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Abstract
Design, Synthesis, and Characterization of Bioinspired Functional Coatings and Adhesives
by
Amir Peyman Delparastan
Doctor of Philosophy in Engineering - Materials Science and Engineering
University of California, Berkeley

Professor Phillip B. Messersmith, Chair

Catechol-based molecules have been identified as one of the key elements responsible for many
important functions in natural systems owing to their intrinsic physicochemical properties.
Capitalizing on these universal design principles found in nature, catecholic molecules have
been increasingly considered in the field of materials science as possible bioinspired struc-
tural motif candidates to synthesize and fabricate advanced engineering materials. This
thesis begins with a short introduction to the structural diversity of the most important
families of catecholic molecules found in biological systems, with an emphasis on elucidat-
ing the structure-property relationships arising from the chemical functionalities present in
their molecular structures. In chapter 1 the fundamental physicochemical interactions under-
taken by catecholic molecules at interfaces, both in nature and in bioinspired materials, and
common strategies for productive manipulation of these interactions are further described.
Chapter 2 aims to provide a more complete picture of marine mussel adhesion, particularly
at the molecular level, and facilitate developing a solid framework for the rational design
of mussel-inspired wet adhesives. In this chapter the interplay between chemical sequence
and topological structure in the mussel adhesive proteins is illustrated by highlighting the
results of our molecular level study on the interfacial adhesion of a library of mussel-inspired
peptides to organic and inorganic substrates. In chapters 3-6 a summary of the research on
design, synthesis, and characterization of catechol-based bioinspired functional materials for
implementation in diverse applications ranging from hybrid materials and coatings to high-
performance dry/wet adhesives is provided. In chapter 3, bioinspired catechol-based material
polydopamine (pDA), one of the most widely employed surface modification methods due
to its versatility and simplicity, is introduced and the results of the research undertaken
to elucidate the formation mechanism, structure, and molecular mechanics of this fascinat-
ing material is discussed. In chapter 4 some of the main shortcomings of these coatings
including their poor mechanical performance are described followed by reporting a simple
post-treatment approach via thermal annealing at a moderate temperature as a facile route
to enhance mechanical robustness of pDA coatings without compromising their inherent



functionality. A suite of characterization techniques are employed and analysis of the re-
sults shows fundamental changes in the molecular and bulk mechanical behavior of pDA
after thermal annealing, leading to considerable improvements in the ability of the coatings
to resist mechanical deformations. Chapters 5 and 6 describe developing catechol-based
pressure-sensitive adhesives (PSAs) by exploiting the mussel adhesion principles. In chapter
5 a combination of microscopic and macroscopic adhesion assays are used to study the effect
of catechol on dry and wet adhesion performance of the catechol-containing PSAs. Chapter
6 describes developing a new generation of synthetic amino-catechol adhesives inspired by
the adhesive synergy between flanking amine and catechol residues in the mussel adhesive
proteins. Comprehensive multi-scale adhesion characterization is used to probe performance
at the molecular, microscopic, and macroscopic levels, showing that coupling of catechols and
amines together within the same hybrid monomer architecture produced optimal cooperative
effects in improving macroscopic adhesion performance.



To my wonderful mother

For her support and constant love that have sustained me throughout my life. I am forever
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Preface

Catechol-based molecules have been identified as one of the key elements responsible for
many important functions in natural systems owing to their intrinsic physicochemical prop-
erties. Capitalizing on these universal design principles found in nature, catecholic molecules
have been increasingly considered in the field of materials science as possible bioinspired
structural motif candidates to synthesize and fabricate advanced materials. Chapter 1 of
this thesis begins with a consideration of the building block diversity in nature, introducing
important families of catechols, catecholamines, and plant-based polyphenols found in bio-
logical systems, with an emphasis on elucidating the structure-property relationships arising
from the chemical functionalities present in their molecular structures. Next, I review the
fundamental physicochemical interactions undertaken by catechols, which dictate the be-
havior of catechols at interfaces, in solution and in condensed phases, both in nature and
in bioinspired materials. Recognizing that assembling or fabricating functional materials
from catechols is often complicated by their unique reactive nature, I later discuss strategies
for productive manipulation of catechol building blocks during synthesis and fabrication of
materials. In the next chapters of this thesis I provide an overview of my doctorate research
on design, synthesis, and characterization of catechol-based bioinspired functional materials
for implementation in diverse applications ranging from hybrid materials and coatings to
high-performance dry/wet adhesives.

