problematic for device efficacy and safety. Thus, a

central research focus continues to be the

development of versatile, convenient, and cost-

effective strategies for rendering surfaces resistant to

fouling by proteins, cells, and bacteria.
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Physisorption relies on relatively weak van der Waals and

hydrophobic forces to tether polymers to a surface.

Consequently, the polymers are not irreversibly bound to the

surface and proteins may be exchanged with the polymer on

the surface22. To provide greater stability, anchoring

strategies involving the formation of more robust chemical

bonds between the polymer and surface are deemed more

desirable, as exemplified by thiol-Au23,24 or silane-metal

oxide interactions25. Most existing chemisorptive approaches

for polymer immobilization, however, suffer from significant

limitations, such as substrate chemical specificity,

complicated and expensive protocols, and susceptibility to

thermal or hydrolytic degradation26,27.

A versatile, simple, and cost-effective method for

functionalization of surfaces, therefore, would be of great

value in designing antifouling biointerfaces, as well as more

generally in the context of surface modification of materials.

In this article, we review new experimental strategies that we

have developed to exploit the natural adhesive characteristics

of ‘bio-glues’ from one of nature’s most notorious fouling

organisms, the mussel. Mimics of mussel adhesive proteins

are used in the form of chemical conjugates with antifouling

polymers for conferring fouling resistance to surfaces. 

Mussel adhesion
A number of organisms have adopted elegant solutions for

robust attachment to wet surfaces. Although most synthetic

adhesives do not perform well underwater, freshwater and

saltwater species of mussels achieve opportunistic

attachment to surfaces by way of a set of unique adhesive

proteins28. The adhesion apparatus consists of numerous

protein tethers (byssal threads) attached at one end to the

organism and by an adhesive pad at the other end to an

object – rock, pier, ship hull, the shell of another mussel, etc.

(Fig. 2A). The byssus itself is an acellular tissue secreted as a

proteinaceous liquid precursor that rapidly hardens in a

process that is rheologically similar to polymer injection

molding. Byssal threads are secreted by glands in the mussel

foot in a sequential manner and in many directions, so

achieving mechanical stability in the presence of shear forces

resulting from the movement of water29. 

The details of mussel adhesion have been best

characterized in the common blue mussel, Mytilus edulis30. 

In M. edulis, the core of the byssal threads are composed of

collagen- and silk-like proteins, lending exceptional

mechanical strength and resiliency to the threads31,32.

Located at the distal end of the byssal threads are adhesive

pads containing the mussel adhesive proteins (MAPs)33,34

Fig. 2 (A) The common blue mussel, M. edulis, adheres to substrates via byssal threads

and adhesive plaques30, which (B) contain varying amounts of DOPA. (C) DOPA is

produced by post-translational modification of Tyr. 
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Fig. 1 ‘Graft-to’ (top) and ‘graft-from’ (bottom) strategies for modification of surfaces

with antifouling polymers.



(Fig. 2B), which have been the primary focus of biomimetic

efforts related to adhesion. Detailed studies in M. edulis have

led to the identification of at least five major adhesive foot

proteins. The best characterized of these is M. edulis foot

protein 1 (Mefp1), which is composed of 75-80 hexa- and

decapeptide repeats in a linear tandem array35-38. The

sequence of the most common decapeptide is Ala-Lys-Pro-

Ser-Tyr-DHP-Hyp-Thr-DOPA-Lys39. Of particular note in this

repeat motif are the many hydroxylated or dihydroxylated

residues, i.e. trans-2,3-cis-3,4-dihydroxyproline (DHP), serine,

threonine, tyrosine, and 3,4-dihydroxyphenylalanine (DOPA).

