NORTHWESTERN UNIVERSITY

Bioadhesion of Mussels and Geckos: Molecular Mechanics, Surface Chemistry, and
Nanoadhesives

A DISSERTATION

SUBMITTED TO THE GRADUATE SCHOOL
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS

for the degree

DOCTOR OF PHILOSOPHY

Field of Biomedical Engineering

By
Haeshin Lee
EVANSTON, ILLINOIS

June 2008



© Copyright by Haeshin Lee 2008
All Rights Reserved



ABSTRACT
Bioadhesion of Mussels and Geckos: Molecular Mechanics, Surface Chemistry, and
Nanoadhesives

Haeshin Lee

The adhesive strategies of living creatures are diverse, ranging from temporary to
permanent adhesions with various functions such as locomotion, self-defense, communication,
colony formation, and so on. The classic example of temporary adhesion is the gecko, which is
known for its ability to walk along vertical and even inverted surfaces; this remarkable adhesion
arises from the interfacial weak interactions of van der Waals and capillary forces. In contrast, a
celerbrated example of permanent adhesion is found in marine mussels which secrete protein
adhesives that function in aqueous environments without mechanical failure against turbulent
conditions on the seashore. In addition, mussel adhesives stick to virtually all inorganic and
organic surfaces. However, most commonly used man-made adhesives lack such unique
adhesion properties compared to their natural counterparts. For example, many commercial
adhesives quickly lose their adhesive strength when exposed to solvents, particularly water.

The first part of this thesis focused on adhesion mechanics of mussels at a single-
molecule level, in which the adhesive molecule showed surprisingly strong yet reversible
adhesion on inorganic surfaces but exhibited irreversible covalent bond formation on organic
surfaces. Strong and reversible adhesion on mucin surfaces was found, indicating potential
application for drug delivery via mucus layers. Next, inspired by the mussel’s versatile adhesion
on a wide variety of material surfaces, a material-independent surface modification chemistry

called ‘polydopamine coating’ is described. This concept was subsequently adapted to develop a
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surface-independent polymeric primer for layer-by-layer assembly of multifunctional coatings.

Finally, a new bio-hybrid adhesive ‘geckel’” was developed by the functional combination of
adhesion strategies of geckos and mussels.

The new bio-inspired adhesive and material-independent surface chemistry can
revolutionize the research areas such as medical devices, adhesives, and diagnostics,

nanotechnology, biointerface, and catalysis.
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Chapter 1: Introduction

1.1 Motivation and Objective

Living creatures rely on adhesion using many different types of adhesives. During the last
decade, scientists and engineers from various disciplines of biology, physics, materials, and
chemistry have been studying the remarkable features of biological adhesion. Beetles, flies, frogs,
and larger animals such as lizards and geckos utilize temporary (i.e. reversible) adhesion for
locomotion in which their feet rapidly attach to and detach from surfaces repeatedly throughout
life (1, 2). This type of reversible adhesion is different from the conventional pressure-sensitive
adhesives, which can stick to surfaces by applying slight pressure, but which are difficult to
reattach because of contamination or cohesive failure.

A great challenge for most adhesives is to achieve strong interfacial adhesion in the
presence of water. In general, intermolecular forces in adhesion have an inverse relationship
between surface energy of opposing dissimilar materials and the dielectric constant of a
surrounding medium. For exmaple the dielectric constant in vacuum is about one but is

dramatically increased to ~ 80 in water(3). Interestingly, mussels, one of nature’s promiscuous
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marine foulers, remain strongly attached on a wide variety of substrates under water. In

contrast to temporary adhesion of insects and geckos, the mussel adhesion is considered to be a
permanent and is achieved by the sequential events of secretion followed by rapid curing of the
secreted mussel adhesive proteins.

Despite recent extensive studies of mussels and geckos, many aspects of these natural
bioadhesives remain poorly understood; the molecular ariginds of adhesion (i.e. single adhesive
molecule and single nanostructure) are largely unknown, the chemical and molecular factors that
give rise to substrate-independent adhesion of mussels remain an open question, and rational
design followed by fabrication and/or synthesis of biomimetic adhesives is difficult. This thesis
has tried to address some of these fundamental questions, and further attempts to exploit an
enhanced understanding of these natural bioadhesives toward development of novel biomimetic
adhesives.

1.2 Thesis Outline

The thesis is composed of five major parts: (1) an introduction of bioadhesive strategies
of mussels and geckos and a brief review of mechanochemistry (chapter 2), (2) measurement of
mussel adhesive force at a single-molecule level on inorganic and organic surfaces (chapter 3),
(3) development of two new surface chemistries that can be applied to any type of material
surface: polydopamine coating (chapter 4) and surface-independent layer-by-layer assembly
(chapter 5), (4) development of a new hybrid adhesive called ‘Geckel’ inspired by the adhesive
strategies of geckos and mussels (chapter 6), and finally (5) a summary and discussions of future

directions based on the achievements in this thesis (chapter 7).

1.3 Specific Aims
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The work described in great detail from chapter 3 to 6 is based on the following three

broadly defined specific aims.

Specific Aim 1: Address the adhesion mechanism of mussel adhesive proteins (MAPS).
Hypothesis 1: Atomic force microscopy can probe binding strength of the adhesion

molecule at a single-molecule level.

Hypothesis 2: The measured adhesion strength can explain the adhesion mechanisms of

mussel adhesion as a function of substrates.
Specific Aim 2: Development of new surface chemistry that can tailor properties of virtually
all types of material surfaces.

Hypothesis 3: The characteristic amino acid motif of DOPA-lysine found in the
specialized mussel adhesive proteins called Mefp-5 (Mytilus edulis foot protein-5) might

be critical for versatile surface adhesion.

Hypothesis 4: Molecular building blocks mimicking the chemical functionality of DOPA-

Lys can modify virtually all types of materials.

Specific Aim 3: Development of a reversible hybrid adhesive that is inspired by gecko and

mussel adhesion

Hypothesis 5: The dry adhesion mechanism of geckos can be combined with the wet
adhesion strategy of mussels, resulting in a new reversible adhesive that performs under

dry/wet conditions.
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Chapter 2: Background

2.1 Mussel Adhesive Proteins

2.1.1 Mytilus edulis foot protein-1 (Mefp-1)

Mefp-1 is perhaps the most well studied protein among the MAP family. It has 75-80
repeats of a decapeptide with amino acid sequence of Ala-Lys-Pro-Ser-Tyr-Hyp-Hyp-Thr-
DOPA-Lys (molecular weight = ~ 110 kDa), which was obtained by extensive tryptic digest (4).
Further analysis revealed variations of post-translational modifications in the repetitive sequence.
For example, some peptide fragments contain DOPA instead of tyrosine in fifth position and
hydroxyproline in third position rather than proline (5). Nearly a decade after its discovery,
another type of post-translational modification of proline, trans-2,3-cis-3,4-dihydroxyproline in
sixth position was discovered in Mefp-1 (6). Therefore, the revised primary sequence of Mefp-1
decapeptide is N-Ala-Lys-Pro-Ser-Tyr-Hyp-diHyp-Thr-DOPA-Lys-C.

In contrast to the initial belief that Mefp-1’s biological role was as a potent adhesive

protein, immunohistochemistry results using antibody raised against recombinant Dreissena
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polymorpha foot protein-1 (Dpfp-1), a close homologue of Mefp-1, showed unexpected tissue

distributions of Mefp-1. The antibody specifically bound to nascent threads not adhesive plaques
(Figure 2-1), suggesting that the role of Mefp-1 was more likely to be as a waterproof,
hydrophobic outer coating of byssal thread (7).

Structural analysis also supported the coating functionality of Mefp-1. Two studies
showed structural variations: bent right-handed a-helix (8) and left-handed type II polyproline
helix (9). Despite their difference, both structural models share the a-helical motif as a common
structural denominator which can support the suggested biological role of Mefp-1 as
hydrophobic outer coatings of byssal threads. Tandem repeats of Mefp-1 (approximately eighty
times) can form a long rod-like structure, coating along the long, thin byssal threads. Therfore,
considering all structural and biochemical evidence, the biological function of Mefp-1 appear to
be a water-resistant, stiff coatings on surfaces of byssal threads.

Recently, ultrastructural examination of coating structures of Mfp-1s, structural analogue
proteins found in different marine mussels, revealed a distinctive granular morphology (10). The
comparative morphological and mechanical studies of Mgfp-1 coating found in two marine
mussels Mytilus galloprovincialis and Perna canaliculus showed similar hardness (~20 MPa)
and Young’s modulus (~0.4 GPa), but exhibited remarkably different extensibility; tensile failure
at 30% strain for P. canaliculus and 70% for M. galloprovincialis. This difference was attributed
to the presence of microphase-separated granules within the cuticles of M. galloprovincialis.
2.1.2 Mefp-3

Although the role of DOPA in Mefp-1 appears to be more related to coating rather than

adhesives, the widespread belief of DOPA’s function as a molecular adhesive remained due in
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part to the adhesive property of synthetic DOPA-containing polymers in the presence of

water(11). In fact, DOPA content increases from ~10% (Mefp-1) to ~20% in Mefp-3, a protein
localized at interfaces between pads and opposing substrates. The characterization of this protein,
however, has been extremely difficult due to poor solubility. This problem was solved by a
surprisingly simple technique called ‘cold curing’, which dramatically increases the amount of
extractable proteins by transferring newly secreted soft plaques into low temperature sea water
(4-8 °C) (12). Waite and colleagues found that the extracted protein gave four distinct bands in
acid-urea PAGE experiments and characterized the lowest molecular weight protein. Amino acid
sequencing revealed that the protein had 48 amino acids (6 kDa) with 20% DOPA content, and
another post-translationally modified amino acid, hydroxyarginine, was unexpectedly identified

(13). Due to the bio-distribution, DOPAs in Mefp-3



Mefp-1

Mefp-3,5

Figure 2-1. Schematic illustration of bio-distribution of mussel adhesive proteins in byssal
threads and pads
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are considered to serve an adhesive role (Figure 2-1) rather than purely a crosslinking amino

acid. In addition, a different type of post-translationally modified amino acid, hydroxyarginine,
was found. Currently, the biological role of hydroxyarginine remains unknown. The additional
hydroxyl moiety can result in forming up to six hydrogen bonds, potentially enhancing adhesion
strength on oxide surfaces.

A recent comparative study of Mefp-1 and -3 using a surface forces apparatus directly
revealed Mefp-3’s role as an adhesive protein at interfaces. The adhesion energy of fp-3 was
measured to be about 0.3 mJ/m?, which is equivalent to the force holding 100 g-m per plaque. In
contrast, no adhesion was detected from Mefp-1 even under highly compressive loading (14).
2.1.3 Mefp-5

Mefp-5 is a relatively small 74 amino acid protein (9.5 kD) co-localized with Mefp-3
(Figure 2-1). It has the highest level of DOPA content (27 mol %) among all known MAPs, is
highly basic due to enrichment in lysine, and also contains phosphoserine (15).

Mefp-5 and Mefp-3 have common characteristics that are distinct from other MAPs.
Inspection of their amino acid sequences showed that a basic residue such as lysine is located
next to (Lys-DOPA or DOPA-Lys) or adjacent to DOPA with glycine as an amino acid spacer.
These lysine-containing amino acid motifs (DOPA-Lys or DOPA-Gly-Lys) might have benefits
in adhesion in that the lysine 1) increases solubility of the proteins and 2) enhances interfacial
adhesion via electrostatic force. The phosphoserine is also expected to contribute some degree of
interfacial adhesion especially on calcium-based mineralized substrates. In fact, the mussel shell
is primarily calcium carbonate (16). In summary, it is believed that Mefp-5 has three adhesive
amino acids, DOPA, lysine, and phosphoserine, but the detailed interaction mechanisms with

opposing surfaces remain largely unknown.
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2.1.4 Mefp-2 and Mefp-4

Mefp-2 and 4 are less characterized proteins compared to other MAPs, partly due to their
low DOPA contents: ~3 % for Mefp-2 and 4% for Mefp-4. However, they exist as the highest
amount in mass (> 30%), suggesting a structural role in adhesive plaques(17).

Mefp-2 is a relatively large 40 kDa protein. Similar to Mefp-1, it has 11 repeats of a 35 -
40 amino acid sequence. Unlike to other Mefp proteins, it has three disulfide bonds from six
cysteine residues. Cysteine is the amino acid found at extremely low frequency in other Mefp-
family proteins except for Mcfp-6 (section 2.1.5). Extensive proteolysis using a protease cocktail
did not result in a complete digestion, indicating that Mefp-2 has a well-defined three
dimensional structure although the atomic resolution remains to be solved (18). However, an
important structural discovery was made by Inoue et al. (19). They cloned cDNA encoding
Mgfp-2 (Mytilus galloprovincialis foot protein-2), another species very close to Mytilus edulis
foot proteins and found that it encodes a ~ 40 amino acid repeat and contatins three disulfide
bonds that is homologous to epidermal growth factor (EGF)-like domain. Another interesting
characteristic of Mefp-2 is the distribution of the six DOPA residues in its primary sequence;
they are found only at the N- (#23, 31, 36, and 43) and C-terminus (#468 and 473) not in the
middle of the protein, suggesting that DOPA may play a critical role in inter- or intra-protein
crosslinking.

2.1.5 Mcfp-6

A new adhesive protein, mcfp-6 (a homologous protein of Mefp-6), was identified during
the study of a different marine mussel species, Mytilus californianus. It is a basic protein (pI ~ 9)
with mass of 11.6 kDa (99 amino acids) found at the footprint of M. californianus, suggesting its

bio-distribution near to substrates (20). Mcfp-6 has several distinctive features that have not been
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found in other mussel adhesive proteins. First, it has a high cysteine content (~ 10 mol %) and

most cysteines are in the form of thiols rather than disulfides. Second, tyrosine is largely
unmodified to DOPA. Matrix-assisted laser desorption ionization (MALDI) mass spectrometry
data suggest that formation of four disulfides, three DOPAs, and one phosphoserine provided the
best match in mass: 11,595.8 Da from the calculated mass (3 DOPAs, 1 phosphoserine, and 4
disulfide bonds) and 11,596 Da from the observed mass. Thus, the mass result indicates that only
5% of tyrosine is post-translationally modified to DOPA. Third, an oxidative crosslinking
product, 5-S-cysteinyldopa, was found (~ 1 mol %), presumably suggesting that mcfp-6 provides
a cohesive link between the surface-coupling DOPA-rich proteins such as fp-3/-5 and the bulk of
plaque proteins such as fp-2/-4.
2.1.6 Fusion Proteins

Engineered adhesives of fusion proteins produced from E.coli have been reported (21,
22). The fusion protein called fp-151 has a molecular configuration similar to triblock-copolymer
consisting of Mefp-5 as a mid-block terminated with Mefp-1 at each end. Advantages of the fp-
151 fusion protein include large quantity production from E.coli with high yield (1g of protein
from an 11-pilot scale fed-batch bioreactor) and good aqueous solubility (~ 300 g/L). Using the
fusion protein, cell adhesion peptide such as Arg-Gly-Asp (GRD) was able to be immobilized on
surfaces. Tensile strength of fp-151 was stronger than that of fibrin glue: ~1.7 MPa for fp-151
and ~0.4 MPa for fibrin glue (23).
2.1.7 Catechol Oxidation

The redox chemistry of catechol, the side chain of DOPA, plays an important role in
biosynthesis of water-insoluble materials. Two major pathways have been characterized: (1)

amine (or thiol) reaction to the aryl ring of DOPA (Michael addition) and (2) aryl-aryl coupling
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between DOPA residues. In vitro crosslinking experiments clearly showed aryl coupling

reactions (diDOPA) detected in both solid-state '°C NMR and MALDI-TOF mass spectrometry
(24, 25). In addition, mass spectrometry data suggested intermolecular Michael-addition
reactions between Lys2 (or Lys10) and DOPAJY, although this conclusion awaits further
confirmation by other techniques because of interfering adjacent mass signals (25). This
extensive DOPA-mediated intermolecular crosslinking produces tough waterproof proteinaceous
materials. It was demonstrated that oxidation by periodate or mushroom tyrosinase increased

film stiffness made from Mefp-1 (26).

2.2 Mechanochemistry

The tools for force measurement such as optical tweezers, AFM, and surface force
apparatus, have allowed chemists and biologists to measure a wide variety of chemical and
biochemical interactions. In particular, AFM and optical tweezer techniques can probe force at a
resolution of individual molecule interactions. A large amount of information about biological
force has been accumulated using these methods, and this field is now referred collectively as
‘mechanochemistry’. There are three categories of chemical and biological interactions in
mechanochemistry: reversible weak bonds, reversible strong bonds, and irreversible strong bonds.
Reversible weak bonds include hydrogen bonds and van der Waals interactions. Chemical and
biological metal-organic complexes such as heme, metal chelateors, and organometallic self-
assembled materials are considered to be forces that are strong yet reversible. Finally, a wide
variety of covalent bonds are examples of strong and irreversible bonds.

2.2.1 Reversible Weak Bonds



29
Most interactions in biology such as ligand-receptor interactions, DNA base pairings,

and protein foldings are reversible, in which hydrogen bonds and hydrophobic interactions are
two major driving forces that form stable three-dimensional structures of proteins, DNAs, RNAs
as well as complexes of these components.