Binding in the presence of water, salts, and surface contaminants remains one of the
greatest challenges faced by man-made adhesives. The remarkable wet adhesion of marine
mussels has long been a source of inspiration for the adhesion community. However, despite
significant progress in the past few years, the true potential of mussel inspiration may not be
fully harnessed until a deeper understanding of the effects of chemical composition and topo-
logical structure of the mussel adhesive proteins on adhesion strength is achieved. Interest-
ingly, the adhesive synergy between flanking lysine (Lys, K) and 3,4-Dihydroxyphenylalanine
(DOPA, Y) residues in the mussel foot proteins have recently attracted notable attention.
However, unfortunately the complex topological relationship of DOPA and Lys as well as
the interfacial adhesive roles of other amino acids in mussel foot proteins have been under-
studied. In chapter 2, I present the results of our research that was originally appeared as
a peer-reviewed article co-first-authored by me in Nature Communications journal. In this
work, we reported on a study into the adhesion of a library of DOPA-lysine peptides to
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organic and inorganic surfaces and demonstrated the effects of chemical composition and
topological structural on wet adhesion and energy dissipation. Specifically, the results in-
dicated that increasing binding site density by simply adding more adhesive units to the
sequence contribute little to enhancing the overall interaction strength. This may explain
why natural proteins never have more than ~25% of the adhesive amino acid DOPA. We
also demonstrated that incorporating non-adhesive motifs as spacer in between the adhesive
sites can mimic function of the ‘hidden length’ in mussel proteins and lead to dissipating
more energy during the detachment process, ultimately resulting in enhanced wet adhesion
performance. Finally, the results revealed that although Phenylalanine (Phe) can perform as
well as DOPA on hydrophobic surfaces that can accommodate 77 or cation-7 interactions,
DOPA is a more versatile adhesive motif and has clear advantages for improving interfacial
adhesion on a broader range of substrates. The research presented in this chapter enabled
us to reveal previously unknown molecular features of mussel adhesion, which will inform
the future rational design of biomimetic wet adhesives.

In Chapter 3, which is adapted from the work originally appeared as a peer-reviewed ar-
ticle co-first-authored by me in Angewandte Chemie journal, I describe the research focused
on understanding the structure and molecular mechanics of bioinspired coatings. Inspired by
mussel adhesive proteins, polydopamine (pDA) is one of the simplest and most versatile sur-
face coatings that has been widely adopted for various areas ranging from energy harvest and
storage, as consumer coatings, and in therapeutic and diagnostic health care applications.
However, pDA remains a poorly understood material, with the dominant view in the liter-
ature being that pDA is a noncovalent supramolecular aggregate of small molecules. Our
research challenged this view by directly showing with single molecule force spectroscopy
(SMFS) that pDA is a high molecular weight polymer. The novel approach employed in
this work enabled us to, for the first time, perform molecular mechanics measurements of
pDA on the single molecule level and reveal important insights into pDA structure. The
key findings in this work provided a new perspective to the field and established a rational
basis for future design of advanced pDA materials with tailorable properties. The article has
collected more than 62 citations at the time of writing this thesis and has been selected as
the top 0.1% articles in the field based on Essential Science Indicators (ESI) database.