DOPA is an unusual residue not found in many proteins

outside of MAPs. Here, it is formed through enzymatic post-

translational modification of tyrosine residues prior to

secretion of the liquid protein precursor (Fig. 2C). Although

Mefp1 has a high DOPA content, it appears unlikely that this

protein plays a significant role in mussel-substrate adhesion,

since it is mainly found as a coating on the byssal threads

and adhesive pads40,41. Within the bulk of the adhesive pad

are located Mefp2 and Mefp4, two proteins that contain

relatively low concentrations of DOPA41-43. Finally,

Mefp344,45 and Mefp546 are found in higher relative

abundance near the interface of the adhesive plaque with the

substrata (Fig. 2B)47,48. Of the known major adhesive

proteins in the plaques, these two proteins have the highest

DOPA content (21 mol% and 27 mol%, respectively). It is

worth noting that a majority of the DOPA residues in Mefp5

are immediately adjacent to basic residues such as Lys. 

The high concentration and wide distribution of DOPA

within the byssus raise the possibility of multiple roles for

this residue49-51. The catechol side chain of DOPA is capable

of many different types of chemical interactions and,

furthermore, is particularly susceptible to oxidation under

elevated pH conditions such as in the marine environment.

The rich chemistry of catechols has made it difficult to

clearly define the role of DOPA in MAPs. In spite of this, two

defined roles appear to be emerging: cohesive and adhesive.

The cohesive role primarily derives from reactions following

the oxidation of DOPA to DOPA-quinone, while, at least on

inorganic surfaces, there appears to be an adhesive role for

unoxidized DOPA. Using experiments with model compounds

as well as polymer mimics of MAPs, Yu et al.51 provided

strong evidence that the unoxidized DOPA catechol is

primarily responsible for adhesion to inorganic metal oxide

surfaces, and that the crosslinking (and presumably

solidification) observed in MAPs is a result of reactions

involving DOPA-quinone. Burzio and Waite52 have shown

that radical coupling reactions lead to the formation of 

di-DOPA crosslinks, although a role for redox reactions

involving transition metal ions has also been postulated53,54.

The main evidence for adhesive interactions involving DOPA

lies in the experiments of Yu and Deming55. They synthesized

copolypeptides containing L-DOPA and L-Lys, which, upon

oxidative crosslinking, were found to create moisture-

resistant bonds with a variety of substrates including Al,

steel, glass, and plastics with bond strengths that rival those

formed by natural marine adhesive proteins. 

MAP-mimetic polymers
Motivated by the prospect of capturing the exceptional

properties of MAPs in synthetic adhesives, considerable effort

has been devoted to the development of synthetic mimics of

MAPs55-59. Most work has focused on developing 

DOPA-containing adhesive polymers and hydrogels. As early

as 1976, Yamamoto et al.60 synthesized a DOPA

homopolymer, and subsequently the first polyphenolic

consensus decapeptide of Mefp1. The associated precursor

form of this decapeptide containing two tyrosine residues has

also been synthesized using genetic engineering technology

and converted to the adhesive form using tyrosinase57. 

Yu and Deming55 synthesized unique copolypeptides

containing L-DOPA and L-Lys, and in situ oxidative

crosslinking with mushroom tyrosinase, Fe3+, H2O2, or IO4
-

was found to produce moisture-resistant bonds with a variety

of substrate materials. This oxidative crosslinking strategy

has recently been used by our laboratory to produce

hydrogels from DOPA-conjugated bifunctional linear PEG and

a tetrafunctional branched PEG58. These gels, however, show

minimal adhesion to inorganic surfaces, which is ascribed to

the conversion of the DOPA catechol to its oxidized quinone

form. In search of more benign gelation cues that do not

sacrifice the adhesive character of DOPA functionalities, we

have coupled DOPA to the ends of self-assembling triblock

copolymers of PEG and poly(propylene oxide), or PPO, which

undergo a sol-gel transition upon heating59. Most recently,

our group has prepared DOPA-containing hydrogels by

copolymerization of N-methacrylated DOPA and 

PEG-diacrylate using ultraviolet irradiation61. Further

discussion of MAP-inspired adhesive hydrogels will appear in

a future communication. 
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MAP-mimetic polymers as antifouling
coatings
The idea of using MAP-mimetic polymers for reducing or

preventing fouling of surfaces is, at first thought,

counterintuitive. How can the adhesive mechanism of one of

nature’s best fouling organisms be used to prevent fouling?