The first model system for studying individual receptor-ligand binding was the
streptavidin-biotin interaction, and results from the experiments were independently reported by
both Gaub and Colton (27, 28). The studies revealed that the individual biotin-streptavidin
binding force is about 200 pN, and specificity of the observed single-molecule interactions was
confirmed by blocking biotin-binding sites of streptavidin by the addition of excess free biotin
molecules. A wide variety of other protein-ligand binding forces have been reported subsequent
to these studies: 100 pN of ICAM-1/anti-ICAM antibody (29), 111.5 pN of goat IgG/biotinylated
BSA (30), 50 pN of single-chain Fv (31), and 240 pN of human serum albumin(HSA)/anti-HAS
(32).

Intramolecular weak interactions in a single protein molecule can also be measured by
the same type of pulling experiments, which have become a popular technique in protein
biophysics. The first protein investigated at a single-molecule level using AFM was titin, a
globular subunit of muscle fibers structurally homologous to immunoglobulin domains (33). The
unfolding of each structural domain resulted in a saw-tooth pattern of force-extension curves,
indicating individual protein unfolding with an unfolding force range of 100-200 pN (34).

2.2.2 Reversible Strong Bonds

The first metal-organic coordination system studied at a single-molecule level involved

N-nitro-triacetic acid (NTA), imidazole (the side chain of histidine), and Ni*" coordination.

Histidine has been extensively used as an affinity tag in protein purifications in which imidazole
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coordinates with NTA via divalent ion-mediated hexagonal coordination (Ni, Cu, Co, or Zn).

At least two histidine residues are required to form a stable coordination bond with NTA, but a
typical length of the affinity tag is six consecutive histidien residues. Three independent studies
were reported to addres this issue (35-37). Although the experimental approaches in those studies
differed, a common denominator was the use of polymers such as dextran or poly(ethylene)
glycol (PEG) for NTA or histidine conjugations. Conti et al. (36) and Schmitt et al. (37) used a
commercially available Biacore chip on which dextran-NTA conjugates were immobilized.
Interaction force was monitored by AFM cantilevers on which the surface was modified with
histidine peptide. Kienberger et al. took a different approach (35). They synthesized PEG-
histidine conjugates, which were subsequently immobilized and cantilever surfaces and
measured interaction forces on NTA-immobilized gold substrates. The number of histidine
amino acid was different between experiments: Kienberger and Schmitt used only six histidines,
but Conti studied two and six histidines. Thus, the force values reported those studies were not
consistent, ranging from 38 to 500 pN. This might be due to (1) unknown pulling speed (not
available in (36, 37)), (2) ambiguous number of histidine-NTA interactions, (3) different
configurations of molecules used in the studies: N-terminal (35) vs. C-terminal tags (36, 37), and
(4) ambiguous pH values. Despite the differences, the general conclusions from these studies
reveal that the coordination bond is stronger than hydrogen bonds, but with preserved
reversibility.
2.2.3 Irreversible Strong Bonds

The covalent bond is a building block of all organic materials, and measuring the
breakageof a single covalent bond has been considered as an extremely difficult task from both

technical and analytical standpoints. Thus, few studies have been published so far, and this



31
section only focuses on the breakage of a linear organic chain as reported by Grandbois et al

(38). The study used amine-functionalized tips engaged onto glass substrates which were
modified with amylose polymers. During tip approach onto the substrate, ethyl-
dimethylaminopropyl-carbodiimide (EDC) and N-hydroxysuccinimide (NHS) reaction was used
to capture a single amylose chain. To minimize multiple bond formations, a technique called
‘fly-fishing’ was used, in which partial engagement and retraction of the tip was continuously
performed in a stepwise manner until a single polymer stretching signal is detected. Another
experimental confirmation of the individual polysaccharide chain stretching was that amylose
undergoes the chair-boat structural transition of furanose rings, exhibiting a pronounced plateau
at 275 pN in a force-distance curve. They observed an average bond-rupture force of ~ 2.0 nN
(loating rate = 10 nN/sec). A control experiment performed in the absence of EDC and NHS
showed no bond rupture around 2.0 nN force range. To determine which specific chemical bond
was ruptured, the experimental results were compared to theoretical calculations based on
density functional theory (DFT) of Si-C bonds. This comparison resulted in a calculated force of

2.0 nN in agreement with the experimental data.

2.3 Gecko Adhesion

The gecko, nature’s remarkable climber, can adhere to and traverse vertical and even
inverted surfaces. A study showed that, in the case of the tokay gecko (Gekko gecko), the two
front feet (227 mm” of pad area) can withstand 20.1 N of force parallel to a surface with. In other
words, an approximately 1 cm? area of gecko foot can support a shear force up to 10 N (39, 41).
The gecko foot’s adhesive strength arises from an array of keratinous hairs, called setae, which

branch further into circular pads called spatulae that intimately contact surfaces (Figure 2-2). A
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seta is approximately 100 um in length and 4.2 um in diameter, and a spatula is about 200 nm

in diameter (39, 40). The long-debated potential mechanisms for adhesion include chemical glue,
suction, interlocking, friction, electrostatic force, capillary force, and van der Waals force. The
cooperative contributions of van der Waals (41) and capillary forces (42, 43) have recently been
the most convincing mechanisms used to explain gecko adhesion. However, considering the
hydrophobic nature of setae, van der Waals force is the primary adhesion mechanism.

A gecko typically has approximately 14,400 setae per mm?, and the two front feet with
the surface area of 227 mm® can withstand 20.1 N parallel to surfaces. Therefore, a single seta
produces an adhesive force of about 6.15 uN (20.1 N / (14,400 x 227 setae) = 6.15 uN).
However, experiments revealed that the isolated setae did not exhibit such a strong adhesive
strength. Setal adhesion only appears with a mechanical program: orientation, preload, and drag

(41). When performing the appropriate mechanical program, a seta revealed up to 100 uN shear

force and exhibited 40 uN adhesive force (44).



Figure 2-2. Scanning electron microscopy image of individual seta of gecko’s feet (1).
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2.3.1 Frictional Adhesion

Recently, a new model called ‘frictional adhesion’ was suggested as a better explanation
of gecko adhesion (45). The mechanism of setal detachment primarily relies on creating an angle
between the substrate and setae by leg movement, which results in peeling of toe pads from the
substrate. This explanation raised a question: how do geckos maintain attachment to inverted
surfaces like ceilings, where body weight gradually causes toe peeling by creating an angle
between setae and substrates? To answer this question, Autumn et al. hypothesized that the
adhesion could be increased by applying a shear force in the setal arrays, and the authors
demonstrated that the adhesion force was a linear function of shear force: Fogn = -0.487 X Fepear +
0.002 (in N), (R*= 0.89) (45). This relationship holds only when the setal array was dragged
along the natural curvature of setae (Figure 2-2). In other words, when the setal array was
dragged against the natural curvature, the setae remained compressed and did not adhere to the
substrate. Therefore, frictional adhesion develops only when a gecko uses an appropriate loading
direction (i.e. walking). An important implication of the frictional adhesion concept is that the
detachment of toe pads of geckos can require nearly zero force by reducing the shear load.

2.3.2 Synthetic Gecko Adhesive Mimetics

Synthetic efforts for developing new adhesives by mimicking gecko’s feet have been
published by many research groups (46-49). One of the first attempts was reported by Geim et al
(46). This study utilized a nanostructured aluminum mold fabricated by electron-beam
lithography. The pattern of aluminum mold was transferred into a polyimide film by oxygen
plasma etching and the resulting nanoadhesive exhibited 3 N in adhesion from the area of 1 cm”.
However, the polyimide pillars were collapsed after only a few cycles of attach- and detachment,

which dramatically decreased the adhesion. This study suggested that gecko mimetic adhesives
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are feasible but that it is of considerable importance to select materials for fabrication with

suitable mechanical properties such as relatively low modulus. This result immediately suggests
that mimicking the gecko foot structure using stiff materials such as polystyrene nanotubes is
unlikely to be functional (50).

Carbon nanotube-based flexible synthetic gecko tape was fabricated (49). The nanotube
adhesive mimicked hierarchical structures of setae (microscale) - spatulae arrays by the spatial
distribution of nanotube bundles, similar to the setae array. This adhesive exhibited good shear
stress up to 36 N/cm? on various substrates including Teflon. This shear stress is nearly four
times higher than that measured in a gecko foot. However, the adhesive force of the carbon
nanotube tape was not reported (shear information is only available) in the study. Due to the
unique mechanical properties of carbon nanotubes, it is likely to experience interfacial failure
between substrate and carbon nanotubes as well as to attenuate adhesion force during repetitive
measurement.

To study the effect of the terminal geometries of pillars on adhesion, the tip geometry
was engineered by modifying conventional soft-lithography techniques. Pillar arrays terminated
with flat, spherical, spatular, concave, and tubal tips were fabricated (51). Indentation
experiments revealed significant change in adhesion as a function of tip geometry, in which
pillars with spatula-like structures exhibited far better performance in adhesion than any other
pillars with different terminal shapes. For example, a pull-off force (P.) of 3 mN was measured
from pillars with a spatula shape, which far exceeded P, of 0.75 mN for flat-topped pillars and
0.2 mN for sphere-topped pillars (the diameter of force probe = 5 mm). Interestingly, concave

shape tips exhibited preload-dependent adhesion up to 2 mN. This study demonstrated that the
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control of terminal pillar shapes contributes adhesion. However, no study has been reported to

demonstrate such effects in adhesion at the nanoscale.
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Chapter 3: Single-molecule DOPA Adhesion on Inorganic and
Organic Surfaces

3.1 Objectives

Numerous living creatures rely on physical adhesion to biotic and abiotic objects for
essential activities such as movement, protection and self-defense (41, 52, 53). From a purely
functional point of view, bioadhesion can be of two major types: temporary and permanent. A
characteristic example of a temporary bioadhesive strategy is given by the specialized foot hairs
used by geckos for climbing sheer surfaces(41). A classic example of permanent bioadhesion is
exemplified by mussels,(54) which secrete holdfasts essential for stability within the tidal marine
environment. Remarkable features of mussel adhesion include the ability to achieve long-lasting
adhesion in a wet environment (53), and adherence to virtually all types of inorganic and organic
surfaces (55). The adhesive apparatus of the mussel consists of a series of byssal threads that

tether the organism to a substrate (Figure 3-1A). At least 5 specialized adhesive protein subtypes
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known to contain DOPA at concentrations ranging from a few to 27 mole % (Figure 3-1B) are

found within the distal adhesive pad of the widely studied blue mussel, Mytilus edulis (56). The
highest DOPA content occurs in the proteins Mefp-3 (Mefp = Mytilus edulis foot protein) (21
mole%) and Mefp-5 (27 mole%)(13, 15), both of which are localized near the interface between
the adhesive pad and the substrate (Figure. 3-1C).

The role of DOPA in mussel adhesive proteins is not fully understood, although there is
general acceptance that oxidized DOPA residues play important roles in crosslinking reactions
leading to solidification of the secreted liquid protein adhesive(11, 25, 57, 58). The particularly
high concentration of DOPA at the adhesive/substrate interface has led to much speculation
regarding its role in adhesive bonding. However, the physicochemical details of DOPA-surface
interactions remain elusive. Byssal thread pull-off experiments (59) and macroscopic lap shear
bond strength measurements using DOPA-containing polypeptides(60) failed to clearly
distinguish between cohesive and adhesive behavior and yielded little information at the
molecular level. Previous atomic force microscopy (AFM) measurements of whole mussel
adhesive proteins (MAPs) interacting with surfaces (21, 61) were complicated by the presence of
other amino acids, an unknown number of proteins on the tip, and multiple DOPA residues
interacting with the surface. For this paper, we employed the single-molecule method of

Hinterdorfer et al.,(62) to isolate the contribution of DOPA toward mussel adhesion.



39

B
Mefp-3.5
/\ substrate
pad 5 Mefp-2,4
Mefo-1 thread
Mefpd C

1 SSEEYKGGYYPGNAYHYHSGGSYHG
26 SGYHGGYKGKYYGKAKI-(YKNS
51 GKYKYLKKARKYHRKG_}(YYG\GS‘\S

Mefp3 /
1 ADYYGPNYGPPRRYGGGNYNRYNRY
26 GRRIGGEKGWNNGWNRGRRGKIW

Y: DOPA
S: Phosphoserine
R: Hydroxyarginine

Figure 3-1. Biodistribution and amino acid composition of mussel adhesive proteins of Mytilus
edulis A. Photograph of a mussel attached to a glass surface, showing the byssal threads and
adhesive pads. B. The biodistribution of Mytilus edulis foot proteins (Mefps). Mefp-3 and Mefp-
5 are found at the pad-substrate interface. C. The amino acid sequences of Mefp-3 and Mefp-5,
which have the highest known DOPA contents, at 21 and 27 mole %, respectively. Inset: the
chemical structure of DOPA as it appears in the tri-DOPA sequence in residues 43-45 of Mefp-5.

1
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3.2 Materials and Methods

3.2.1 Tip Modification

Before surface modification, silicon nitride (Si3sNy4) tips were cleaned in an O, plasma
(Harrick Scientific, Ossining, USA) for 3 min and then subsequently transferred to a piranha
solution (sulfuric acid:H,O, = 8:2) for 30 min. After extensive rinsing with nanopure H,O, they
were transferred into 20% (v/v) 3-aminopropyltrimethoxysilane (APTMS) in toluene for 30 to 60
min, resulting in an aminosilane functionalized tip. The aminated AFM tips were then
functionalized with a mixture of methoxy-PEG-N-hydroxy succinimide (mPEG-NHS, Mw=2000,
Nektar Inc.) and Fmoc-PEG-N-hydroxy succinimide (Fmoc-PEG-NHS, Mw 3400, Nektar Inc.)
at a ratio of Fmoc-PEG-NHS:mPEG-NHS = 1:5-10. The PEG functionalization was performed
at a total PEG concentration of 5SmM in 50 mM sodium phosphate buffer, 0.6 M K,SO4, pH 7.8
at 40 °C and subsequently repeated in chloroform at room temperature for 3 hrs. Fmoc protecting
groups were then cleaved by treatment of the tips in 20% piperidine (v/v in NMP) for 5 min,
followed by coupling of N-Boc-DOPA to the liberated amine in (BOP/HOBt/DOPA molar ratio
of 1:1:1, 8mM in NMP) solution with 10 uL DIPEA. The use of excess mPEG-NHS during PEG
functionalization of the tip served to limit the number of DOPA residues on the tip, facilitating
single- molecule force measurements. The same procedure was used for preparation of Boc-
tyrosine functionalized tips.
3.2.2 Surface Preparation and Characterization

A 20-50 nm thin layer of Ti on Si(100) wafer surfaces was prepared using an Edwards
FL400 e-beam evaporator (Boc Edwards, Sussex, UK). Before use all surfaces were sonicated

(Branson 3214) in hexane, 2-propanol, and acetone and subsequently in piranha solution to
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generate an oxide layer. Amine containing organic surfaces were prepared by functionalization

of unmodified silicon wafers with APTMS in anhydrous toluene after the cleaning process just
described. The presence of surface amines was confirmed by x-ray photoelectron spectroscopy
(XPS) (Figure 3-2). Unmodified and APTMS modified Si surfaces were analyzed by X-ray
photoelectron microscopy (XPS), (Omicron, Taunusstein Germany) equipped with a
monochromatic Al Ko (1486.8 ¢V) 300 W X-ray source and an electron gun to eliminate charge
build-up. The iron oxide surface was prepared by chemical vapor deposition through the reaction
of iron chloride with water at a temperature range of 800-1000 °C(63).
3.2.3 AFM Experiment

All data were collected on an Asylum Mfp-1D AFM instrument (Asylum Research,
Santa Barbara, CA). Spring constants of individual cantilevers (Veeco nanoprobes, Santa
Barbara and Bio-Levers, Olympus, Japan) were calibrated by applying the equipartition theorem
to the thermal noise spectrum (64). All AFM experiments were conducted in millipore water or
Tris-HCl (20 mM, pH 9.7) buffered water at room temperature. The progress of tip
functionalization with APTMS and PEG was confirmed by the appearance of characteristic force
signals at each step in the modification procedure (Figure 3-3). The vast majority of DOPA
functionalized AFM tips yielded force-distance curves with only a single DOPA adhesion event,
although on one occasion a tip generated two spatially resolved adhesion events during pull-off
(Figure 3-4). Control experiments performed with AFM tips modified as described above with
Boc-tyrosine revealed only weak interactions with Ti surfaces (Figure 3-5, top panel). The
presence of tyrosine was confirmed by force measurements on gold evaporated surfaces (Figure

3-5, bottom panel).
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Figure 3-2. XPS characterization of amine functionalized Si surfaces.
A clean unmodified Si surface (above) and after modification with APTMS (below). The

appearance of nitrogen 1s (400 eV) and increase in carbon 1s signal (284.5 eV) in the spectrum
indicates successful modification by the aminosilane compound.
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Figure 3-3. AFM force-distance traces of chemically modified silicon nitride AFM tips on Ti. a.
A representative force-distance trace of a clean tip without chemical modification. Adhesion was
not detected during cantilever retraction. b. A representative force-distance trace from an amine
functionalized tip. Snap-on (arrow) during cantilever approach as well as a large force (~6 nN)
on pull-off are suggestive of electrostatic interaction between the positively charged amine
functionalized tip and negatively charged oxide surface. c. A representative force-distance trace
from a PEG modified tip (no DOPA). The electrostatic interactions were attenuated by inert
grafted PEG layers, resulting in a low intensity physical resistive force characteristic of a grafted
PEG layer (arrow).
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Figure 3-4. Multiple force traces of single molecule binding of DOPA.