Chapter 4 describes an approach to improve the mechanical properties of the mussel
inspired nanocoating material pDA. In chapter 1, I introduce mussel inspired coatings and
provide background information about their chemistry and physicochemical properties. In
chapter 3, I discuss the findings of the research that shed light on the molecular structure and
mechanics of the coatings and briefly conclude with the outstanding challenges and oppor-
tunities in the field. pDA offers a simple and versatile approach to surface modification and
has been widely adopted for use in various areas. However, despite its widespread use, pDA
coatings are not mechanically robust and exhibit poor resistance to delamination and abra-
sion. In Chapter 4, I present an approach that involves a facile thermal treatment at modest
temperatures to enhance the mechanical robustness of pDA coatings. I describe results of



chemical spectroscopic, x-ray scattering analyses, and molecular mechanical characterization
which indicated that the thermal treatment induced fundamental chemical and structural
changes in the pDA nanocoating. Importantly, scratch resistance measurements showed that
the residual scratch depth of thermally annealed pDA was 4 times lower compared to the
pristine pDA coatings. This unique thermal post-processing approach offers a facile route to
improving mechanical properties of pDA, and may lead to more effective utilization of pDA
nanocoatings.

Chapter 5 is adapted based on the research originally appeared as a peer-reviewed article
co-authored by me published in ACS Applied Materials & Interfaces in 2019. Inspired by the
adhesive proteins of marine mussels, catechol-containing synthetic polymers have been exten-
sively explored for wet adhesion. However, practical potential of incorporation of catechols
into pressure sensitive adhesives (PSAs) remains to be unrealized. In this work we reported
synthesis of mussel-inspired PSAs by copolymerization of dopamine methacrylamide (DMA)
with common PSA monomers. A combination of microscopic and macroscopic adhesion as-
says were used to study the effect of catechol on adhesion performance of acrylic PSAs. We
observed that incorporating only 3 mol% of catechols can lead to stark increases in shear
and peel adhesion for the adhesives over PSAs with noncatecholic motifs. The enhanced
wet shear holding power of the catecholic PSA was illustrated by preparing a prototype
sticky note and assessing its underwater performance as compared to Post-it Extreme note,
a product marketed as water-resistant and engineered for tough conditions.

As mentioned before and described in detail in chapter 2, the presence of the catehcolic
amino acid DOPA in the adhesive proteins of marine mussels has long inspired researchers to
develop catechol-containing synthetic polymers. Recent findings have suggested that close
association of DOPA with cationic amino acids such as lysine can lead to significant improve-
ments in adhesion through synergistic effects between catechols and amines. In chapter 6, I
report our research on design and synthesis of a new generation of amino-catechol PSAs by
copolymerization of traditional PSA monomers with lysine- and aromatic-rich monomers.
This work reports the most advanced catecholamine monomer design to date, in which the
amine and catechol functional groups optimally arranged so as to enhance force transmission
from the substrate to the adhesive. The polymers were subjected to the most comprehensive
dry/wet adhesion characterization to date, including AFM-assisted molecular and micro-
scopic force spectroscopy as well as standard macroscopic static shear and peel adhesion
tests. The molecular and microscopic force experiments confirmed the synergistic effects
between catechols and amines. Macroscopic adhesion results further showed that incorpo-
rating lysine-catechol pairs into PSAs can lead to optimization of overall performance of
the catechol-amine adhesives. The results also demonstrated the key role of cation-aromatic
pairs as compelling molecular modules in enabling robust cohesion of mussel-inspired ad-
hesives and developing PSAs with remarkable resistance to flow under shear. The logical
approach to polymer design combined with multi-scale adhesion characterizations allowed
us to decouple the interfacial adhesive and intermolecular cohesive contributions and inves-
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tigate the effects of molecular architecture and aromatic structure on the overall performance.