The concept seems even less likely, given that a commercial

extract of MAPs (Cell-Tak™, Becton-Dickinson) is used to

encourage cell adhesion on tissue-culture labware62-64. The

answer lies in the simple realization that MAP mimics make

outstanding surface anchors for antifouling polymers.

Catechols are well known for their affinity to oxide and

hydroxide surfaces65-68, and there are several reports of

catechols being used for anchoring small organic molecules

and DNA onto oxide surfaces69-71.

Our initial experimental efforts demonstrated the simplest

manifestation of this concept. Using an antifouling polymer

conjugated at one end to an adhesive moiety (amino acid or

short peptide), surface modification is accomplished by

simple adsorption of the modified polymer onto surfaces via

the adhesive endgroup (Fig. 1, top). A typical example uses

simple constructs of linear PEGs end-functionalized with 

1-3 DOPA residues (mPEG-DOPA1-3, Fig. 3) or an analog of

the consensus decapeptide repeat sequence of Mefp1 

(mPEG-MAPD, Fig. 3)72. These polymers adsorb to metal

surfaces from solution, and the chemical composition of

treated and untreated surfaces can be assessed with X-ray

photoelectron spectroscopy (XPS) and time-of-flight

secondary ion mass spectrometry (TOF-SIMS). For Au

surfaces treated with mPEG-DOPA1, the C1s XPS spectrum

shows dramatic increases in the ether carbon component

(286.0 eV) characteristic of PEG, while spectra from surfaces

treated with mPEG-OH under identical conditions show no

difference from unmodified Au. Positive-ion TOF-SIMS

analysis shows substantial increases in the ion fragments

C2H3O+ and C2H5O+ typical of PEG, indicating successful

PEGylation of Au surfaces after treatment with 

mPEG-DOPA1. Furthermore, in the high mass range, evidence

of catecholic binding of Au is seen and a triplet repeat

pattern representative of adsorbed PEG chains is readily

observed (Fig. 4). 

Cell attachment to Au surfaces treated with DOPA-

containing PEGs was assessed by four-hour culture with

fibroblasts. Fig. 5 shows an image of cell attachment to an Au

substrate partially coated with mPEG-MAPD. Fibroblasts are

observed to adhere and spread only on the region that

remains unmodified by polymer (upper left), while the

polymer-modified area is entirely cell-free (lower right).

Further cell adhesion experiments on Au showed that a single

DOPA amino acid was much less effective as a surface anchor

for PEG compared with the decapeptide in mPEG-MAPD.

Another material of great interest to the medical community

is Ti, since its alloys are commonly employed in medical

devices because of their excellent biocompatibility, corrosion

resistance, and high strength73. Unlike Au, however,

interaction of polymers with the Ti surface will occur to an

adventitious layer of native oxide. XPS analysis of Ti modified

with mPEG-DOPA1-3 provides evidence of a potential

mechanism for DOPA-Ti binding. Quantitative analysis of raw

XPS spectra suggests the occurrence of catechol-Ti charge-

transfer complexation events74, as evidenced by increasing
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Fig. 3 Biomimetic antifouling polymers inspired by MAPs. The average number of ethylene

glycol repeat units (l) for 5000 Da PEG is 113.

Fig. 4 The high-mass positive-ion TOF-SIMS spectrum of an Au substrate modified with

mPEG-DOPA1, showing Au-catechol fragments (AuOC+, AuOCCO+, and AuO2C6H5
+).

Au-DOPA-PEG fragments were identified by periodic triplets (∆ = 44 a.m.u.) composed of

sequential methyl and ether oxygen groups (see inset). (Adapted from72. © 2003

American Chemical Society.)



depletion of surface hydroxyl groups on the substrates with

longer DOPA peptides75. Ti modified with PEG terminating in

a single DOPA residue (mPEG-DOPA1) possesses excellent

short-term antifouling properties, similar to those observed

on mPEG-MAPD-modified Ti (Fig. 6), while control polymers

with a similar structure (mPEG-Tyr and mPEG-Phe) show no

reduction in cell attachment. 