The black vertical line represents the contact between tip and substrate. The blue and the red
vertical lines (red) were spatially resolved multiple DOPA binding events. The curve indicated
by the arrow exhibited two DOPA binding events in the same experiment.
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Figure 3-5. AFM force-distance traces of tyrosine modified silicon nitride AFM tips: tyrosine
interacts weakly to Ti surfaces. A. Representative force-distance traces of a tyrosine modified tip
on Ti. Most scans showed no detectable binding signal (black), and <10% of scans showed weak
signals (red). The histogram on the right represents the statistical analysis of the weak force
signals (63 events). B. Representative force-distance traces of tyrosine modified tip on Au. To
eliminate the possibility that the tip used in part A did not contain tyrosine, force-distance curves
using the same tip were obtained on Au. The presence of tyrosine on the tip was confirmed by
the presence of interaction forces centered at 397 = 91 pN (99 events). This observation is
consistent with m-electron interactions between the tyrosine phenyl group and the Au surface.
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3.2.4 Dynamic Force Experiments

AFM experiments were performed as described above at several loading rates achieved
through variation of the tip spring constant and the pulling rate. Silicon nitride AFM cantilevers
(Bio-Levers, Olympus, Japan) with spring constants of ~5 pN/nm, ~28 pN/nm and ~300 pN/nm
were used. The lowest loading rate of 2 nN/sec was achieved with a pulling rate of 400 nm/sec
and the low stiffness cantilever (~5 pN/nm). The highest loading rate (1500 nN/sec) was

achieved with a pulling rate of 5 pm/sec and the stiffest cantilever (300 pN/nm, Veeco).

3.3 Results and Discussion

3.3.1 Single-Molecule Adhesion Force of DOPA.

We used chemically modified Si3N4s AFM cantilevers to investigate the interaction of
single DOPA residues with organic and inorganic surfaces. Poly(ethylene glycol) (PEG) was
used as a linker and inert back-filling molecule to isolate the contribution of DOPA(62). N-Boc-
DOPA was end-tethered to PEG and the Boc protecting group remained in place to avoid
electrostatic interactions. In a typical experiment, a DOPA functionalized AFM tip was lowered
at constant rate onto a wet surface to a maximum load of 15-20 nN and then retracted at the same
rate while the force versus extension response was recorded. Force-distance (F-D) curves exhibit
the characteristic point of separation of the tip from the surface and single- molecule adhesion
events.

Figure 3-6A shows representative F-D curves for approach and retraction of a DOPA-

modified cantilever from a Ti surface. The initial portion of the retraction curves exhibits an
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Figure 3-6. DOPA adheres strongly and reversibly to Ti surfaces.

A. Schematic of DOPA functionalized AFM tip and typical single molecule force-distance
curves of DOPA interacting with a Ti surface. The red and blue traces indicate approach and
retraction signals, respectively, in which DOPA-Ti adhesive (interaction) force was observed
during retraction. The four different force curves were produced from the same DOPA
functionalized tip and displaced vertically for clarity. B. Histogram (n = 147) of pull-off force
values for DOPA-Ti obtained with a single AFM tip at a loading rate of 180.7 nN/s. The mean
force value was calculated to be 805 + 131 pN. C. A linear-log plot of force vs. loading rate for
DOPA-Ti. The roading rates were 0.41 + 0.15, 3.53 £ 1.48, 59.99 + 9.01, and 250.21 + 62.46
nN/sec which were determined by the slope from a force vs. time plot (see methods) (add
Leckband reference here). Mean forces and standard deviations obtained from a minimum of 30
adhesion events were 847 = 157 pN (1500 nN/s), 805 = 131 pN (180.7 nN/s), 744 + 207 pN
(28.4 nN/s), and 636 + 151 (2 nN/s).
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appearance typical of elastic extension of a tethered PEG chain (62), culminating in

detachment of DOPA from the surface. Several features of the observed F-D curves are
remarkable and provide convincing evidence for a high strength reversible single- molecule
interaction. First, the essential features of the F-D curves were observed repeatedly during
multiple pull-off experiments performed with the same tip, indicating that the interaction
between DOPA and the

surface was both strong (~800 pN) and reversible (i.e. could be repeatedly rebound and re-
pulled). Second, the stretched contour length of PEG extrapolated from the F-D curves (36 nm)
was consistent with the expected 37 nm contour length for the PEG molecular weight (3.4 kDa)
used in this study. Third, inspection of data from multiple F-D curves revealed virtual overlap of
the F-D traces and similar pull-off distances (Figure 3-6A), suggesting that the same exact
DOPA-PEG chain was interacting with the Ti surface during successive tip contacts. Due to the
high curvature of the cantilever tip (radius = 25 nm) as well as the polydispersity of PEG, it
would be unlikely to observe the same pull-off distances for DOPA residues tethered to different
PEG chains. On very rare occasions this did occur, which was apparent from F-D profiles that
exhibited multiple pull-off signals (Figure 3-4). Finally, the low probability of observed tip-
surface binding event (ca. 10% of contacts yielded F-D curves as shown in Figure 3-6) provided
additional evidence for single DOPA-Ti surface interactions.

The reversible nature of the interaction between a single DOPA and the Ti surface
allowed us to construct a histogram of bond dissociation forces extracted from many F-D curves
(Figure 3-6B), yielding a surprisingly large dissociation force of 805 £+ 131 pN (147 events, 3
cantilevers) for the mean and standard deviation. To put this value in perspective, other

investigators have determined that a few nN of applied force was required to rupture a single
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covalent bond (38). Obviously, once covalent bonds have ruptured, one cannot study

reversible binding dynamics of single molecules but must average over the behavior of many
single molecules. On the other hand hydrogen bonds, while reversible, ruptured at tens of
picoNewton forces(65). To our knowledge the DOPA-Ti interaction is the strongest reversible
binding interaction involving a small biological molecule ever reported, underscoring the unique
nature of the observed DOPA-T1 interaction.

In the absence of DOPA, PEG functionalized AFM tips showed essentially no hysteresis
between approach and pull-off curves in experiments conducted under identical conditions
(Figure 3-3, bottom curve), indicating that the PEG itself interacts very weakly with the Ti
substrate. Furthermore, when N-Boc protected tyrosine (N-Boc-Tyr) was substituted for DOPA
only small amplitude interaction forces (97 + 28 pN), (Figure 3-5) were measured to Ti. This
clearly demonstrates the significance of Tyr to DOPA post-translational modification in adhesion
of mussel adhesive proteins.

To gain further insight into the energetics of this interaction we determined the average
DOPA-Ti bond rupture force at several loading rates. The plot of force vs. loading rate is shown
in Figure 3-6C, revealing the expected trend of increased force to break the bond at higher
loading rates (66). The linear fit to the data provides the bond dissociation energy and the
distance (Xy) beyond which the bond is completely dissociated along the applied force direction
(66). The analysis revealed a dissociation energy of 28.1 kcal/mol and an X, value of 1.8 A for
the DOPA-Ti bond. The determined bond dissociation energy is within the 25-30 kcal/mol range
estimated by density functional theory for the coordination bond formed between dopamine and

TiO, (67). Although the existence of metal-oxygen coordination is well established in biology,
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this represents the first direct force measurement of a metal-oxygen coordination bond, and

perhaps the only known example in biology where the primary function of the coordination bond
is to achieve mechanical adhesion. Although the interaction is reversible in our single- molecule
experiments, this may not be the case for whole mussel adhesive proteins, as cooperativity of
multiple DOPA-surface interactions could allow for enormous force transmission across the
interface. As few as 3-4 DOPA residues interacting with an oxide surface would eclipse the
strength of a covalent bond, leading to irreversible cohesive failure (i.e., covalent bond breakage)
within the bulk adhesive pad. This may help to explain previous observations that Mefp-3 and
Mefp-5 proteins remain attached to surfaces after removal of the adhesive pad(68).
3.3.2 Effect of DOPA Oxidation on Adhesion

Oxidation of the catechol side chain of DOPA occurs in the alkaline marine environment,
giving rise to quinones that further react to crosslink adhesive proteins via aryl-aryl coupling (di-
DOPA formation) or possibly via Michael type addition reactions with amine-containing protein
residues (11, 25, 57, 58). The prevailing view is that these reactions play key roles in bulk
solidification of mussel glues, however very little is known about the impact of these oxidation
reactions on adhesion to substrates (60). Measurement of adhesive interactions between oxidized
DOPA and surfaces is complicated by the highly reactive nature of semi-quinones and quinones.
This technical concern was alleviated through the use of a large excess of unreactive methoxy-
PEG during tip functionalization, yielding a single DOPA molecule on the AFM tip. This
suppressed possible intermolecular reactions between oxidized DOPA species and allowed us to
investigate adhesive interactions between oxidized DOPA and various surfaces in great detail.
An AFM tip containing a single DOPA residue was first identified by obtaining F-D curves on Ti

at neutral pH as described above. The pH of the aqueous solution was then increased to oxidize
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the DOPA, after which additional F-D curves were obtained over a period of one hour.

Interestingly, a bimodal distribution of force signals is observed, consisting of either large or
small forces registered at similar pull-off distances (Figure 3-7A). Statistical analysis yields two
non-overlapping histograms with force values of 180 + 60 pN and 740 + 110 pN (Figure 3-7B).
By comparison to the data shown in Figure 3-6, we assign the high force signal to the interaction
of DOPA with Ti. We deduce that the low force signal represents the interaction of DOPA-
quinone and its resonance structures with Ti, as these signals only appeared under oxidizing
conditions. These observations are very consistent with the notion of single-molecule
fluctuations between two states in chemical equilibrium; i.e. between DOPA and DOPA-quinone
(Figure 3-7C). The equilibrium between DOPA and DOPA-quinone is shifted toward DOPA-
quinone at high pH (pKa = 9.2) (69). Considering the data in Figure 3-7 as well as the neutral pH
data shown in Figure 3-6, we assign the high-force signal to the interaction of DOPA with Ti and
deduce that the low-force signal represents the interaction of DOPA-quinone and its resonance
structures with Ti, because these signals appeared only under oxidizing conditions. Assuming a
value for the bond length, xy, similar to that observed for DOPA-Ti (1.8 A), the calculated bond
dissociation energy of DOPAquinone to Ti was only 4.3 kcal/mol (~7 kT) (Appendix 3-1),
confirming that oxidation of DOPA substantially reduces adhesion to Ti. It is, therefore, unlikely
that mussel adhesion to wet Ti or similar oxide surfaces is mediated by DOPA-quinone and its
resonance structures.
3.3.3 Adhesion Mechanism of DOPA on Organic Surfaces

Finally, we used similar methodology to elucidate the mechanism behind mussel
adhesion to organic surfaces. In contrast to inorganic surfaces, we anticipated that oxidation of

DOPA under elevated pH may result in covalent coupling to organic surfaces. Reactions between
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Figure 3-7. Oxidation of DOPA reduces adhesion to Ti surfaces.

A. Bimodal force signals from DOPA contacting Ti under alkaline pH conditions. Selected AFM
force-distance scans obtained during a 1 hr experiment under alkaline conditions (20 mM Tris-Cl,
pH 9.7) are shown with increasing time from top to bottom (top, t = 0; bottom, t = lhr; 1800
repetitions total). Detectable force signals were found in ~10% of the force-distance curves
obtained. Force-distance curves exhibiting strong DOPA-Ti interactions are shown in red,
whereas force-distance curves shown in black exhibited much weaker interactions. The weak
force signals only appeared under alkaline conditions and were not observed at neutral pH. B.
Structure-based assignments of the adhesive molecules of DOPA and DOPA-quinone by
analyzing the 1800 force-distance curves from each two pH conditions i.e. total 3600 F-D curves
(pH 9.7 and 8.3). Bimodal force distributions were measured with averages of 180 £+ 60 pN (145
events, pH 9.7) and 206 £ 66 pN (76 events, pH 8.3) in a low force regime whereas the
distributions at high force were 740 + 110 pN (51 events, pH 9.7) and 759 + 88 pN (126 events,
pH 8.3). Considering the pKa (= 9.2) of the DOPA hydroxyl group, the DOPA structure favors
over DOPA-quinone at a low pH resulting in a more frequent detection at a high force region and
vise versa. This result is agreed with the one shown in Figure 3-2, which was obtained under a
neutral pH condition where no DOPAquinone adhesion was shown. Those pH dependent
experiments confirmed structure based force assignments in which unoxidized DOPA-Ti
interaction contributes strong adhesions whereas the weak binding is due to the DOPAquinone-
Ti interactions. C. Time trajectory display of the force signals of DOPA (red) and DOPAquinone
(black) at pH 9.7 (Time trajectory at pH 8.3 is available at Figure 3-8).
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Figure 3-8. Time trajectory display of the AFM force signals of DOPA (red) and DOPA-quinone
(black) on Ti observed over a 1 h period at pH 8.3. The strong DOPA adhesive force was
observed 62.4% of the time whereas the DOPA-quinone frequency was 37.6 %.
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DOPAquinone and either primary amines (25) or thiols (68), for example, have been

speculated to give rise to bulk cohesive cross-linking of marine adhesive proteins. However,
clear evidence for such reactions occurring at interfaces has been lacking.

Interfacial reactions between oxidized DOPA and organic surfaces were probed in three
steps. First, the characteristic single-molecule DOPA-Ti interaction was identified through F-D
curves obtained at neutral pH as described above. The Ti surface was then replaced with an
amine modified Si surface (70) (Figure 3-9) and force experiments with the same tip were
performed at pH 9.7. Initial F-D curves showed no significant hysteresis, however within a short
period of time (156 seconds; 78" contact/pull-off cycle) a dramatic increase in pull-off force to
2.2 nN is observed, after which an additional 800 contact/pull-off cycles revealed no measured
interaction force (Figure 3-9, bottom curve). The extremely large force value together with the
lack of subsequent adhesion events is consistent with covalent bond rupture, leading us to
conclude that DOPA-nitrogen adducts form under the conditions of our experiment. We do not
know where covalent bond breakage occurs, however the magnitude of the rupture force is
consistent with rupture of a silicon-carbon bond (2.0 + 0.3 nN)(38), suggesting that the broken
covalent bond may be at the organic-inorganic interface. Although the pH used in our
experiments is somewhat higher than that of seawater, we believe the results will be essentially
similar at lower pH values, albeit with slower kinetics due to the shift in chemical equilibria of

DOPAquinone/DOPA and NH,/NH;" towards DOPA and NH3" species, respectively.
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Figure 3-9. Oxidation of DOPA increases adhesion to organic surfaces.

A. Selected force-distance curves for interaction of a DOPA modified AFM tip with an organic
surface. First, the presence of DOPA was confirmed by obtaining a force-distance curve at
neutral pH on Ti (top curve), showing the expected pull-off force of ca. 800pN. Next, the same
tip was allowed to interact with an amine presenting organic surface (see 3.2 Materials and
Methods) at pH=9.7, upon which a pull-off force of 2.2 nN was observed (middle). The
magnitude of the pull-off force is consistent with covalent bond rupture, and subsequent force-
distance curves (N=800) failed to show a detectable interaction force (bottom). B. Schematic
illustration of covalent bond formation between DOPA and amines at the organic surface. The
high magnitude pull-off force, along with lack of subsequent observations of tip-molecule-
surface interaction events, suggests that DOPAquinone formed a covalent bond to surface bound
amine, possibly via a Michael addition type of reactions. The location of the ruptured covalent
bond is not known, although under the conditions of this experiment it is not expected to re-form,
explaining the lack of force observation in subsequent force-distance curves.
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3.3.4 Adhesion on Mucin Surfaces*

The strength of interaction between DOPA and adsorbed mucin was probed by
measuring the force necessary to dissociate a DOPA modified AFM tip from a mucin coated
TiO, substrate. The tips were prepared according to the method described by the previous section
3.2.1. As schematically illustrated in Figure 3-6A, the method results in a large excess of
methoxy-terminated PEG on the tip, such that the probability of observing more than one DOPA
residue per tip is low.

In previous sections, it has been demonstrated that a single DOPA residue exhibited a
reversible binding force of ~800 pN on TiO, substrates. To employ this approach for
determining DOPA-mucin interaction force, the presence of DOPA on the AFM tip was
confirmed by measuring pull-off force on a pristine TiO, surface at neutral pH. The DOPA-TiO,
force-distance (F-D) curves are shown in Figure 3-10A (black F-D curves, 748 and 812 pN
respectively) and confirm the presence of a single DOPA residue on the AFM cantilever. The
substrate was subsequently replaced with a mucin-coated TiO, substrate and additional F-D
curves obtained at pH values of 4.5, 6.0, 7.4, and 8.5. Due to the single-molecule presence of
DOPA on the AFM tip, the probability of detecting a DOPA-mucin interaction force when the
tip was brought into contact with the mucin surface was observed to be less than 15%. Thus,
most F-D curves exhibited no observable pull-off force, a common feature of single molecule
experiments of this type (71).

For the tip-surface contacts where a clear DOPA-mucin interaction was observed during
pull-off (Figure 3-10A, red curves), the F-D curves qualitatively exhibited features suggestive of
a tethered polymer chain undergoing chain extension with increasing distance from the surface,

followed by a rapid decrease to zero force. The pull-off events were directly attributable to the
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Figure 3-10. Single-molecule AFM results for interaction of DOPA with mucin.