Finally, I conclude the dissertation by highlighting some of the acknowledged limitations
and challenges associated with the translation of catechol-based molecules into functional
materials and provide possible directions and future trends for further exploitation of these
diverse family of molecules as building blocks for advanced materials.
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Chapter 1

Catechol-based Functional Materials

Abstract

Catechol-based molecules have been identified as one of the key elements responsible for many
important functions in natural systems owing to their intrinsic physicochemical properties.
Capitalizing on these universal design principles found in nature, catecholic molecules have
been increasingly considered in the field of materials science as possible bioinspired structural
motif candidates to synthesize and fabricate advanced engineering materials. This chapter
provides a short introduction to the biological background and structural diversity of cat-
echolic molecules found in nature, with an emphasis on elucidating the structure-property
relationships arising from the chemical functionalities present in their molecular structures.
Here, 1 review the fundamental interfacial and non-interfacial interactions undertaken by
catechols and discuss important strategies for productive manipulation of catechol building
blocks during synthesis and fabrication of functional bioinspired materials.

1.1 Introduction

Modern technological breakthroughs have generated a high demand for the design of novel
functional materials. In this regard, nature and the evolution of functional building blocks
by living organisms, can serve as a unique and vast reservoir of inspiration.[1, 2] Harnessing
nature’s wisdom and utilizing its design principles can be a viable approach to addressing
emerging challenges in engineering materials.[3] Enhanced functionalities of many natural
systems are attributed to their molecular features and assembly mechanisms from small-
molecule building blocks. For instance, protein-based mussel adhesion serves as one of many
model systems utilizing catecholic building blocks for attachment to wet surfaces. These
proteins are rich in 3,4-dihydroxyphenyl-L-alanine (DOPA), a catecholic amino acid residue
formed by the post translational modification of protein-bound tyrosine.[4, 5] Dopa is also
found in other marine organisms such as the cement of sandcastle worms and tunicates.[6]
This peculiar but abundant catecholic moiety found in mussel adhesive proteins is a key
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amino acid in the context of the diverse adhesive and cohesive interactions of these proteins.
Mussels” adhesive prowess, which relies on both the regulation and processing of catechol
chemistry, has inspired the design and development of numerous high performance synthetic
adhesives and primers.[7-9] Beyond mussels, many organisms including a wide variety of
bacteria, fungi and mammals produce melanin pigments that are composed of polymerized
catecholamine and/or indolic compounds. Melanin building blocks have been associated
with diverse functions ranging from UV protection of skin,[10] camouflage in response to
danger,[11] energy transduction in cellular integrity,[12] and immune response and melaniza-
tion at the injury sites in insects.[13] Melanin, due to its diverse physicochemical properties
have been extensively exploited in the recent years to develop new materials for energy,
medical and environmental applications.[14] In the plant kingdom, polyphenols are widely
distributed secondary metabolites with a high concentration of catecholic and phenolic hy-
droxyls in their molecular structures. In addition to their role as secondary metabolites,
polyphenols are linked to important biological functions such as chemical and radiation de-
fense, pigmentation, and structural support.[15-17] The ability of polyphenolic molecules
to transform into complex oligo-assemblies provides them with a remarkably diverse range
of physicochemical properties, making them intriguing natural products that are increas-
ingly appreciated as building blocks in the context of designing novel materials for various
applications ranging from biomaterials to hybrids and photonics.[18-20]

The progress towards capitalizing on the unique properties and rich chemistry of natural
catecholic building blocks has been rapid, leading to many breakthroughs in novel materi-
als.[18, 21-23] Here, I aim to further discuss the current demands and the existing challenges
regarding the expanding field of bioinspired functional materials. Fig. 1 summarizes some
of the emerging roles of these catecholic and polyphenolic building blocks as natural and
functional materials.