Although indirect, the cell adhesion studies also provide a

means of assessing MAP processing by the mussel, the

relative contributions of DOPA and other residues in mussel

adhesion, and the adhesive performance of DOPA-containing

polymers on different substrate materials. It is interesting to

note that cell attachment to Ti substrates treated with

mPEG-DOPA1 is markedly lower than those treated with

mPEG-Tyr. This is attributed to differences in adhesive ability

of the catechol functionality of DOPA and the phenol side

chain of Tyr, suggesting the importance of the post-

translational modification of Tyr in adhesion. It is also clear

that DOPA does not bind equally well to all surfaces – a

single DOPA residue is sufficient for good anchorage of PEG

onto Ti, but insufficient on Au, where only the decapeptide-

terminated PEG performed well in cell-attachment assays.

This result perhaps suggests that other amino acid residues

play important adhesive roles on certain substrates. Given

that mussels attach to a great variety of substrates76,77,

further detailed experiments to determine the strength of

interactions between DOPA and a variety of substrates

should be an important goal for the field.

Cell and protein resistance of 
DOPA-containing PEGs
Fundamental to studying the biological response to materials

is the initial and immediate nonspecific adsorption of

proteins at the interface, which ultimately leads to cell and

bacterial attachment. Those surfaces that most effectively

limit protein adsorption are least likely to support cell

adhesion. Experimental observations from many

laboratories75,78-81 make an overwhelming case for the

dependence of protein resistance on antifouling polymer

surface density, with high polymer surface densities providing

better fouling resistance than low-density coatings. High

surface densities can be achieved through manipulation of

such parameters as polymer design (chain length, anchoring

chemistry, and antifouling polymer composition) and

processing. Thus, the classic structure-processing-properties

paradigm of materials science applies in this case. 

The effect of anchoring group composition on adsorbed

PEG density and protein resistance has been studied in detail

using mPEG-DOPA1-3
75. Our investigation found that the

mass of PEG adsorbed onto Ti is strongly correlated to the

number of DOPA residues in the anchoring peptide (Fig. 7).

Processing conditions are also important, as the highest

polymer densities were achieved by adsorption of 

mPEG-DOPA3 under critical point conditions at elevated

temperature and ionic strength82. Serum protein adsorption

experiments reveal a clear trend between PEG surface density

REVIEW FEATURE
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Fig. 5 Fluorescence microscopy image of fibroblast attachment after four hours to an Au

substrate in which a circular portion of the surface was modified with mPEG-MAPD

(treated). The remainder of the Au surface was unmodified (untreated). (Reprinted with

permission from72. © 2003 American Chemical Society.)

Fig. 6 Comparison of total projected area and density of cell attachment and spreading of

3T3 fibroblasts after four-hour culture on Ti and Ti modified with mPEG-OH, mPEG-Phe,

mPEG-Tyr, mPEG-DOPA, and mPEG-MAPD (***: p < 0.001 versus bare Ti). (Reprinted

with permission from72. © 2003 American Chemical Society.)
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and serum mass adsorbed (Fig. 8). This trend appears

consistent with the results of other investigations using

different nonfouling polymer systems and substrate

materials78, and further demonstrates the benefit of

enhanced antifouling properties at high PEG surface density.

A notable outcome of this study is that the DOPA-mediated

PEGylation strategy is capable of generating PEG surface

densities exceeding ‘graft-to’ systems used by other

investigators78-80. 

Peptoids: a new class of antifouling
polymer 
Although the use of PEG as an antifouling coating for

biomaterial surfaces is well documented13-17, its long-term

success in vitro and in vivo has been varied83,84. Failure of

PEG to confer fouling resistance over extended periods has

been attributed to oxidative degradation and enzymatic

cleavage of PEG chains85. In an effort to develop more

effective antifouling polymers, we synthesized a chimeric

peptidomimetic polymer (PMP1) consisting of an 

N-substituted glycine (peptoid) oligomer coupled to a short

functional peptide domain for surface adhesion (Fig. 9)86.