A. Force-distance curves of DOPA-mucin interaction at pH 7.4. The AFM cantilever was first
confirmed to contain PEG tethered N-Boc-DOPA by obtaining F-D curves on TiO, (black),
revealing the expected ~800 pN pull-off force. After changing the substrate to mucin-coated
Ti0,, DOPA-mucin interactions were revealed by force signals observable at pull-off distances
of up to 400nm or more (red). DOPA free control AFM cantilevers prepared with methoxy
terminated PEG showed only weak interactions with mucin (blue). B. Force histogram of
DOPA-mucin interaction force. Statistical analysis revealed an average force value of 371 + 98
pN (n= 121, pooled data for all pH value tested)
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presence of DOPA, as control AFM tips prepared with methoxy terminated PEG (2kDa)

exhibited very weak interactions (59 £+ 18 pN) upon approach and retraction of the AFM tip
(Figure 3-10A, blue F-D curves). The interaction between DOPA and mucin was apparently
reversible, as similar F-D curves were observed upon repeated contacts between the tip and the
mucin surface. This reversible property facilitated collection of a large number of F-D curves,
from which a force histogram was prepared as shown in Figure 3-10B. The mean DOPA-mucin
pull-off force at pH 7.4 was determined to be 356 £ 108 pN (n = 60/400). Consistent with the
OWLS results for mucoadsorption of PEG-(DOPA)4(72), the pull-off force was found to be
independent of pH as summarized in Table 3-1.

An interesting feature of the F-D curves is the variable distance at which the DOPA-
mucin pull-off event was observed (Figure 3-10A red, and Figure 3-11), which ranged from 59
nm to 428 nm from ‘hard’ tip-surface contact. The large observed pull-off distances are
indicative of a very high mass molecule connecting the AFM tip to the TiO, surface. Given that
the average end-to-end distance of a fully extended PEG chain of mass 3.4 kDa is less than 40
nm, and the magnitude of the pull-off force was inconsistent with that observed for DOPA-TiO,,
we eliminated the possibility that the pull-off event represented DOPA interacting with the
underlying TiO, surfaces. We, therefore, interpret the extraordinarily large observed pull-off
distances as arising from extension of the mucin protein, mediated through the interaction

between DOPA and mucin.

3.4 Conclusions
The overall picture of mussel adhesion that emerges from our findings is one of unique chemical

versatility that permits strong adhesion to both organic and inorganic surfaces. The conversion of
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tyrosine to DOPA is a crucial event in MAP processing that leads to multiple adhesive roles

for DOPA at interfaces. On inorganic surfaces the unoxidized DOPA forms high strength yet
reversible coordination bonds, whereas on organic surfaces oxidized DOPA is capable of
adhering via covalent bond formation. It may be that the remarkable ability of mussels to adhere
to both organic and inorganic surfaces is related in part to the equilibrium that exists between
DOPA and DOPA-quinone, allowing both species to interact with surfaces. It is also notable that
interactions between DOPA and surfaces were unaffected by the presence of water, presumably a
key feature in securing mussel adhesion in the marine environment. As our understanding of
mussel adhesion expands, so do the prospects for exploiting this information for practical use.
Indeed, the use of DOPA and related catecholic molecules has recently emerged as a promising
method for anchoring synthetic and biological macromolecules onto oxide surfaces for medical
applications (73-75).

Single-molecule measurements of the interaction force between DOPA and mucin
revealed a surprisingly strong interaction between DOPA and mucin, although determining the
origin of this interaction will require further study. As to the chemical basis of the DOPA-mucin
interaction, we can immediately rule out covalent bond formation, as the magnitude of the pull-
off force is several times lower than necessary to break a covalent bond, and the reversibility
observed in the DOPA-mucin interaction also argues against covalent bond formation. On the
other hand, it is noted that the measured interaction force between DOPA and mucin is quite
large and over two times greater than that measured for interaction between a mucin peptide
fragment and its antibody(76, 77). At this time we can only speculate that hydrogen bonding,
hydrophobic interaction between DOPA and mucin. Further work will be necessary to fully

elaborate the details.



Table 3-1. Mean pull-oft force for DOPA-mucin interaction as a function of pH.

pH Force (pN) Nobs Niotal
4.5 366 + 94 25 250
6.0 392 + 83 27 340
7.4 356 = 108 60 400
8.5 418 +76 9 68
pooled* 371 £ 98 121 1058
control** 59+ 18 13 280

Nobs = number of F-D curves exhibiting pull-off event
Niotal = total number of F-D curves performed

* pooled = pooled results for all pH values

** control = no DOPA, pooled results for all pH values



61

0.2

e '\}{?W

Force (nMN)
by

0.0 0.1 0.2 0.3 0.4 0.5

Piezomovement {pm)

Figure 3-11. Detailed example of F-D curve showing approach (black) and retraction (blue) for
interaction of DOPA with mucin at pH of 7.4.

The retraction curve deviated from the approach curve beginning at short distances and
culminated in separation of DOPA from mucin at an extension of greater than 400 nm after
which the force returned to zero.
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3.5 Binding Energy of DOPA on TiO,

3.5.1 Determination of Bond Dissociation Energy

The bond dissociation energy was calculated from the pulling rate dependence of the

pull-off force as described by Evans and coworkers(66). The relationship between force (F) and

pulling rate (r) is given by,

F= kT In - LU Inr+ LU -In KoKT Eq. (3-1)
X, K, - KT /X, X, Xy X,

where X, is the bond length, KT is the thermal energy. k, is given by

k, =V-exp (k—_l_bj Eq. (3-2)

Where v is the molecular vibration frequency (~ 10'%™) and E, is the bond dissociation energy.

3.5.2 Estimation of Bond Dissociation Energy for DOPAquinone on Ti

Since the Eq. 1 is linear, a plot of F vs. In(r) would have a slope of (k—T ). Using X, =
Xb

1.8x10™'% m from Fig. 2C gives (k—T) =2.25x10"" (J/m).
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Based on the calculated slope and experimentally measured DOPAquinone-Ti force (180 pN

at In(r) = 2.24 from Figure 3-3B), the Y-intercept is estimated to be 128 pN (see plot above).

128pN = (k—Tj-ln(koij
Xb Xb

yielding a Kk, value of 1.32 x 10" (s™). Finally, using Eq. 3-2, the bond dissociation energy for

K, is then determined from,

DOPAquinone-Ti was estimated to be 4.35 kcal/mol using Eq. 3-2.
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Chapter 4: Polydopamine Coating: Mussel-inspired Surface
Chemistry for Multifunctional Coatings

4.1 Objectives

We report a method to form multifunctional polymer coatings through simple dip-coating
of objects in a dopamine aqueous solution. Inspired by the composition of mussel adhesive
proteins, dopamine self-polymerizes to form thin, surface-adherent polydopamine films onto a
wide range of inorganic and organic materials including noble metals, oxides, polymers,
semiconductors, and ceramics. Secondary reactions can be used to create a variety of ad-layers,
including self-assembled monolayers through deposition of long-chain molecular building blocks,
metal films by electroless metallization, and bioinert and bioactive surfaces via grafting of

macromolecules.

Methods for chemical modification of bulk material surfaces play central roles in
modern chemical, biological and material sciences, and in applied science, engineering and

technology (78-81). The existing toolbox for functional modification of material surfaces
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includes methods such as self-assembled monolayer (SAM) formation, functionalized silanes,

Langmuir-Blodgett deposition, layer-by-layer assembly, and genetically engineered surface-
binding peptides (82-86). Although widely implemented in research, many available methods
have limitations for widespread practical use; specific examples include the requirement for
chemical specificity between interfacial modifiers and surfaces (e.g., alkanethiols on noble
metals and silanes on oxides), the use of complex instrumentation and limitations of substrate
size/shape (Langmuir-Blodgett deposition), or the need for multi-step procedures for
implementation (layer-by-layer assembly and surface-binding genetically engineered peptides).

Development of simple and versatile strategies for surface modification of multiple
classes of materials has proven challenging, and few generalized methods for accomplishing this
have been previously reported (87). Our approach is inspired by the adhesive proteins secreted
by mussels for attachment to wet surfaces (54). Mussels are promiscuous fouling organisms and
have been shown to attach to virtually all types of inorganic and organic surfaces (59), including
classically adhesion-resistant materials such as poly(tetrafluoroethylene) (PTFE) (Figure 4-1A).
Clues to mussels’ adhesive versatility may lie in the amino acid composition of proteins found
near the plaque-substrate interface (Figure 4-1B-D), which are rich in 3,4-dihydroxy-L-
phenylalanine (DOPA) and lysine amino acids (15). In addition to participating in reactions
leading to bulk solidification of the adhesive(1l, 25, 88), DOPA forms strong covalent and
noncovalent interactions with substrates(89).

DOPA and other catechol compounds perform well as binding agents for coating
inorganic surfaces (60, 73-75, 90, 91), however coating of organic surfaces has proven much

more elusive. Hypothesizing that the coexistence of catechol (DOPA) and amine (lysine) groups
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Figure 4-1. Mussel-inspired material-independent polydopamine coating.

A. Photograph of a mussel attached to commercial poly(tetrafluoroethylene) (PTFE). B and C.
Schematic illustrations of the interfacial location of Mefp-5 and a simplified molecular
representation of characteristic amine and catechol groups. D. The amino acid sequence of Mefp-
5. E. Dopamine contains both amine and catechol functional groups found in Mefp-5 and was
used as a molecular building block for polymer coatings. F. A schematic illustration of thin film
deposition of polydopamine by dip-coating an object in an alkaline dopamine solution. G.
Thickness evolution of polydopamine coating on Si as measured by AFM of patterned surfaces.
H. XPS characterization of 25 different polydopamine-coated surfaces. The bar graph represents
the intensity of characteristic substrate signal before (hatched) and after (filled) coating by
polydopamine. The intensity of the unmodified substrate signal is in each case normalized to
100%. Substrates with characteristic XPS signals indistinguishable from polydopamine are
marked by N.A. The blue circles represent the nitrogen-to-carbon ratio (N/C) after polydopamine
coating (details of XPS data analysis are available in Figure 4-2 and Table 4-2).
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may be crucial for achieving adhesion to a wide spectrum of materials, we identified

dopamine as a small molecule compound that contains both functionalities (Figure 4-1E). It was
previously shown that dopamine can be electropolymerized onto conducting surfaces(92). Here
we show that this simple structural mimic of Mefp-5 is a powerful building block for
spontaneous deposition of thin polymer films on virtually any bulk material surface, and that the

deposited films are easily adapted for a remarkable variety of functional uses.

4.2 Materials and Methods

4.2.1 Materials

Platinum, silver, copper, and palladium (Alfa Aesar, Ward Hill, MA), sapphire (Al,O3,
Rubicon Tech Inc. IL), quartz (MTTI crystal, MA), stainless steel, NiTi, Si (MEMC electronics,
Italy), Carbothane®, Tecoflex®, polycarbonate and polyethylene terephthalate (PET) (McMaster
Carr Inc, Chicago, IL), poly(styrene) (Sigma), glass (Fischer scientific), polydimethysiloxane
(PDMS, Sylgard 184, Dow corning), GaAs (University Wafer, Boston, MA), and silicon nitride
(generous donation by Dr. Keun-Ho Kim and Prof. H. Espinosa, Northwestern University) were
cleaned ultrasonically in 2-propanol for ten minutes before use. Titanium (20-50 nm) and gold
(20 nm deposited onto 5 nm Ti) surfaces were prepared by electron beam deposition (Edwards
FL400, Boc Edwards, Sussex, UK) on Si-wafers. PDMS (Dow Corning) was prepared by mixing
10 parts of backbone and 1 part of curing agent and cured at 100 °C for 2 hrs.
4.2.2 Polydopamine coating

Dopamine (2 mg/mL) was dissolved in 10 mM Tris-HCI (pH 8.5), and substrates were
dipped into the solution. pH-induced oxidation changes the solution color to dark brown. Stirring

and/or vertical sample orientations were necessary to prevent non-specific microparticle
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deposition on surfaces. The coated surfaces were rinsed with ultrapure water and dried by N,

gas before storage or treated as described below for ad-layer formation. Surfaces coated in this
manner remain stable on inorganic substrates unless scratched, treated by ultrasound, or dipped
in a strong acid solution (< pH 1). Coatings on some organic substrates such as commercial
plastics, latex beads and Sephadex resins remain stable even in the presence of 1 N HCI
combined with ultrasound.

Incubation of dopamine solution at room temperature for several days (>3days) prior to
immersion of substrates did not produce surface discoloration (to dark-brown) typical of
polydopamine coatings, indicating that the coating did not occur or was too thin to observe
visually. Furthermore, the coating reaction appears to be prevented under anaerobic conditions,
as purging of dopamine solution with argon resulted in dramatically reduced solution color
change and coating formation on immersed substrates.

4.2.3 Polydopamine-assisted electroless metallization

Polydopamine coated substrates were metallized through immersion in copper(Il) or
silver salt solutions. For electroless copper plating, a solution of 50 mM
ethylenediaminetetraacetic acid (EDTA), 50 mM copper(Il) chloride (CuCl,), and 0.1 M Boric
Acid (H3BO;) was prepared in ultrapure water, and the pH was adjusted to 7.0 using 1 N of
NaOH. This solution can be stored in a refrigerator for future use. Immediately before use, 0.1 M
dimethylamine-borane (DMAB) was added to the copper plating solution, after which
polydopamine-coated substrates were placed in the solution for 2-3 hrs at 30°C. Surfaces were

then washed with ultrapure water and dried with N, gas.
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For electroless silver deposition, use of an exogenous reducing agent was not

necessary, implying oxidation of the underlying polydopamine layer during metal ion reduction.
Polydopamine-coated surfaces were dipped into a 50 mM aqueous silver nitrate solution for 18
hrs (room temperature). Surfaces were then washed with ultrapure water and dried with N, gas.
4.2.4 Photolithography

Photoresist (Microposit S-1818, Shipley, Marlborough, MA) was spin-cast at 4000 rpm
for 50 sec and then baked for 1 min at 95 °C. Utilizing a contact mask aligner (Q2000, Quintel
Corp. San Jose, CA), the photoresist was exposed to UV (345 nm) light for 6 s and was
subsequently developed for 40 sec (MF-CD-26, Shipley, MA). Polydopamine coating was
applied to the patterned surfaces for 3 - 6 hrs as described above. Finally, photoresist was
removed by immersion in N-methyl-pyrollidinone (NMP) for 5-10 sec. The patterned surfaces
were used to measure the coating thickness and electroless silver metallization.
4.2.5 Polydopamine-assisted self-assembled monolayer formation and PEG grafting.

For alkanethiol ad-layer formation, 5 mM of dodecanethiol (Sigma-Aldrich, Milwaukee,
WI), 1-mercapto-11-undecyl tri(ethylene glycol) (OEG3-C11-SH), or OEG6-C11-SH (Asemblon
Inc, Redmond, WA) was dissolved in dichloromethane (DCM) which was pre-equilibrated by
bubbling with He or N,. Polydopmaine-coated substrates were subsequently added followed by
triethylamine (final concentration 10 mM). After Shrs or more (typically overnight reaction for
18 hrs), the substrates were rinsed by either DCM or ethanol and dried with N».

For PEG grafting, 5 mg/mL of methoxy-poly(ethylene glycol)-thiol (mPEG-SH, 5 kDa,
SunBio, Ahn-Yang, South Korea) or methoxy-poly(ethylene glycol)-amine (mPEG-NH,, 5 kDa,
Nektar, San Carlos, CA) was dissolved in 10 mM Tris pH 8.0 or sodium phosphate buffer pH 8.0.

The buffer used for mPEG-SH was vacuum degassed for >1 hr to prevent oxidation (-S-S-)
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between thiol groups.

4.2.6 Short-term (4hr) fibroblast adhesion

3T3-Swiss albino fibroblasts (ATCC, Manassas, VA) were maintained at 37 °C with 5%
CO; in Dulbecco’s Modified Eagle’s medium (DMEM, Cellgro, Herndon, VA) containing 10%
fetal bovine serum (FBS) and 100 pg/ml of penicillin and 100 U/ml of streptomycin. Trypsinized
cells were resuspended in DMEM with 10% FBS and then counted for sub-cultures and/or
seeded onto the test substrates at a cell density of 5.0 x 10° cells/cm’. After 4 hrs, cells were
stained with 2.5 uM calcein-AM (Molecular Probes) in complete PBS for 1 hr at 37 °C culture.
Cell attachment was quantified by acquiring nine images from random locations of each
substrate using a fluorescence microscope (Olympus BX-40, A=549 nm, A,,=565 nm)
equipped with a CCD camera (Roper Scientific, Trenton, NJ). Finally, the resulting images were
processed using Metamorph software (Universial Imaging, Downington, PA).
4.2.7 Surface characterization

XPS spectra were obtained using an Omicron ESCALAB (Omicron, Taunusstein,
Germany) with a monochromatic Al Ko (1486.8 eV) 300-W X-ray source, a flood gun to
counter charging effects, and ultrahigh vacuum (~10” torr). The takeoff angle was fixed at 45°
except as otherwise mentioned. High-resolution scans were acquired to calculate the chemical
compositions of the surfaces. Time-of-flight secondary ion mass spectroscopy (Physical
Electronics, Eden Prairie, MN) was used to characterize the atomic composition of
polydopamine coatings and metal ad-layers (copper and silver). The mass spectrometer was

equipped with Ga ion gun operated at 15 keV with a raster size of typically 100-200 um. Multi-
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mode atomic force microscopy (Veeco Inc., Santa Barbara, CA) was used for imaging

(tapping-mode using Si-cantilever, Veecoprobes, resonance frequency = 210-240 kHz)).
4.2.8 Total internal reflection fluorescence (TIRF) microscopy.