1.2 Structural Diversity in Catecholic Building Blocks

Although several thousand catecholic building blocks in nature have been identified and
categorized up to now,[24, 25] the list of molecules that have been practically explored for
developing integrated functional materials has been somewhat limited. Most of the represen-
tatives that have been adopted in this context are catecholamines such as dopamine,[26-28]
L-DOPA, norepinephrine, as well as a few gallol-based derivatives such as pyrogallol and
tannic acid.[21, 23, 29-32] As the physicochemical properties for each of these catecholic
building blocks vary, developing a set of design principles for utilizing this bioinspired tool-
box would be advantageous for fabricating functional materials. Towards this end, I will
be focusing the discussion on the three main classes of catechol-based building blocks as
depicted in Fig. 2, namely catechol- and gallol-based molecules as well as selected members
of the catecholamine family. In this section, these main structural categories will be intro-
duced, with an emphasis on discussing the underlying differences between them in terms of
structure-property relationships.
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Figure 1.1: Translation of bioinspired building blocks into emerging functional
materials. Pyrocatechol, pyrogallol and catecholamine moieties found in mussel, melanin
pigment, berries, cacao beans serve as main inspiration for the design of complex functional
materials applied in applications such as energy, photonics, adhesives, hybrids and medicine.



CHAPTER 1. CATECHOL-BASED FUNCTIONAL MATERIALS 4

Catechol-based Molecules

A closer look at the structures shown in Fig. 2 indicates the pivotal role of ortho-dihydroxy
(catechol) as the shared functional group. Many fungi, plants and animals[18, 21, 33] em-
ploy catechol-based molecules including pyrocatechols[19, 33] and pyrogallols[16] as essential
molecules in biochemical reactions and as building blocks of tissues. A notable example is
the holdfast or byssus of marine mussels, whose threads contain specialized proteins with
high contents of the post-translationally modified amino-acid 3,4-dihydroxyphenyl-L-alanine
(DOPA).[4] The catechol side chain in DOPA has been identified as a key motif enabling
strong adhesion of mussel threads to a variety of substrates in both dry and wet conditions.[9,
34] Among the many proteins present in the byssus, mussel foot proteins Mfp-1, Mfp-3 and
Mfp-5 have been shown to have the highest concentrations of DOPA. Mfp-1, abundant in
the cuticle of the thread and the plaque, acts mainly as a protective varnish layer for the
soft collagenous interior matrix. Mfp-3 and Mfp-5 are predominantly found at the plaque-
substrate interface and play an essential role in interfacial interactions contributing to strong
wet adhesion.[5] Besides fulfilling the role of interfacial binding, presence of catechol in the
threads is also speculated to be critical for solidification of the byssus. The participation of
catechols in a myriad of non-covalent and covalent chemical interactions is best manifested
makes it essential to the exceptional mechanical performance of mussel byssus.[33]
Catechin, usually found in high concentrations in tea leaves, is another example of the
catechol-based molecules in nature and has been recognized as an emerging building block for
developing bioinspired functional coatings.[25, 35, 36] The thin coatings formed on the inner
walls of tea cups represents the most common and everyday-life case of catechin oligomer-
ization.[37, 38| In general, catechol-based building blocks undergo oligomerization via two
distinct pathways: 1) salt-mediated non-covalent assembly and 2) enzyme-catalyzed or UV-
induced oxidative coupling. The first mechanism is usually favored in slightly basic condition
and is facilitated in the presence of high concentrations of salts which leads to strengthening
of the cation-7 interactions.[36] Presence of enzymes or UV-irradiation, on the other hand,
can result in generation of free radicals which can further trigger oligomerization and cross-
linking of the catechol-based molecules.[39-41] Although both of these pathways result in
formation of aggregated structures from small-molecule building blocks, salt-mediated mech-
anism leads only to physical stacking of the monomers rather than formation of covalently
cross-linked species. This further highlights that oxidative cross-linking of unsubstituted
catechols is hindered in the slightly basic conditions due to the relatively high pK, values of
hydroxyl groups (~9.5-11.5),[42] which suppresses deprotonation of catechols and formation
of o-quinones.[43] Nevertheless, catechol-based molecules have been successfully used to form
conformal coatings on a variety of target substrates in solutions with high concentration of
salts. However, as these coatings are mostly assembled only through relatively weak non-
covalent interactions, they generally do not exhibit remarkable stabilities. Unfortunately, not
many fundamental studies have focused on investigating physical and mechanical integrity of
this family of coatings.[44-46] Nonetheless, unlike the salt-mediated assembly method, UV-
irradiation can trigger the polymerization of catecholic monomers through aryl-aryl coupling
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induced by free-radicals. Levkin and colleagues have investigated UV-polymerization of a
range of catechol-based plant-derived polyphenols in detail and have successfully demon-
strated viability of this approach to control the deposition and photo-patterning of these
compounds on different substrates.[39, 47] Oxidase enzymes such as laccase can also enable
assembly of catecholic building blocks through oxidative coupling and formation of hetero-
oligomers.[41]