Peptoids are non-natural peptide mimics in which the side

chain substitution occurs on the amide nitrogen rather than

the α-carbon87. The hydrophilic methoxyethyl side chain of

PMP1 was selected for its lack of hydrogen bond donor,

ability to render the polymer water soluble, and for its

resemblance to the repeat unit of PEG. In PMP1, we also

introduced Lys residues into the peptide anchor in an effort

to mimic the high Lys and DOPA content found in Mefp5, a

protein implicated in mussel adhesion because of its location

at the adhesive-substrate interface47,48. We postulate that

cationic Lys residues in the anchoring peptide may

contribute long-range attractive electrostatic

interactions78,81 that may supplement DOPA-mediated

surface binding. 

Both XPS and TOF-SIMS characterization confirms the

adsorption of PMP1 on Ti, and optical waveguide lightmode

spectroscopy (OWLS) shows the PMP1 adlayer to be highly

resistant to serum protein fouling over short periods of time

(Fig. 10). Fibroblast culture was used to determine the ability

of PMP1 to confer cell resistance to Ti surfaces for an
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Fig. 7 Time-dependent adsorption of mPEG-DOPAn onto TiO2. PEG adlayer thickness was

determined by ellipsometry (symbols). For mPEG-DOPA3, the thickness strongly

correlated to in situ mass adsorption obtained from optical waveguide lightmode

spectroscopy (solid line). (Reprinted with permission from75. © 2005 American Chemical

Society.)

Fig. 8 Ethylene glycol surface density (NEG) versus adsorbed serum thickness. NEG was

calculated from the mass per unit area of mPEG-DOPAn adsorbed75. PLL-g-PEG/Nb2O5

data was obtained from Pasche et al.78. (Reprinted with permission from75. © 2005

American Chemical Society.)

Fig. 9 Antifouling peptidomimetic polymer (PMP1). (Reprinted with permission from86. 

© 2005 American Chemical Society.)



extended duration. PMP1-modified Ti surfaces show

extremely low levels of cell attachment over five months 

(Fig. 11) in spite of twice-weekly challenges with new cells.

Based on the low cell attachment, it is reasonable to infer

that protein adsorption also remains low during this period.

Peptoids have several other important properties that

make them attractive for use as antifouling polymers. Unlike

natural peptides that are easily degraded by proteases found

in the gut and bloodstream, peptoid enzymatic susceptibility

is reduced by the attachment of the side chain to the amide

nitrogen, leading to a protease-resistant backbone. Their

peptide bonds are not cleavable because the misalignment of

the side chains and carbonyl groups removes the bond from

the range of normal nucleophilic catalysts88. This resistance

to protease degradation, as well as their relatively low mass,

reduces the likelihood of peptoids causing an immune

response, suggesting that these biomimetic polymers may be

useful for in vivo application89. Furthermore, diverse peptoid

sequences can be synthesized using literally hundreds of

different natural and non-natural side chains90,91, providing a

useful platform for further molecular design of this new class

of antifouling polymer.

Building antifouling surfaces from the
bottom up
Increasing attention has been given in recent years to

‘bottom-up’ or ‘graft-from’ approaches, in which antifouling

polymers are grown directly from surfaces with an adsorbed

chemical species capable of initiating polymerization (Fig. 1,

bottom)92. These approaches have the theoretical advantage

of achieving thicker and higher-density layers of surface-

bound polymer, owing to a high density of initiation sites and

growing chain ends. The basic requirement for this approach

is a bifunctional molecule containing an initiating functional

group coupled to a moiety capable of physical or chemical

adsorption to the surface of interest. We have developed a

biomimetic example containing a catechol for adsorption to

surfaces and 2-bromoamide for initiation of radical

polymerization (Fig. 12). Adsorption of the initiator on Ti and

subsequent atom transfer radical polymerization (ATRP) of

oligo(ethylene glycol) methyl ether methacrylate

REVIEW FEATURE
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Fig. 11 PMP1-modified Ti surfaces exhibit long-term resistance to 3T3 fibroblast cell

attachment. (Reprinted with permission from86. © 2005 American Chemical Society.)