Detailed experimental procedures have been described elsewhere(93). Briefly, an
Olympus IX71 inverted fluorescence microscope (Melville, NY) and a 60x objective (Olympus,
N.A.=1.45 oil immersion) were used for single-molecule adsorption images. A 532-nm laser
(New Focus 3951-20, 20 mW power, San Jose, CA) was used as a light source. An O.D. =1
neutral density filter was used for most experiments. The incident laser power was roughly 0.5
mW, illuminating a circular region of 40 um in diameter. After excitation, the emitted photons
were collected by a filter cube (Chroma Q560LPBS, HQ585/40M, Rockingham, VT), magnified
by a 3.3x eyepiece and detected by a TE-cooled and frame-transfer charge-coupled CCD detector
(Andor, DV435-BV, South Windsor, CT). The protein used in this experiment was Cy3
conjugated Enigma homolog (Enh). The protein was dissolved in 50 mM phosphate buffer pH
7.0 (1 uM) and experiments performed at room temperature (exposure time = 33 msec).

4.2.9 Polydopamine-assisted grafting of hyaluronic acid (HA) adlayer

17 kDa HA (Lifecore, Chaska, MN) was thiolated using a previously published
protocol(94). The modified HA had approximately 50% substitution (by NMR) with thiol groups.
Thiolated HA (0.001 — 2 mg/mL in de-oxygenated 10 mM Tris buffer, pH 8.0) was reacted with
polydopamine-coated substrates for typically overnight to yield HA-functionalized surfaces. HA-
tethered, polydopamine-coated glass or indium-tin oxide (ITO) surfaces were attached to a
bottomless 16-well chamber slide (Nunc, Rochester, NY) via the injection of a self-curing

silicone rubber (Silastic® Dow Corning) gasket. For TCPS, standard 96-well plates were used,
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and the polydopamine coating and HA ad-layer formation steps were performed directly in

each well.
4.2.10 MO7e cell culture

MO7e cells (DMSZ, Germany) were adapted to grow in IMDM (Sigma) supplemented
with 2.5% FBS (Hyclone), 10 ng/mL. GM-CSF (Berlex Laboratories), and 1 mg/mL gentamicin
sulfate (Sigma). Cells were maintained in exponential growth phase between 5 x 10° and 1 x 10°
cells/mL. Normal-force cell adhesion assays were performed as previously described(95). Briefly,
MO7e cells were stained with 5 pg/mL Calcein AM (Molecular Probes) in PBS and incubated in
normal growth media on surfaces for 2h prior to removal of non-adherent cells by inverted
centrifugation at 30 rcf. Image analysis of pre- and post-spin images was used to calculate the
percent cell adhesion. Substrates for extended cell culture were sterilized with short-wave UV
light for 30 minutes prior to seeding cells in normal growth medium at a density of 3.75 x 10’
cells/mL. Adhesion was measured on days 2 and 4 using the normal-force cell adhesion assay.
However, in this case the cells were stained directly in the wells via addition of 40 uL of Calcein
AM (diluted to 5 pg/mL PBS) 30 minutes prior to pre-centrifugation imaging. For HA
competition, soluble 17 kDa HA was incubated with M07e cells for 30 minutes at 37 °C prior to
loading onto HA-tethered, polydopamine-coated wells. For M0O7¢ expansion assay, cell density
was measured by total nuclei counts in a solution of hexadecyltrimethylammoniumbromide
(Sigma; 30g/L), sodium chloride (8.33 g/L) and EDTA (366.25 mg/L) with a Coulter Multisizer.
4.2.11 Flow cytometry analysis of CD44 levels on MO7e cells

Flow cytometry was used to determine the expression levels of the HA receptor CD44

on MO07e cells. Briefly, cells were washed with PBS containing 1 g/L. sodium azide and 0.5%
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bovine serum albumin. Allophycocyanin (APC)-conjugated mouse anti-human-CD44

antibody or APC-conjugated isotype control mouse-IgGay,k antibody (Becton Dickinson) were
incubated with the cells for 30 minutes at room temperature. After washing, cells were analyzed

on a Becton Dickinson LSRII flow cytometer using FACSDiva software (Becton Dickinson).

4.3 Results and Discussions

4.3.1 Polydopamine coating on a variety of material surfaces

Simple immersion of substrates in a dilute aqueous solution of dopamine buffered to a
pH typical of marine environments (2 mg/mL dopamine, 10 mM Tris, pH 8.5), resulted in
spontaneous deposition of a thin adherent polymer film (Figure 4-1F,G,H). Analysis using
atomic force microscopy (AFM) indicated that the polymer film thickness was a function of the
immersion time and reached a value of up to 50 nm after 24 hours (Figure 4-1G). X-ray
photoelectron spectroscopy (XPS) analysis of 25 diverse materials coated for 3 hours or more
revealed the absence of signals unique to the substrate (red bars, Figure 4-1H, and Figure 4-2),
indicating the formation of a polymer coating of 10 nm or more in thickness. Little variation in
the atomic composition of the coating was found (blue dots, Figure 4-1H), suggesting that the
composition of the polymer coating was independent of substrate. The nitrogen-to-carbon signal
ratio (N/C) of 0.1 - 0.13 is similar to the theoretical value for dopamine (N/C = 0.125), implying
that the coating is derived from dopamine polymerization. Evidence for dopamine
polymerization was found through analysis of the modification solution by gel permeation
chromatography (Figure 4-3) and of coated substrates by time-of-flight secondary-ion mass

spectrometry (ToF-SIMS) (Figure 4-4). Polymer was found both in solution and on the substrate,
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with ToF-SIMS clearly revealing signals corresponding to dihydroxyphenyl-containing

polymer fragments. Although the exact polymerization mechanism is unknown at this time, it is
likely to involve oxidation of the catechol to a quinone followed by polymerization in a manner
reminiscent of melanin formation, which occurs through polymerization of structurally similar

compounds (96) (Figure 4-4).
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Figure 4-2. XPS characterization of polydopamine-coated surfaces

XPS spectral changes of 25 test materials before and after polydopamine coating. The
characteristic XPS substrate signals for unmodified substrates (left) were marked by filled circles,
which were completely suppressed after polydopamine coating (right). Instead, carbon (~285 eV),
nitrogen (~399.5 eV), and oxygen (~532.5 eV) photoelectron peaks (in order from low to high
binding energy) were observed. The area ratio of nitrogen-to-carbon was determined for 25
different substrates, and those values are shown in Figure 1H (blue scatter plot). Substrate XPS
peaks used in the experiments were summarized in Table 4-1.



Table 4-1. Substrates and corresponding atoms (binding energy and orbital) used as
characteristic substrate peaks for XPS characterization shown in Figure 4-1H (Asterisk *
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indicates synthetic, polymeric substrates without unique XPS signals except for carbon, nitrogen
and oxygen. Polydopamine coating on those substrates was confirmed by the appearance of N1s
signal after coating as shown in Figure 4-2 (399.5 eV for PS, 399.1 eV for PE, 399.7 eV for PC,

399.6 eV for PET, and 399.8 eV for PEEK). Polydopamine coating on PU-1,2 was confirmed by

the nitrogen-to-carbon ratio after coating due to the presence of substrate nitrogen)

Substrate

Binding energy (eV)

(photoelectron orbital)

Au

Ag

Pt

Cu

Pd

Stainless steel
TiO,
NiTi
Quartz, Glass
SiO,, SizNg

Al,O3
GaAs
PDMS
Nb,Os
PTFE

PS’

PE’

PC’
PET
PEEK

HAp

84.1/84.9 (Audfy 5p)
369.9/373.9 (Ag3d s52.3)

71.1/74.7 (Pt4f;1557)
952.5/932.5 (Cu2p12.32)
335.1/340.5 (Pd3ds/.372)
740.0/723.0 (Fe2pap.1s)
456.5/462.4 (Ti2psj.1/2)
854.1/870.9 (Ni2psj2.1/2)

103(quartz), 102(glass) (Si2p)
99.2/99.8 (Si2pz/2.12)
118.6 (Al 1)

41.7, 106.5 (As3ds;, Ga3pi)
102.2 (Si2p)
207/209.5 (Nb3ds)2,3)
686.1 (F1s)

284.7 (Cls)

284.8 (C1s)

284.7 (Cls)

284.7 (C1s)

284.8 (Cls)

346.5/350.2 (Ca2p3/2,1/2)
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Figure 4-3. ToF-SIMS analysis of polydopamine coating, suggested reaction, and organic ad-
layer formation mechanisms

A. ToF-SIMS spectra of polydopamine-coated glass. The mass spectrum showed a trimer of 5,6-
dihydroxyindole, possibly fragmented from a long-chain polymer of similar composition. The
characteristic pattern of fragmentation (oo 2 o = [3) suggests liberation of two hydroxyl groups
and a portion of the phenyl group, identifying each subunit as derived from dopamine
polymerization. B. Possible structural evolution and polymerization mechanisms of dopamine as
well as suggested reaction mechanisms for organic ad-layer formation on polydopamine-coated
substrates. Under an oxidative condition, e.g. alkaline pH, dihydroxyl group protons in dopamine
are deprotonated, becoming dopamine-quinone, which subsequently rearranges via
intramolecular cyclization to leukodopaminechrome. Further oxidation and rearrangement leads
to 5,6 dihydroxyindole, whose further oxidation causes inter-molcular cross-linking to yield a
polymer that is structurally similar to the bio-pigment melanin. The polydopamine-coated
surface subsequently reacts with a variety of molecules via Shiff-base (top) and Michael addition
chemistries.
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Figure 4-4. Gel permeation chromatography analysis of polydopamine solution.

Mobile phase buffer: 50 mM sodium phosphate, 100 mM NaCl, pH 6.5 with a flow rate of 0.3
mL/mim. The sample was filtered before injection (pore size ~ 0.8 um) and the retention times of
molecular weight standards are indicated by the blue arrows. The broad peak at a retention time
~40min correlates to polydopamine at an approximate molecular weight of about several million
Dalton based on molecular weight standards (PEG 5kDa, Bovine Serum Albumin (BSA) 66kDa,
and polyacrylic acid (PAA)~ 1 MDa). A second peak at an elution time of 80 min indicates
oligomer formation, and a third peak found at the retention time of 95 min is due to a
contaminant in the GPC system.
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The polydopamine coating is able to form on virtually all types of material surfaces

(Figure 4-1H): noble metals (Au, Ag, Pt and Pd), metals with native oxide surfaces (Cu, stainless
steel, NiTi shape memory alloy), oxides (TiO,, SiO,, quartz, Al,O;, and Nb,Os), semiconductors
(GaAs and Si3N4), ceramics (glass and hydroxyapatite (HAp), and synthetic polymers
(polystyrene (PS), polyethylene (PE), polycarbonate (PC), polyethylene terephthalate (PET),
polytetrafluoroethylene (PTFE), polydimethylsiloxane (PDMS), polyetheretherketone (PEEK),
and polyurethanes (carbothane® (PU1) and tecoflex® (PU2))).
4.3.2 Polydopamine-assisted secondary functionalization: electroless metallization

The polydopamine coating was found to be an amazingly versatile platform for
secondary reactions, leading to tailoring of the coatings for diverse functional uses. For example,
the metal binding ability of catechols (97) present in the polydopamine coating was exploited to
deposit adherent and uniform metal coatings onto substrates by electroless metallization. This
was demonstrated through deposition of silver and copper metal films via dip-coating of
polydopamine-coated objects into silver nitrate and copper(Il) chloride solutions, respectively
(Figure 4-5). Metal film deposition was confirmed by XPS and ToF-SIMS analysis, which
demonstrated successful metal film deposition on a number of ceramic, polymer and metal
substrates: nitrocellulose, coinage metals, commercial plastics, silicon nitride, glass, gold,
titanium, Si, polycarbonate, polystyrene, PEEK, gold, niobium oxide, aluminum oxide, and
nickel-titanium (Figures 4-6 and 4-7). Metal coatings were successfully applied in this manner to
flexible polymer substrates and bulk objects with complex shapes (Figure 4-5A-C), as well as to
flat surfaces in which the polydopamine coating had been patterned using standard
photolithography techniques (Figure 4-5D-F). Unlike many other approaches to electroless

metallization (98), the use of (immobilized) colloidal metal seed particles was unnecessary for
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Figure 4-5 Polydopamine-assisted electroless metallization of substrates.

A-C. Electroless copper deposition on polydopamine-coated (A) nitrocellulose film, (B) coin,
and (C) three-dimensional plastic object. D. Schematic representation of electroless metallization
of photoresist-patterned surfaces coated with polydopamine. Photoresist (blue) was removed
before silver metallization (left) or after copper metallization (right). E and F. Scanning electron
microscopy (SEM) images showing micropatterns of silver on Si (E) and copper on a glass
substrate (F).
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spontaneous formation of adherent metal films. In the case of silver film deposition the

apparent reductive capacity of the polydopamine sub-layer was sufficient to eliminate the need
for addition of exogenous reducing agent in the metal salt solution, implying oxidation of the

underlying polydopamine layer.

4.3.3 Polydopamine-assisted surface reactions
Polydopamine coatings also support a variety of reactions with organic species for the creation of
functional organic ad-layers. For example, under oxidizing conditions, it is known that catechols
react with thiols and amines via Michael addition or Schiff base reactions(25, 99) (Figure 4-4B).
Thus, immersion of polydopamine-coated surfaces into a thiol- or amine-containing solution
provided a convenient route to organic ad-layer deposition through thiol- and amine-catechol
adduct formation (Figure 4-8A). We demonstrated this approach for deposition of organic ad-
layers in the form of alkanethiol monolayer, synthetic polymer, and biopolymer coatings.

A monolayer of alkanethiol was spontaneously formed through simple immersion of
polydopamine-coated substrates (Figure 4-8B). Monolayer formation on the polydopamine sub-
layer is believed to involve reaction between terminal thiol groups and the catechol/quinone

groups of the polydopamine coating, in a manner analogous to the reaction between thiols and
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Figure 4-6. XPS and ToF SIMS characterization of silver ad-layer deposited on polydopamine-
coated surfaces by electroless metallization.

A. XPS spectra taken at each step of surface modification. (Top) Clean unmodified silicon
nitride exhibited Si (2p=101.5 eV), N (1s=397.5 eV), and O (1s=532.5 eV) peaks. (Middle)
Polydopamine-coated silicon nitride exhibited C, N, and O signals (similar to Figure S1A)
characteristic of polydopamine. (Bottom) The silver metal layer formed on polydopamine coated
silicon nitride, showing strong metallic Ag (3ds» = 368.6 eV; 3d3, = 374.7 eV) and minor
hydrocarbon contamination. Inset: Angle-dependent (60, 45, 30, and 20 degrees from top to
bottom) XPS showed no nitrogen 1s at take-off angles of 30 deg or less, confirming metallic
silver ad-layer formation on top of polydopamine.

B. Electroless silver deposition on various substrates. Silver on glass (top left), gold (top right),
Ti (bottom left), and PEEK (bottom right) showed nearly identical ToF-SIMS spectra in which
two strong silver isotope peaks at 106.8 (theoretical 106.9) and 108.8 (theoretical 108.9) m/z
were observed.
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Figure 4-7. ToF-SIMS characterization of copper ad-layer deposited by electroless metallization
onto diverse polydopamine-coated substrates.

All ToF SIMS mass spectra were similar regardless of underlying substrates (62.9 and 64.9 m/z
with an isotopic ratio of roughly 100% (62.9 m/z) to 40% (64.9 m/z)), indicating successful
metallic copper deposition in a substrate-independent manner. The peak at 23 m/z was Na"

contamination.
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Figure 4-8. Polydopamine-assisted grafting of various organic molecules.

A. Schematic illustration of alkanethiol monolayer (top right) and PEG polymer (bottom right)
grafting on polydopamine-coated surfaces. B. Pictures of water droplets on several unmodified
(left), polydopamine-coated (middle), and alkanethiol-grafted substrates (right). Substrates
investigated include organic polymers (PTFE, PC, and nitrocellulose (NC)), metal oxides (SiO;
and TiO,), and noble metals (Cu and Au). Contact angle values are shown in Table S1. C. NIH
3T3 fibroblast cell adhesion to unmodified glass and OEG6-terminated alkanethiol monolayer
formed on polydopamine-coated glass. D-F. Total internal reflection fluorescence (TIRF)
microscopy of Cy3 conjugated Enigma homolog protein adsorption to mPEG-NH,-grafted
polydopamine-coated glass (48 hr exposure to protein solution) (D), bare glass (30 min exposure)
(E), and mPEG-silane immobilized on bare glass (48 hr exposure) (F). G. NIH 3T3 fibroblast

cell adhesion to polydopamine-coated surfaces after grafting with mPEG-SH (Pre-normalized
data are available in Table 4-3).
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noble metal films in the formation of conventional SAMs. Alkanethiol monolayers formed by

this approach are likely to contain defects, but nevertheless appear to be functionally similar to
conventionally formed SAMs. We therefore refer to these monolayers of alkanethiols as
‘pseudo-SAMs’ (pSAMs). For example, spontancous formation of pSAMs using methyl-
terminated alkanethiol (C12-SH) was suggested by water contact angles of greater than 100°
(Figure 4-8B, Table 4-2) (100) and XPS spectra revealing the presence of sulfur in the modified
surfaces (Figure 4-9). pPSAMs were formed in this way on at least 7 different materials including
several ceramics and polymers.

Through proper choice of secondary reactants, polydopamine coatings can be
transformed into surfaces that have specific chemical properties, such as the suppression of non-
specific biological interactions, or the promotion of specific ones. We first demonstrated this by
formation of pSAMs from heterobifunctional molecular precursors on polydopamine-coated
surfaces as described above. pSAMs terminated by oligo(ethylene glycol) (OEG6) were found to
be largely resistant toward fibroblast cell attachment (Figure 4-8C), behaving in a qualitatively
similar fashion to nonfouling SAMs formed on gold (101).