Urushiol Molecules and Lacquer Chemistry

Urushiol and its analogs (Fig. 2) are catecholic compounds that exist in lacquer tree, mostly
distributed in South and Southeast Asia.[48] In addition to their unique glossy appearance
when hardened, they possess high shear strength, chemical and heat resistance, as well as
strong insulation and waterproofing properties, explaining their historical use as protective
coating layers during the past thousands of years.[49, 50] Due to its amphiphilic structure
composed of a relatively hydrophilic head (catechol) and an aliphatic hydrophobic tail, urush-
iol is usually prepared as concentrated water-in-oil emulsion which can be used for painting
protective coatings.[51, 52] The urushiol in the paint can be further polymerized in air due to
the presence of trace amount of the enzyme laccase in the extraction mixture of lacquer tree
which can facilitate the oxidative process of o-quinone formation.[53] In order to circumvent
the need for long curing times, synthetic mimics of urushiol have been synthesized and cured
with metal ions followed by high temperature treatment to promote the cross-linking reac-
tions.[54] UV-induced photocuring has also been investigated as another alternative method
to stimulate the oxidative cross-liking of urushiol.[55]

Gallol-based Molecules

Gallol-based molecules have been widely explored as potential building blocks for develop-
ing multifunctional engineering materials.[21, 23] A number of most commonly investigated
molecules are listed in Fig. 2. Rather than discuss all known gallol-based molecules, instead
I focus on only the main molecules such as pyrogallol, gallate derivatives, and tannic acid
that have been more frequently employed in the context of building blocks for functional ma-
terials. One prominent example of gallol-based functional materials in nature is melanin that
is being incorporated by plants to strengthen their cell walls (Fig. 3). In contrast to melanin
found in animal pigments, plant melanin is lacking amine-derived moieties and the main
precursors include catecholic units such as caffeic acid and gallic acid.[56] During an injury,
polyphenol oxidases are released from the vesicles and catalyze the oxidation of tannins to
produce quinone species in the presence of oxygen.[57] These highly reactive quinone species
can crosslink through reaction with nucleophilic groups such as amines and thiols generating
a melano-protein which leads to the sclerotization and browning of the injury site. Simi-
lar to oxidative oligomerization of catechols, assembly of gallol-based molecules starts with
the formation of o-quinone species.[16] However, unlike catechols, the additional hydroxyl
group in gallol-based molecules enhances the intermolecular interactions through formation
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of auxiliary hydrogen and ionic bonds as well as adducts from the nucleophilic reactions of
the extra hydroxyl moiety with the quinone species (Fig. 3). The magnified intermolecular
interactions of tannic acid and gallol-based molecules can promote the formation of relatively
stable coatings as compared to those fabricated from catechol-based building blocks.[36] For
instance, kinetics of the oligomerization for the pyrocatechol and pyrogallol at the air/water
interface have been studied and it was demonstrated that interfacial films can be formed
about an order of magnitude faster for the case of pyrogallol compared to pyrocatechol.|[16]
Another striking feature of these coatings is their colorless nature; although many alternative
building blocks such as catecholamines have been investigated for fabrication of thin-films,
gallol-based molecules present the unique opportunity to develop colorless coatings.[25] In
the case of catecholamines, cyclization and intermolecular cross-linking reactions owing to
the presence of amine groups can result in formation of extended conjugated structures that
interact strongly with the light in the visible spectrum.[58] Since coloration can limit imple-
mentation of the coatings in many aesthetic applications, gallol-based building blocks can
be potential candidates for developing colorless multifunctional materials.