Fig. 12 Biomimetic initiator structure, surface anchoring, and ATRP of OEGMEMA. 

Fig. 10 PMP1-modified surfaces exhibit short-term resistance to serum protein adsorption.

OWLS mass plots of serum protein adsorption on unmodified and PMP1-modified Ti.

(Reprinted with permission from86. © 2005 American Chemical Society.)
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(OEGMEMA) produces a brush-type grafted polymer93.

Quantitative XPS confirms the presence of the grafted

poly(OEGMEMA), or POEGMEMA, layers according to the

theoretical and observed carbon-to-oxygen ratios for the

surface-tethered polymer. The absence of the Ti XPS signal

for POEGMEMA-grafted surfaces, in conjunction with

spectroscopic ellipsometry, demonstrates a dry POEGMEMA

layer thickness of ~100 nm after 12 hours of ATRP

polymerization. This grafted polymer thickness is many times

greater than can be achieved by typical ‘graft-to’ methods.

Biological response to the grafted POEGMEMA surfaces,

assayed by four-hour fibroblast adhesion, shows a decrease in

cell adhesion of >90% for POEGMEMA thicknesses of ~50 nm

or more (Fig. 13). 

This ‘graft-from’ approach is also compatible with

established photolithographic methods to pattern surfaces

for spatial control of biointeractions. Molecular

assembly/patterning by lift-off (MAPL)94 was used to produce

nonfouling regions within a cell-adhesive Ti field. Fig. 14

shows the TOF-SIMS chemical map of the patterned surface

and the cell attachment to the patterned Ti surface. This type

of bottom-up strategy coupled with simple patterning

routines may be very useful in creating surfaces designed for

diagnostic cell-based arrays or other devices where spatially

controlled interactions are desired.

Summary and future directions
Strategies for preparing antifouling surfaces for biomedical

applications continue to face several challenges: 

the development of simple and versatile methods for

modifying a variety of materials; the identification of new

polymers with improved antifouling performance, including

long-term durability under in vivo conditions; and a more

thorough understanding of the relationship between polymer

chemical composition, architecture, surface density, and

antifouling performance. As we have pointed out, biological

inspiration represents a general starting point for addressing

some of these challenges. 

The adhesive proteins used by one of nature’s most

prolific fouling organisms have provided an unlikely source of

inspiration for limiting fouling of material surfaces. The

strong interfacial binding of DOPA represents a powerful,

general platform for the robust surface modification of

materials, particularly those whose performance is dictated

by precise control of biointerfacial adsorption events.

Identification of a single antifouling polymer strategy capable

of universal success on all materials is an elusive goal.

However, with further research and more sophisticated

constructs, this may be possible. Finally, preliminary studies

on peptoid-based peptidomimetic polymers suggest that

further investigation of this new class of antifouling polymer

is warranted. The chemical and structural versatility of

peptoid synthesis offers a virtually unlimited parameter space

within which to study the role of polymer chemical

composition, molecular weight, and architecture, which

should aid in achieving the full potential of these polymers in

the future. MT

Acknowledgment

The authors are grateful for support for this research from the US National Institutes of

Health (DE 14193) and the US National Aeronautics and Space Administration 

(NCC-1-02037). 

September 2005 45

Fig. 13 Cell attachment data (four-hour culture) to a bare Ti/TiOx substrate (control) and

samples with grafted POEGMEMA layers. 

Fig. 14 (a) TOF-SIMS map of Ti+ signal (m/z = 47.89) collected from a patterned

POEGMEMA thin film after 12-hour ATRP. (b) Fluorescence microscopy image of

fibroblast attachment (four-hour culture) on the patterned POEGMEMA surface. 
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