Grafting of polymer ad-layers onto polydopamine coatings was accomplished through
the use of thiol- or amine-functionalized polymers in the secondary reaction step, giving rise to
bioresistant and/or biointeractive surfaces. For example, fouling-resistant surfaces were made by
covalently grafting amine- or thiol- terminated methoxy-poly(ethylene glycol) (mPEG-NH; or
mPEG-SH in 10 mM Tris, pH 8.5, 50°C) to the polydopamine-coated surface (Figure 4-10).

mPEG-NH, modified polydopamine-coated glass exhibited substantial reduction in

nonspecific protein adsorption compared to uncoated glass, and also outperformed glass surfaces
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Table 4-2. Evolution of contact angles of SAMs formed on various polydopamine- coated
substrates.

0.4v and O, are advancing and static contact angles, respectively. The average contact angles of
polydopamine-coated and SAM-formed substrates are shown in the last row.

Bare Polydopamine SAM
Oagv (Ogtar) Oty Osia)  Ougy (Bgiar)
PTFE 115 (106) 60 (49) 111 (102)
PC 103 (96) 54 (42) 104 (96)
NC 95 (84) 53 (41) 118 (106)
SiO, 21 (<10) 66 (54) 101 (92)
TiO, 22 (<10) 63 (51) 103 (94)
Cu 88 (78) 55 (43) 119 (109)
Au 68 (54) 57 (46) 101 (90)
Average - - 58 (47) 108 (98)




Table 4-3. Pre-normalized cell adhesion data (n = 4) described in Figure 4-8G.

Substrates # of cell (bare) # of cell (PEGylated)
Glass 68.7 + 14 00

TiO, 72.1+13 00

Au 629+ 14 13=%1

Si3Ny4 57.1+9 00

PTFE 7.8+4 0.2+04

PU1 16.9+13 0.6+0.7

PU2 151+4 0.6+1.3

PS 23.6+8 11+16
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Figure 4-9. XPS analysis of self-assembled monolayer formed on polydopamine-coated
polycarbonate. XPS survey spectrum after reaction between dodecanethiol and polydopamine-
coated polycarbonate. Arrow represents the sulfur 2p (163 eV) signal derived from the surface
immobilized dedecanethiol molecules. Inset shows the high-resolution spectrum of the sulfur 2p
region marked by the arrow.
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modified by a silane-terminated PEG in terms of fouling resistance after two days of

continuous exposure to protein solution (Figure 4-8D-F). Similarly, mPEG-SH grafting onto a
variety of polydopamine-coated substrates led to dramatic reduction of fibroblast cell attachment
compared to the unmodified substrates (Figure 4-8G, Table 4-3). The polydopamine coating
itself was supportive of fibroblast cell adhesion at a level similar to bare substrates (for example,
the total area of attached cells on polydopamine modified SiO, (46 + 1.4 x 10°> um?) was similar
to unmodified SiO, (55 + 8.6 x 10’ umz)), leading us to conclude that the observed decrease in
cell adhesion was due to the grafted mPEG-SH.

Finally, we engineered polydopamine surfaces for specific biomolecular interactions by
forming an ad-layer of the glycosaminoglycan hyaluronic acid (HA). HA/receptor interactions
are important for physiological and pathophysiological processes including angiogenesis,
hematopoietic stem cell commitment and homing, and tumor metastasis (102, 103). Partially
thiolated HA(94) was grafted onto a variety of polydopamine-coated substrates (Figure 4-11) and
HA ad-layer bioactivity was measured via adhesion of the human megakaryocytic M07e cell line.
Unlike fibroblasts, M07e cells did not adhere to polydopamine but did adhere to HA-grafted
polydopamine surfaces in a dose dependent manner (Figure 4-11B). Together with decreased
binding in the presence of soluble HA (Figure 4-11C), these findings are consistent with
expression of the HA receptor CD44 by MO7e cells (Figure 4-12). Polydopamine and HA-
grafted polydopamine surfaces were biocompatible as evidenced by similar levels of M07e cell
expansion compared to tissue culture polystyrene, although only the HA-grafted polydopamine

surfaces supported cell adhesion (Figure 4-11D-F; Figure 4-13).
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Figure 4-10. XPS analysis of PEG grafted onto polydopamine-coated glass.

XPS survey spectrum after reaction between mPEG-SH and polydopamine-coated glass. Arrow
represents the sulfur 2p (163 eV) signal derived from the surface-immobilized mPEG-SH
molecules. Inset shows the high-resolution spectrum of the sulfur 2p region marked by the arrow.
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Figure 4-11. Polydopamine-assisted grafting of a biomacromolecule for biospecific cell
interaction.

A. Representative scheme for hyaluronic acid (HA) conjugation to polydopamine-coated
surfaces. B. Adhesion of M07e cells on polydopamine-coated polystyrene (PS) increases with
the HA solution concentration used during grafting. C. Bioactive HA ad-layers were formed on
polydopamine-coated glass, tissue-culture PS, and indium tin oxide (ITO), as demonstrated by
attachment of M07e cells (red bars). Competition with soluble HA (blue bar) confirmed that cell
adhesion was due to grafted HA. D-F. Polydopamine-modified PS grafted with HA (0.5 mg/mL)
retains bioactivity during long-term culture with M07¢ cells. Images taken after normal-force
centrifugation show almost 100% attachment of expanding MO07e cells at days 2 (D; 2760 + 390
cells/cm?) and 4 (E; 5940 + 660 cells/cm?). In the absence of HA, the polydopamine-coated
surface supported similar levels of M07e cell expansion at day 4, but did not support cell
adhesion (610 + 630 cells/cm?) (F).
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Figure 4-12. Flow cytometry analysis of CD44 levels on M07¢ cells.

MO7e cells were stained with either isotype control (A) or anti-CD44-APC (B) antibodies to
determine the surface expression of CD44 receptors. The fraction of cells expressing CD44 was
determined by quantifying the number of cells within the sample having fluorescence intensity
greater than isotype-control-stained cells (P2 = 99.4% for CD44-APC stained cells). Data are
representative of two independent experiments.
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Figure 4-13. M07e cell expansion on TCPS, polydopamine, and polydopamine-HA surfaces.
Similar cell expansion is observed on all three surfaces. Curves are best-fit exponential (MS
Excel) and error bars show standard deviation. Represents average of 1-3 experiments/timepoint.
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4.4 Conclusions

In conclusion, we introduced a facile approach to surface modification in which self-
polymerization of dopamine produced an adherent polydopamine coating on a wide variety of
materials. Polydopamine coatings can, in turn, serve as a versatile platform for secondary
surface-mediated reactions leading ultimately to metal, self-assembled monolayer, and grafted
polymer coatings. This two-step method of surface modification is unique in its ease of
application, use of simple ingredients and mild reaction conditions, applicability to many types

of materials of complex shape, and capacity for multiple end-uses.
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Chapter 5: Surface-independent Layer-by-Layer Assembly

5.1 Objectives

Layer-by-layer (LbL) assembly has attracted much attention because of its ability to
create multifunctional films on surfaces while maintaining bulk properties(104). The method
relies on sequential adsorption of polymers onto bulk surfaces from solution, giving rise to
complex multilayered films. LbL assembly is simple to implement and offers extensive control
over film properties and composition during stepwise adsorption of components. Although the
vast majority of LbL films are built from polyelectrolytes via electrostatic interaction between
layers, more recently LbL films have been made with hydrogen bonding of polymers(105), and
other building blocks such as inorganic nanoparticles have been used, giving access to even

greater control of chemical and physical properties of LbL films.
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In principle, LbL assembly can be performed on a wide variety of substrates, including noble

metals (Au, Pt, etc.), oxides (quartz, Si, TiO,, mica etc.), and synthetic polymers (polyethylene
terephthalate (PET), poly(methyl methacrylate) (PMMA), polyetherimide, etc.)(106, 107). In
practice, however, formation of well-ordered LbL layers on many polymeric surfaces has proven
challenging(108-110), and LbL assembly on hydrophobic polymers such as
poly(tetrafluoroethylene) (PTFE), and polyethylene (PE) often requires aggressive ‘priming’
methods such as plasma treatments (108, 110), oxidative chemical reactions
(piranha/persulfonation)(111, 112), or polymeric adsorption(109, 113, 114). Our goal is to
develop a simple, non-destructive and versatile method that enables LbL assembly to be
performed on virtually any substrate (noble metals, semiconductors, metal oxides, synthetic

polymers, ceramics, and composites) as a useful addition to the LbL toolbox.

5.2 Materials and Methods

5.2.1 The synthesis of PEI-C and HA-C

3 g of PEI (Mw = 25 kDa, Sigma-Aldrich) was dissolved in 300 ml of PBS solution
adjusted to pH 5.5 wusing 1 N HCl solution. 1.52 g (17.4 mmol) of 3-(3,4-
dihydroxyphenyl)propionic acid and 2.71 g (34.9 mmol) of EDC were added, and the hpH of the
reaction solution was maintained at 5.5 for 2 hrs with 1.0 N NaOH. Unreacted chemicals and
urea byproducts were removed by extensive dialysis. Degree of substitution was determined by
ninhydrin test.

1 g of HA (Mw = 130 kDa, Lifecore) was dissolved in 100 ml of PBS solution adjusted
to pH 5.5 using 1 N HCI solution. 388.1 mg (2.5 mmol) of EDC and 474.1 mg (2.5 mmol) of

dopamine hydrochloride were added, and the pH of the reaction solution was maintained at 5.5
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for 2 hrs with 1.0 N NaOH. This reaction resulted in modification of 35.6% of primary amine

groups.
5.2.2 Layer-by-layer assembly

PTFE, PE, PC, PET, PMMA, Si, and Au surfaces were ultrasonically cleaned in
deionized water for 5 min and transferred to the PEI-C and HA-C solutions (5 mg/mL in water,
pH 6.5) for LbL assembly. The following cycle was generally used: (1) PEI-C for 3 min, (2)
wash in water for 1 min, (3) HA-C for 3 min, and (4) wash in water for 1 min. For PTFE, the
first PEI-C/HA-C adsorption was carried out for 2 hrs, and subsequent steps were same as
described. A control experiment involving LbL. on PTFE using as-supplied PEI (no catechol) in
each assembly step was performed with overnight adsorptions (18-24 hrs). The same method was
used for heterogeneous assembly of PEI-C/PAA (M,, = 90 kDa, Polysciences) followed by
alternating PLL/PAA adsorption. Concentrations of PAA and PLL (Ave M,, = 28,000 Da,
Sigma-Aldrich) were 3 mg/mL in 10 mM Tris, pH 7.0
5.2.3 Surface characterization

Spectroscopic ellipsometry (Woollam Co., Inc. Lincoln, NE) was used to determine the
film thickness. AFM surface topography was measured in air using an MFP-3D atomic force
microscopy (Asylum Research, San Diego, CA) operated in AC and contact modes. X-ray
photoelectron spectroscopy (Omicron ESCALAB) (Omicron, Taunusstein, Germany) was
performed to measure surface atomic composition. XPS is configured with a monochromated Al
Ka (1486.8 ¢V) 300-W X-ray source with an ultrahigh vacuum (< 10”® Torr). The takeoff angle
was fixed at 45°, and all spectra were calibrated using the hydrocarbon C(1s) peak (284.5 eV).

5.2.4 Bactericidal effect of silver nanoparticles
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E. coli (ATCC 35218) was grown in MHB (Mueller-Hinton Broth, cation adjusted)

at 37°C for 24h from previously frozen inoculums. Substrates were sterilized by UV treatment
and incubated at 37°C with 1 mL of phosphate buffered saline (PBS) containing ~10° CFU/mL E.
coli for 4 hrs with mild agitation. Substrates were rinsed with PBS and stained with Syto 9 and
propidium iodide in PBS (2 uL/mL) for 10 min and then mountained on glass slides. Attached

bacteria were imaged using a Leica epifluorescence microscope (40x mag).

5.3 Results and Discussions

5.3.1 Synthesis of catechol-containing polymers for layer-by-layer assembly on
poly(tetrafluoroethylene)

Poly(ethylenimine) (PEI), a cationic polymer with a history of use in LbL assembly(113,
115), was conjugated with 3-(3,4-dihydroxyphenyl)propionic acid to make catechol
functionalized PEI (PEI-C) (Figure 5-1). The degree of catechol modification in PEI-C was 63%
as determined by the ninhydrin test, thereby preserving the cationic character of the polymer for
use in LbL while at the same time mimicking the high catechol content of mussel adhesive
proteins(116). For an anionic polymer we chose hyaluronic acid (HA), a linear polysaccharide
found in extracellular matrix (ECM) of connective tissues which has also been used in LbL
assembly(117, 118). A catechol modified HA was synthesized by reacting dopamine with HA in
the presence of EDC, yielding HA-catechol (HA-C) with 35.6 % of carboxyl groups modified by
dopamine (Figure 5-1, bottom).

We first demonstrated LbL assembly on PTFE, chosen as an example of a particularly
challenging substrate for LbL due to its anti-adhesive property(119). The progress of LbL

assembly was monitored by X-ray photoelectron spectroscopy (XPS) as shown in Figure 5-1.
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The intensity of fluorine 1s (F1s) (690 eV) and carbon 1s (Cls) (292 eV, C-F) peaks

from bare PTFE (Figure 5-2A, top) decreased after the first cycle of PEI-C/HA-C assembly
(Figure 5-2A, middle) and completely disappeared after only three cycles (Figure 5-2A, bottom).
The fluorine composition at the PTFE surface decreased from 69 percent initially to only 1.6
percent after two-cycles of PEI-C/HA-C assembly (Figure 5-2B), demonstrating well-controlled
LbL deposition on untreated PTFE. Contact angle measurements clearly showed the stark
contrast in wetting characteristics of the PTFE surface before and after LbL assembly (Figure 5-
2C,D); the advancing contact angle (0,4y) decreased from 115° for unmodified PTFE to 27.8°
after three-cycle assembly (PEI-C/HA-C);. The importance of the catechol functionality in
effective LbL on PTFE was illustrated by poor wetting (0,4y = 69.5°) when unmodified PEI and
HA were used under the condition of significantly extended adsorption times (18~24 hrs per
each assembly) (E).
5.3.2 Poly(ethylenimine)-mediated surface-independent priming and layer-by-layer assembly

To demonstrate the substrate versatility of LbL using catechol functionalized polymers,
LbL assembly was also performed on several other polymeric surfaces (PE, PET, and
polycarbonate (PC)) generally considered to be difficult to functionalize without prior surface
modification. Comparative XPS studies of PEI vs. PEI-C adsorption on these substrates
confirmed the importance of catechol residues in first layer adsorption. For example, the nitrogen
signal (N1s), a useful indicator due to its presence in PEI-C chains but not in the substrate,
showed that PE was anti-adsorptive to PEI but was readily modified by PEI-C. On PET and PC,

trace amounts of nitrogen were detected following adsorption of PEI, although the nitrogen
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Figure 5-2. Layer-by-layer assembly on PTFE.

A. XPS spectra of bare PTFE (top), after the first cycle assembly of PEI-C/HA-C (middle), after
three cycles (bottom). B. Surface composition of fluorine (F1s) as a function of the number of
LbL deposition cycles of PEI-C/HA-C. C-E. Wetting of water on bare PTFE (C, 04.—=106°),

PTFE after three cycles of LbL assembly using PEI-C and HA-C (D, 64..~=19.7°), and PTFE after
three cycles assembly using PEI and HA (E, 05,=55.4°)
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amount was higher when PEI-C was used. Quantitative XPS analysis of surfaces (Supporting

Information) modified by PEI-C all contained similar nitrogen levels (5-7 percent) regardless of
substrate, whereas PEI modification of the same surfaces yielded uniformly low nitrogen content
(0-2 percent) (Figure 5-3A).

In this manner, LbL assembly on a variety of organic and inorganic surfaces was
facilitated using alternating cycles of PEI-C/HA-C adsorption. We used Au, SiOy, and PMMA as
representatives of noble metal, oxide, and polymer substrates, respectively. Ellipsometric
measurement of film thickness resulting from PEI-C/HA-C adsorption revealed a film deposition
rate of 2.1 nm/cycle (n) regardless of substrate (Figure 5-3B). The results suggest that
catecholamine polymers such as PEI-C facilitate LbL assembly on a wide variety of substrates, a
strategy we refer to as substrate-independent layer-by-layer (siLbL) assembly.

PEI-C also functions as a universal primer to facilitate subsequent LbL with other
polymers. We demonstrated this concept on a silicon wafer with poly(acrylic acid) (PAA) and
poly-L-lysine (PLL), two polymers that have a history of use in LbL assembly (120). First, PEI-
C was adsorbed as a primer layer on SiOy, after which XPS analysis revealed peaks
representative of both substrate (99.5 eV for Si2p, and 143 eV for Si2s) and polymer (285 eV for
Cls and 400 eV for Nl1s) (Figure 5-4A). The strong oxygen 1s (Ols) peak at 535 eV contains
contributions from the silicon oxide and hydroxyl groups of the catechol. Adsorption of PAA
followed by ten subsequent cycles of PLL/PAA adsorption [(PEI-C/PAA);-(PLL/PAA);¢] and
XPS analysis resulted in complete suppression of substrate signals (Si2p,2s), leaving only Cls,
Nls and Ols peaks corresponding to PAA and PLL (Figure 5-4B). The thickness of the
multilayer film was monitored by spectroscopic ellipsometry during LbL assembly, revealing a

roughly linear increase in thickness with PLL/PAA deposition (Figure 5-4C). Atomic force
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Figure 5-3. Characterization of layer-by-layer assembly on various surfaces. A. XPS spectra of
bare PTFE (top), after the first cycle assembly of PEI-C/HA-C (middle), after three cycles
(bottom). B. Surface composition of fluorine (F1s) as a function of the number of LbL deposition
cycles of PEI-C/HA-C. C-E. Wetting of water on bare PTFE (C, 05,=106°), PTFE after three

cycles of LbL assembly using PEI-C and HA-C (D, 04,=19.7°), and PTFE after three cycles
assembly using PEI and HA (E, 05,=55.4°)
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Figure 5-4. Layer-by-layer assembly of PAA and PLL on PEI-C primed SiOy. A. XPS spectrum
after single-step PEI-C adsorption on SiOx B. XPS spectrum of (PEI-C/PAA), -(PLL/PAA);
adsorption on SiOy. C. Ellipsometry thickness of (PEI-catechol/PAA); -(PLL/PAA),. AFM
image of a bare SiOx substrate (D), after (PEI-C/PAA), deposition (E), and after (PEI-C/PAA);-
(PLL/PAA)( deposition (F). AFM images showed relatively smooth topography of the
polymeric deposition.
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microscopy (AFM) imaging revealed a morphological transition from rough at an early stage

to uniform film formation after many layers (Figure 5-4 D-F). The change of surface
morphology could influence contact angle measurements.

Certain functional properties of LbL films may be enhanced by incorporation of catechol
residues into LbL films. For example, the strong interaction of catechols with surfaces(89, 121)
suggests that LbL films deposited onto a primer layer of PEI-C should enhance adhesion and
help prevent delamination of LbL films from substrate surfaces. Likewise, catechols could
enhance mechanical properties within LbL composite films- a preliminary report of enhanced
mechanical properties of catechol-containing LbL nanocomposite multilayer films has recently
appeared(122). Here, we demonstrate a useful functional property of LbL multilayer films
constructed from catechol containing polymers.

5.3.3 Spontaneous formation of silver nanoparticles embedded in catechol-containing
polyeletrolyte layers

The catechol groups in the LbL film are redox active and therefore can function as a
reducing agent to oxidize metal ions, as we previously demonstrated for spontaneous electroless
Ag and Cu metallization of catecholamine polymer coated surfaces from aqueous metal salt
solutions(123). In this case, we employed the latent reactivity of catechol functional groups in
PEI-C/HA-C LbL films for in-situ reduction of Ag(Ill) to Ag(0) within the LbL multilayer
(Figure 5-5A). First, LbL films of PEI-C/HA-C (n=20) were assembled on SiOy. Subsequently,
the LbL film and substrate were transferred to a silver nitrate solution (1 mM), upon which AFM
imaging of the surface revealed topological changes corresponding to Ag nanoparticle formation
(Figure 5-5 B-D). XPS analysis indicated a strong signal at 368.4 eV (Figure 5-5E),

corresponding to the reported binding energy of metallic silver (3ds»)(124). Given the
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antimicrobial activity of metallic silver(125), the bactericidal effect of the incorporated silver

particles in the LbL film was tested in an in-vitro adhesion experiment with Escherichia coli.
Surfaces were inoculated with 10° CFU of E. coli for four hours and then the number of dead
bacteria attached to the surface counted. Ag nanoparticle-embedded LbL films showed enhanced
anti-bacterial effects compared to the LbL film without Ag and the bare SiOx surface (Figure 5-

5F).

5.4 Conclusions

In conclusion, we described a simple approach to substrate-independent LbL assembly
by exploiting the strong interfacial binding property of catechol containing polymers. In
particular, use of the catecholamine polymer PEI-C as a universal surface primer facilitated LbL.
assembly on metal, oxide and polymer substrates. The strategy avoids the need for aggressive
chemical or physical pre-treatment regimens normally required for LbL on challenging
substrates such as neutral and hydrophobic polymers. Finally, the latent redox activity of
catechol groups incorporated throughout the LbL film was exploited for in-situ deposition of Ag
nanoparticles, imparting an antibacterial property to the multilayer film. With further
improvements and through full exploitation of the substrate versatility afforded by siLbL, silver
incorporated LbL films may be employed in the future to minimize bacterial fouling on a variety

of materials.
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Figure 5-5. Catechol-mediated silver nanoparticle formation in LbL films of PEI-C/HA-C and
antibacterial activity of the nanocomposite films. A. Schematic illustration of Ag nanoparticle
formation in LbL film via catechol oxidation in the presence of Ag(IIl). B-D. Topographic AFM
images of the LbL film after PEI-C/HA-C (n=20) deposition (B), and the same film incubated in
1 mM AgNOs solution for 30 min (C) and 18 hrs (D). E. XPS spectra of the silver incorporated
LbL film shown in D (18 hrs). Metallic silver photoelectron (3ds,,) was detected at the binding

energy of 368.4 eV. F. Live-dead assay of adhered E.coli on bare Si, LbL (n=20), and LbL+Ag
(n=20, 18 hrs) surfaces.
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Chapter 6: A New Reversible Adhesive Inspired by Geckos
and Mussels

6.1 Objectives

The adhesive strategy of the gecko relies on foot pads composed of specialized
keratinous foot-hairs called setae, which are subdivided into terminal spatulae of dimensions
approximately 200 nm(39). Contact between the gecko foot and an opposing surface generates
adhesive forces that are sufficient to allow the gecko to cling onto vertical and even inverted
surfaces. Although strong, the adhesion is temporary, permitting rapid detachment and
reattachment of the gecko foot during locomotion. Researchers have attempted to capture the
unique properties of gecko adhesive in synthetic mimics with nanoscale surface features
reminiscent of setae,(46-48, 126-128). However, maintenance of adhesive performance over
many cycles has been elusive,(46, 129) and gecko adhesion is dramatically diminished upon full

immersion in water(42, 43).
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The adhesive forces of the gecko have been observed to be on the order of 40 uN or

more per seta (41, 44) and 10 nN per spatula(130). Gecko adhesion has been explained as arising
from weak secondary bond forces such as van der Waals(44). However, adhesion of a single
spatulae varies as a function of humidity and is dramatically reduced under water (42, 43)
suggesting some contribution from capillary forces. Contact mechanics arguments have been
invoked to explain the subdivision of the setal contact surface into multiple independent
nanosized spatulae, giving rise to enhancement of the mechanical behavior (131). Although the
scaling depends on contact geometry, for the idealized case of a hemispherical contact, the
theory suggests that the adhesion strength scales as n'2, where n is the number of independent
contacts into which the area is subdivided. The contact splitting theory qualitatively explains the
scaling of dry adhesive systems employed by some amphibians and insects, and provides
guidance for development and optimization of synthetic gecko mimics (47, 132, 133). Synthetic
gecko adhesives that exhibit dry adhesion have been fabricated from polymers (46, 126, 127) as
well as multiwalled carbon nanotubes(128). However, maintenance of adhesion during repetitive
contacts has only been demonstrated for a few contact cycles (46, 129), and none have been
shown to function under water.

A celebrated biological model for wet adhesion is the mussel, which is well known for
its ability to cling to wet surfaces (53, 134). Mussels secrete specialized adhesive proteins
containing high content of the catecholic amino acid 3,4-dihydroxy-L-phenylalanine (DOPA)
(13, 15, 135). Both natural and synthetic adhesives containing DOPA and its derivatives have
demonstrated strong interfacial adhesion strength (21, 60, 61, 136). Using single- molecule

measurements in aqueous media, we recently demonstrated that DOPA formed extraordinarily
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strong yet reversible bonds with surfaces(89). In fact, the force necessary to dissociate DOPA

from an oxide surface (~800 pN) was the highest ever observed for a reversible interaction
between a small molecule and a surface(89). We speculated that the incorporation of mussel
adhesive protein (MAP) mimetic polymers into a gecko mimetic nanoadhesive would yield

strong yet reversible wet/dry adhesion- a property that existing materials do not exhibit.

6.2 Materials and Methods

6.2.1 Synthesis of dopamine methacrylamide (DMA)

20g of sodium borate and 8g of NaHCO; were dissolved in 200mL of deionized water
and bubbled with Ar for 20 min. 10g of dopamine-HCI (52.8 mmol) was then added followed by
the dropwise addition of 9.4 mL of methacrylate anhydride (58.1 mmol) in 50 mL of THF,
during which the pH of solution was kept above 8 with addition of 1N NaOH as necessary. The
reaction mixture was stirred overnight at room temperature with Ar bubbling. The aqueous
mixture was washed twice with 100 mL of ethyl acetate 2 times and then pH of the aqueous
solution was reduced to less than 2 and extracted with 100 mL of ethyl acetate 3 times. The final
three washes were combined and dried over MgSOy to reduce the volume to around 50mL. 450
mL of Hexane was added with vigorous stirring and the suspension was held at 4°C overnight.
The product was recrystalized from hexane and dried to yield 9.1 g of grey solid. "H NMR (400
MHz, DMSO-d/TMS): 8 6.64-6.57 (m, 2H, CcHH,(OH),-), 6.42 (d, 1H, C¢H,H(OH),-), 5.61 (s,
1H, -C(=0)-C(-CH3)=CHH), 5.30 (s, 1H, -C(=0)-C(-CH3)=CHH), 3.21 (m, 2H, C¢H3(OH),-
CH,-CHy(NH)-C(=0)-), 2.55 (t, 2H, C¢H3(OH),-CH,-CH,(NH)-C(=0)-), 1.84 (s, 3H, -C(=0)-

C(-CH3;)=CH,). *C NMR (400 MHz, DMSO-d/TMS): & 1673 (s, 1C, -NH-C(=O)-
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C(CH;)=CH,), 145.0 (s, 1C, -NH-C(=0)-C(CH3)=CH,), 143.5-115.5 (6C, CsH3(0O-C(=0O)-

CHj3),), 130.3 (s, 1C, -NH-C(=0)-C(CH3)=CH,), 41.0 (s, 1C, C¢H3(OH),-CH,-CH,(NH)-C(=0)-
), 34.6 (s, 1C, C¢H3(OH),-CH,-CH,(NH)-C(=0)-), 18.7 (s, 1C, -C(=0)-C(-CH3)=CH»).
6.2.2 Synthesis of p(DMA-co-MEA)

12.5mL of MEA was passed through a column packed with 30g of Al,O3 to remove
inhibitor. 7.5g of purified MEA (57.9 mmol), 1.7g of DMA (7.4 mmol), and 106 mg of AIBN
(0.64 mmol) were added to 20 mL of DMF in an AirFree® flask. The solution mixture was
degassed through pump-freeze-thaw cycles 3 times. While sealed under vacuum, the solution
was heated to 60°C and stirred overnight. The reaction mixture was diluted with 50mL of
methanol and added to 400mL of Et,O to precipitate the polymer. After precipitating in
DCM/ethyl ether two more times and dried in the vacuum desicator, 5.7 g of white, sticky solid
was obtained. "H NMR (400 MHz, CDCI;/TMS): & 6.81-6.70 (d, br, 2H, C¢HH,(OH),-), 6.58 (s,
br, 1H, CcH,H(OH),-), 4.20 (s, br, 2H, CH3-O-CH,-CH,-O-C(=0)-), 3.57 (s, br, 2H, CH3-O-
CH,-CH,-O-C(=0)-), 3.36 (s, br, 3H, CH3-O-CH,-CH,-O-C(=0)-), 2.69 (s, br, 2H, C¢H3(OH),-
CH,-CHy(NH)-C(=0)-), 2.39 (s, br, 1H, -O-C(=0)-CH(CH,-)-CH,-), 2.14 (s, br, 2H,
CsH3(OH),-CH,-CH,(NH)-C(=0)-), 1.93 (s, 3H, -NH-C(=0)-C(CHj3)(CH,-)-CH;-), 1.68 (m, br,
-O-C(=0)-CH(CHz;-)-CH>-), 0.98 (m, br, -NH-C(=0)-C(CHj3)(CH;-)-CH;-). Analysis indicated a
1:6 ratio of DMA to MEA in the copolymer. GPC-MALLS (Wyatt Technology, Santa Barbara,
CA with mobile phase of 20mM LiBr in DMF and Shodex-OH Pak columns): M, (average) =
252 kDa, PD = 1.73. For control experiments, a catechol-free p(MEA) homopolymer (M
(average) = 100 kDa, Scientific Polymer Products, Ontario, NY) was used.

6.2.3 Electron-Beam Lithography
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Electron-beam resist (950PMMA A3, MicroChem) was spin-coated (4000 rpm, 40

sec) on silicon wafer several times until the resist thickness, as measured by ellipsometry
(Woolam Co. Lincoln, NE), reached 600~700 nm. The resist was patterned at 30 kV with an area
dose between 650-800 pC/cm” using Quanta 600F (FEI Co. Hillsboro, OR). Resist development
was performed for 1 min with a solution of methyl isobutyl ketone/isopropanol (1/3, v/v),
followed by rinsing with water. The patterned substrates were treated with oxygen plasma
(Harrick, Pleasantville, NY) for 30 sec and repeated 2-3 times to completely remove residual
resist from the exposed Si regions. The patterned substrates were then exposed to a
triethoxyoctylsilane vapor for 30 min. PDMS was prepared as follows: 4 puL of Pt-catalyst
(platinum-divinyl tetramethyl-disiloxane in xylene) and 4 uL of modulator (2,4,6,8-tetramethyl-
2,4,6,8-tetravinylcyclotetrasioxane) were added to a 7-8% vinylmethylsiloxane solution (3.5 g).
The solution was subsequently mixed with a 25-30% methylhydrosiloxane (1g) solution. Finally
the solution was cured (80 °C) after spin-coating (1000 rpm for 1 min) onto the PMMA/Si master.
The spin-coated substrate was covered either by thin cover glass for force measurements or
sylgard-184 PDMS for other experiments such as optical imaging or x-ray photoelectron
spectroscopy (XPS). Gecko adhesive was obtained by PDMS pattern lift-off and brief exposure
to oxygen plasma (100 W, 30 sec) and used within 2-3 hrs after plasma treatment. Geckel
adhesive was prepared by dip-coating gecko adhesive in a 1 mg/mL solution of p(DMA-co-MEA)
in ethanol at 70°C. Unstructured controls were fabricated in the same manner using flat PDMS.
6.2.4 X-ray Photoelectron Spectroscopy

The presence of p(DMA-co-MEA) and p(MEA) on PDMS surfaces was confirmed by x-

ray photoelectron spectroscopy (XPS) (Omicron, Taunusstein Germany) equipped with a



117
monochromatic Al Ka (1486.8 e¢V) 300 W x-ray source and an electron gun to eliminate

charge build-up.
6.2.5 Atomic Force and Optical Microscopy

All force data were collected on an Asylum Mfp-1D AFM instrument (Asylum Research,
Santa Barbara, CA) installed on a Nikon TE2000 microscope. Spring constants of individual
cantilevers (Veecoprobes, NP-20 tipless Si3;Ny tips, Santa Barbara, CA) were calibrated by
applying the equipartition theorem to the thermal noise spectrum(64). Due to the large forces
exhibited by the adhesive, only tips exhibiting high spring constants (280 — 370 pN/nm) were
used. Metal and metal oxide coated cantilevers were formed by sputter coating ~10 nm of Au or
Ti (a native oxide formed at the Ti surface, TiOy) using a Denton Vacuum Desk III (Moorestown,
NJ). The surface composition of each cantilever was confirmed by time-of-flight secondary ion
mass spectrometry (ToF-SIMS), using a PHI-TRIFT III (Ga", 15keV, Physical Electronics, Eden
Prairie, MN). Cantilevers were treated by oxygen plasma (100 W, 150 mTorr) for 3 min before
use. Force measurements were conducted either in millipore water or ambient (air) conditions at
a cantilever pulling speed of 2 um/sec. In wet experiments, optical microscopic examination of
the contact region indicated the absence of air bubbles trapped between nanopillars and on the
nanopillar surface (not shown). Tapping mode AFM images were obtained using a multimode
Veeco Digital Instrument (San Diego, CA) with a Si cantilever (resonance frequency of 230-280
kHz). Contact area was imaged by an inverted optical microscope using a 40x objective
illuminated by a fiber-optic white light source perpendicular to the objective.

6.3 Results and Discussions

6.3.1 Fabrication of Geckel Hybrid Adhesive
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Our strategy employed arrays of gecko foot-mimetic nanoscale pillars coated with a thin

MAP-mimetic polymer film (Figure 6-1). Designs of both pillar array and coating polymer were
undertaken in view of current knowledge of the respective biological systems. For the pillar
array, primary design criteria include dimensions of the pillars and their spacing, as well as the
stiffness of the material(132, 133). For flexibility in adapting to rough surfaces, both supporting
substrate and pillar material were fabricated from poly(dimethylsiloxane) (PDMS) elastomer,
which is a well-known organic material with a long history of use in microfabrication (137). We
successfully fabricated arrays of PDMS pillars 200-, 400-, and 600nm in diameter, 1-3 pm
center-to-center distance, and 600-700 nm in height using electron-beam lithography (eBL). The
pillar arrays are supported on a continuous film of PDMS (2-3 mm in thickness), with each
PDMS pillar representing a single spatula found at the surface of a gecko foot (Figure 6-2A, B).
Pillar arrays of 400nm diameter and 600nm height were tested for adhesion.

Inspection of mussel adhesive protein composition gave insight into a rational design for
a mussel-mimetic polymer. First, the synthetic polymer should have a high catechol content
since DOPA accounts for as much as 27% of amino acids in the adhesive proteins found at the
interface between mussel byssal pads and their substrate(15). Second, long-lasting waterproof
adhesion requires polymers with low water solubility to prevent their loss into the aqueous
medium(116). Thus, we synthesized poly(dopaminemethacrylamide-co-methoxyethylacrylate)
(p(DMA-co-MEA); Figure 6-2C) through free-radical polymerization where the adhesive
monomer, DMA, accounts for 17% of this copolymer by weight ('H-nuclear magnetic resonance
spectroscopy, NMR). p(DMA-co-MEA) possesses high molecular weight and is insoluble in

water.
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Figure 6-1. Rational design and fabrication of wet/dry hybrid nanoadhesive.

E-beam lithography was used to create an array of holes in a PMMA thin film supported on Si
(PMMA/Si master). Casting of PDMS onto the master followed by curing and lift-off resulted in
gecko mimetic nanopillar arrays. Finally, a mussel adhesive protein mimetic polymer is coated
onto the fabricated nanopillars. The topmost organic layer contains catechols, a key component
of wet adhesive proteins found in mussel holdfasts.
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Figure 6-2. Fabricated gecko and geckel adhesives.
A. SEM image of eBL fabricated gecko nanopillar array (scale=10 um). B. AFM line scan of the

gecko nanopillars. The height and diameter of the pillars used in this study were 600nm and
400nm, respectively. The apparent widening of the pillars near the base is believed to be an
artifact arising from the pyramidal shape of the AFM tip used for imaging. C. Chemical structure
of the mussel adhesive protein mimetic polymer, p(DMA-co-MEA), which is applied to the
surface of the gecko nanopillars. D. SEM image of geckel adhesive after coating nanopillar array
with p(DMA-co-MEA). The coating has little effect on the pillar geometry (scale=10 um).
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p(DMA-co-MEA) was applied to the PDMS pillar array by dip coating in an ethanol

solution of p(DMA-co-MEA). X-ray photoelectron spectroscopy (XPS) analysis of the coated
substrate indicated a thin coating (<20 nm) as demonstrated by the presence of both silicon (103
eV, Si 2p) from PDMS and nitrogen (399 eV, N 1s) from p(DMA-co-MEA) (Figure 6-3). A thin
coating was desired for minimizing the change in pillar dimensions during coating, which was
confirmed by scanning electron microscopy after coating with p(DMA-co-MEA) (Figure 6-2D).
We refer to the resulting flexible organic nanoadhesive as ‘geckel’, reflecting inspiration from
both gecko and mussel.
6.3.2 Controlling Contact Area for Adhesive Force Measurement

The performance of geckel adhesive was evaluated using an atomic force microscopy
(AFM) system fully integrated with optical microscopy, which permitted simultaneous
measurement of the adhesive contact force along with clear visualization of nanoscale contact
area down to the single pillar level. In a typical adhesion experiment (Figure 6-4), the AFM
piezo was used to bring a tipless cantilever (Si3N4) into contact with the geckel pillar array, and
upon retraction the force necessary to separate the cantilever from the pillar array was measured.
Furthermore, independently changing the spacing (d) between pillars (d = 1, 2, and 3 um) and
the angle of orientation (0) between the pillar array and the cantilever axis (Figure 6-4B) allowed
us to control the number of pillars contacting the cantilever precisely from one to six. For
example, a geckel adhesive with d =3 um and 0 = 45° resulted in a single pillar contact (Figure
6-4C), whereas d = 1 pm and 6 = 0° resulted in six pillars interacting with the cantilever

simultaneously (Figure 6-4D).
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Figure 6-3. X-ray photoelectron spectroscopy (XPS) of gecko and geckel adhesives.

A. XPS was used to probe p(DMA-co-MEA) coating thickness in a semi-quantitative way. Spin-
coated PDMS showed no silicon signals (2s, 153 eV and 2p 103 eV) indicating that the coating
thickness is more than the x-ray penetration depth, typically around 20 nm. Dip-coating methods
showed both silicon and nitrogen signals, thus indicating that the coated polymer thickness is
<20 nm. B. Surface atomic compositions of unmodified and modified PDMS substrates from the
XPS data shown in (A). Dip-coated sample showed both silicon and nitrogen compositions.
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d = 3um; 8 = 45° d=1pm; 8 =0°

Figure 6-4. AFM method for adhesion measurement and imaging of contact area at the single
pillar level.

A. Experimental set-up for measuring adhesion. A tipless AFM cantilever is brought into contact
with the nanopillar array and then retracted while the contact area is imaged from an objective
located the underneath adhesive film. B. The number of pillars contacting the cantilever was
controlled through the distance, d, between pillars (d = 1, 2, and 3 um) and the angle, 0, between
the cantilever and the axis of the pillar array (8 = either 0° or 45°). The inset shows an SEM
image of a cantilever contacting a geckel pillar array to yield a five pillar contact condition (d =1
um and 0 = 45°). C and D. Optical microscope images showing contact between AFM tip and
pillar array. One pillar contact was achieved when d = 3 um and 0 = 45° (C), and six pillars were
in contact when d = 1 um and 0 = 0° (D).
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6.3.3 Adhesive Strength of Geckel

Adhesion experiments were performed both in air and under water for uncoated
(hereafter ‘gecko’) and p(DMA-co-MEA) coated (‘geckel’) pillar arrays (Figure 6-5). Pillar-
resolved (i.e. area-defined) force measurements showed strong adhesive forces when the
cantilever is pulled away from the pillar surface. Figures 6-5A and B show typical force-distance
(F-D) curves, with each curve representing a specific number (1-6) of 400nm diameter pillars
interacting with the Si3N4 cantilever surface. The pull-off force was determined from each F-D
curve and mean values from multiple experiments plotted in Figure 6-5D as a function of the
number of contacting pillars. The observed linear increase in force with pillar number indicates
constructive force accumulation, i.e. simultaneous detachment of individual pillars from the
cantilever. The adhesive force per pillar (Figure 6-5E) was calculated from the individual slopes:
39.8 £2 (gecko in air), 5.9 = 0.2 (gecko in water), 120 £ 6 (geckel in air), and 86.3 = 5 (geckel in
water).

Although the addition of p(DMA-co-MEA) coating on the pillars significantly increased
dry adhesion, the enhancement of wet adhesion was particularly dramatic, as the wet adhesive
force per pillar increased nearly 15 times (5.9 = 86.3 nN/pillar, Si3N4) when coated with
p(DMA-co-MEA). The geckel wet-adhesion strength was also high when tested against other

surfaces: titanium oxide (130.7 = 14.3 nN/pillar) and gold (74.3 £+ 4.1 nN/pillar) (Figure 6-6).
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Figure 6-5. Force-distance curves and adhesion strength of geckel adhesive.

All data are for contact with a SisNy4 cantilever. A and B. Retraction F-D curves for uncoated
gecko (A) and p(DMA-co-MEA) coated geckel (B) in water. The force required to separate the
cantilever from the adhesive was closely correlated to the number of pillars in contact. The
gecko adhesion F-D curves (A) were obtained for contact with one (red), two (blue), three
(green), four (pink), and five (black) pillars. Similarly, geckel adhesive F-D curves (B) were
obtained for one (red), two (blue), and three (green) pillar contacts. Significant wet adhesion was
only observed in geckel adhesives. C. Retraction F-D curve for contact between cantilever and
flat p(DMA-co-MEA) coated PDMS (contact area = 5.3 um?). The F-D curve showed complex
peeling behavior indicated by deviation from linearity beginning at a force value of
approximately -20nN. D. Mean separation force values vs. number of pillars for gecko (triangle)
and geckel (circle) in water (red) and air (black) (n > 60, for each data point). The linear
accumulation of adhesive force suggests no peeling during measurement. E. Adhesion force per
pillar, obtained from the slopes of the regression lines shown in panel D. Wet adhesion was
increased 15-fold in water. F. Long-term performance of geckel adhesive. Multiple cycles of
attachment/detachment of geckel adhesive were performed in water (red) and air (black).
Adhesion strength decreased by only 15% in water (red) and 2% in air (black) after 1100
successive cycles of contact/separation (two-pillar contact).
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The versatility of geckel is not surprising given recent single molecule force experiments

showing the ability of DOPA to interact strongly with both organic and inorganic surfaces(89).
These interactions can take many forms, including metal coordination bonds, pi electron
interactions, and covalent bonds. The lower adhesion strength of geckel on gold is in qualitative
agreement with our earlier single molecule pull-off and polymer adsorption studies that indicated
DOPA interacts less strongly to gold than to titanium oxide(75, 89).

Furthermore, as suggested by our previous study in which we observed the strong bond
between DOPA and a metal oxide surface to rupture upon pulling and then re-form when
brought back into contact with the surface(89), we speculated that geckel hybrid nanoadhesive
may exhibit reversible adhesion to substrates. Repetitive AFM force measurements showed that
geckel’s wet- and dry-adhesion power was only slightly diminished during many cycles of
adhesion, maintaining 85% in wet (red) and 98% in dry (black) conditions after 1100 contact
cycles (Figure 6-5F). To our knowledge no other gecko mimetic adhesive has demonstrated
efficacy for more than a few contact cycles(46, 129), and none have been shown to work under
water. Control experiments involving pillar arrays coated with catechol-free polymer, p(MEA),
showed lower adhesion strength (26 nN/pillar for the first contact cycle) as well as rapid decay in
the adhesion performance under cyclic testing (Figure 6-7), emphasizing the importance of the
mussel-mimetic catechol groups in enhancing wet adhesion as well as anchoring the p(DMA-co-
MEA) polymer on the pillar array. At the same time, it appears that the nanostructured surface is
essential to the observed geckel adhesive behavior. Force measurements on flat substrates coated
with p(DMA-co-MEA) indicated a complex peeling behavior initiating at low adhesive strength
(Figure 6-5C), which is in distinct contrast to the linear force accumulation behavior exhibited by

the geckel adhesive (Figure 6-5D).
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Figure 6-6. Substrate-dependent wet adhesion of geckel.

AFM force measurements revealed changes in wet adhesion of geckel on different substrates
(Si3Ny4, TiOy, and Au). 86.3 £ 5 nN for SizNy (the data from Figure 4D, Geckel-Water), 130.7 +
14.3 nN for TiOx (n = 50), and 74.3 = 4.1 nN for Au (n = 65).
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Figure 6-7. Wet adhesion of p(MEA)-coated gecko.

A. Adhesion of p(MEA)-coated pillar array to Si3N4 in water (5 pillar contact, 400nm pillar
diameter, d=1pm and 0 =45°). A significant decay in adhesion was observed with successive
contacts. The force traces shown in the figure represent every 10th cycle: 1(127.9 nN, black);
11(93.8 nN, blue), 21(86.6 nN, green), 31(82.7 nN, pink), 41(73.1 nN, orange), and 51(59.3 nN,
red). B. Carbon 1s high resolution XPS spectra of bare PDMS (panel a), p(MEA)-coated PDMS
(panel b), and p(MEA)-PDMS after incubation in water at room temperature for 18 hrs (panel c).
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6.4 Conclusions

The geckel nanoadhesive was shown to be highly effective at adhering reversibly to
surfaces under water, and with functional performance resembling that of a sticky note. Although
we must be cautious in extrapolating our results to larger areas because of the challenges
associated with maintaining equal load sharing among a large number of posts, in its current
form (400 nm pillar diameter and 1 um spacing) a 1 cm? surface area of geckel adhesive would
transmit 9 N of force under water (90 kPa). It is interesting to note that this value is similar to
estimates for the strength of gecko dry adhesion(41, 43, 44), suggesting that under wet
conditions our hybrid geckel adhesive may perform as well as gecko adhesives do under dry
conditions. Further refinement of the pillar geometry and spacing, the pillar material, and mussel
mimetic polymer may lead to even greater improvements in performance of this nanostructured
adhesive. The results of this study should be of relevance to the design of wet temporary

adhesives for medical, industrial, consumer and military settings.
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Chapter 7: Summary and Perspectives

7.1 Summary and Future Directions of Thesis Work

7.1.1 Cooperativity in mussel adhesion

Adhesives are essential to life - cyanoacrylates, epoxy resins, Velcro™, and other
commercial adhesives are readily available, and we use them almost everyday. Adhesives are
also used in industry; many products including even sophisticated semiconductors increasingly
require adhesives to bond materials together. Despite our tremendous dependence on adhesives,
most become completely nonfunctional upon exposure to water because the presence of water
plays an interfering role in the boundary layer at interfaces. Furthermore, all types of
intermolecular forces are dramatically decreased in aqueous environments. In addition, the

hydrophilic nature of many adhesive polymers often results in solublization and/or diffusion into
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an aquesous medium. Considering potential medical and industrial applications of water-

resistant adhesives, understanding interfacial interactions in the presence of water is of utmost
importance in development of effective adhesives.

In the sea, mussels are found to form a strong holdfast on surfaces of various materials in
which the mussel adhesive proteins are secreted from so-called mussel foot, a process that is
functionally equivalent to an injection molding. Measurement of adhesive strength of the
attached mussel pads has been a difficult task which is largely due to cohesive failure by the
strong pad and surface adhesion. The adhesive force measurement at a single-molecule level
described in Chapter 3 (700-800 pN for TiO,, ~ 2 nN for amine-presenting organic surfaces,
~400 pN for mucous layer and Au) revealed multiple adhesion mechanisms such as coordination,
covalent, and pi-pi interactions depending upon the chemical nature of opposing substrates. The
single-molecule information is expected to contribute on designing and understanding the
adhesion mechanism of DOPA-containing adhesives in the future.

Interesting yet unexplored topic is cooperative adhesion. DOPA is the most abundant
amino acid found in Mefp-3,5 (20 - 27 %) (11, 15), so that in a randomly distributed protein the
average distance between DOPA is about 2 nm (the coutour length of amino acid in proteins is ~
0.4 nm; 5 amino acids x 0.4 = 2 nm). Such close proximity of neighboring DOPA might result in
cooperative effects, allowing for mussels to survive even large forces in the harsh seashore
environment. It is expected that only 2 — 3 DOPA residues are strong enough to be equivalent to
a covalent bond under a cooperative adhesive condition. This mechanism may explain, at least in
part, the observation of cohesive failure of byssal threads when pulling a mussel body rather than
adhesive failure at the interface between substrate and adhesive pad.

7.1.2 Characterization of polydopamine coating mechanisms
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The DOPA-Lys motif in the amino acid sequence of Mefp-3,5 was demonstrated as

an essential component for material-independent adhesion that has been observed in mussel
adhesion (Chapter 4). Inspired by the chemical functionality of DOPA-Lys, dopamine, a bi-
functional catecholamine molecule, was identified as a precursor for material-independent
coatings. This polydopamine coating chemistry is unique due to the intrinsic latent chemical
reactivity toward amine and thiol groups, providing a convenient route for bio- and polymeric-
conjugation on any type of material surface.

Detailed characterization of the oxidative polymerization mechanism of dopamine, which
is reminiscent to the formation of biopigment of melanin, and biocompatibility of the coating,
remain as topics for future study. The use of structural analogues of dopamine such as
epinephrine, norepinephrine, and pyrogallol as well as isotope labeling (**C and N) will
provide better understanding of the polymerization mechanism. Other phenomena during
oxidative dopamine polymerization are also interesting topics to study which include the
formation of organic thin film at the air-water interface and nano- and micro-particles.

7.1.3 Improvement of gecko mimetic adhesives

In chapter 2, artificial gecko adhesives were reviewed and a new gecko-mussel hybrid
adhesive called ‘Geckel’ was introduced in chapter 6. However, the gecko mimetic adhesives
still do not match the properties exhibited by natural gecko adhesive. One possible reason is an
oversimplified geometrical design of artificial adhesive pillar arrays in which the natural gecko
hairs are approximated by a simple cylindrical shape, which is in contrast to the natural system
consisting of a spatular shape whose diameter is larger than that of the supporting pillar. Force
measurement in microscale hair mimics showed significant influence on the terminal shape of

artificial adhesive pillars. Pillars terminated by spatulalike structures performed far better in
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adhesion than flat, concave, and spherical terminal geometries (51). However, no

experiments (adhesion vs. tip geometry) have been reported for nanoscale pillars, which are the
dimensions of natural adhesives.

Another challenge is a large-area fabrication of nanopillar arrays for practical uses such
as wall-, ceiling-walking robots. Photolithography has been the method of choice for mass
production of semiconductors and microelectronic circuits, which requires a photomask with
desired patterns. Fabrication of a feature size about 200 nm with wafer-scale throughtput is not a
trivial task in academia. There are a few available lithographic techniques: phase-shift
lithography (138), projection lithography (139), and interference lithography (140, 141). The
phase difference controlled by varying the optical path length of the light passing throught
vicinal structures results in constructive and destructive interference, which improves the
contrast of light intensity on the surface of photoresist. However, it is difficult to create high
aspect ratio patterns similar to the nano-structures found in setae and spetulae of gecko’s hair.
Projection lithography is the method used today in industrial production, in which a picture in the
photomask is projected onto a wafer by an optical system located between the photomask and
photoresist. This approach is simple to create the array of gecko hair but the equipment for
projection lithography is not often available in academia. Finally, interference lithography is a
relatively new technique which uses fringe-to-fringe spacing (or period) generated by
interference of splitted monochromatic two-beam. This method is suitable to create a large area

pattern that exhibits a certain symmetry such as circle, retangle, and hexagon.
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