Catecholamine-based Molecules

Even though hundreds of catechol-based molecules have been investigated as building block
candidates, catecholamines have attracted the most interest and been widely adopted to de-
velop synthetic functional materials. Polydopamine (pDA),[29, 59] poly-norepinephrine,[31]
and melanin-mimic poly-DOPA[60] are just a few examples of the most well-established
members of this family that have been extensively studied for more than a decade.[32, 61]
Presence of a nucleophilic amine group in the these molecules play an essential role in accel-
erating the oligomerization of building blocks through formation of a number of important
intermediates including dihydroxyindole (DHI) or its analogs. As shown in Fig. 3 and
discussed in detail in many outstanding reviews before,[29, 33, 62, 63| these intermediates
can strongly contribute to the formation of hierarchical structures such as those identified
in eumelanin[30, 58] and pDA.[64-66] In addition, catecholamines and DHI intermediates
have been shown to play essential roles in the stiffening and hardening of insect exoskele-
tons during cuticle formation or sclerotization.[67] The process is initiated by the action of
phenoloxidase enzyme on catecholamine sclerotizing precursors, such as N-acetyldopamine
and N-b-alanydopamine, to generate quinones which in turn form adducts with the side
chain hydroxyl groups of chitin protein, a major structural component of the cuticle.[57,
68] It has been demonstrated that substituting dopamine for amine-protected derivatives
such as N-acetyldopamine and N-S-alanyldopamine could result in improving the mechani-
cal integrity of the cuticle, further highlighting the important role of catecholamines in the
reaction mechanism.[68]
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Catechol-based Molecules
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Figure 1.2: Families of catechol-based molecules. Chemical structures of most com-
monly used catechol-, gallol-, and catecholamine-based molecules as building blocks for func-
tional materials.

L-DOPA: A Basic Building Block for Eumelanin Formation

Melanin is a ubiquitous biological pigment found in organisms throughout nature. Eumelanin
is the black-brown subgroup of melanin pigments and is present in the skin, hair, and feathers
of animal species.[57] Formation of eumelanin initially involves the enzymatic oxidation of L-
DOPA into dopaquinone by tyrosinase. Dopaquinone itself can undergo subsequent cycliza-
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tion and rearrangements with or without decarboxylation leading to 5,6-dihydroxyindole-2-
carboxylic acid (DHICA) or 5,6-dihydroxyindole (DHI) monomer precursors, respectively,
which are then further oxidized and polymerized to produce the black insoluble eumelanin
pigment.[69-71] At the molecular level, crosslinking of eumelanin building blocks can oc-
cur at several reactive sites, conferring on eumelanin with a degree of chemical disorder
in addition to its aggregation-dependent functional properties.[57] Nevertheless, despite the
disorder observed at the primary levels, Watt et al., Clancy et al., and others have reported
compelling evidence demonstrating that melanin, both in natural and synthetic forms, can
assemble into stacked structures defined by heteroatomic non-covalent interactions with a
characteristic inter-plane spacing of ~3.7A. [72-74] The extent of macroscopic stacking of lay-
ers and aggregation of protomolecules in eumelanin highly depends on its formation pathway
and relative proportion of DHI- and DHICA-derived units.[30, 60, 75, 76] Eumelanin is a
remarkable example of a hierarchical material formed through aggregation and assembly of
small molecules and is responsible for many different functions ranging from photoprotection
and camouflage to metal ion chelation and free radical sequestration in natural materials.[77,
78] Endowed with diverse physicochemical properties, eumelanin and melanin-inspired ma-
terials have attracted significant scientific attention and have become a real possibility for
many cutting-edge applications in electronics, optics, and sensors.[71, 79

Dopamine: A Mussel-inspired Building Block for Multifunctional Materials

Although the multiple and important roles of DOPA residues in mussel byssus have been
studied for decades, the distinct advantages of utilizing small-molecule catecholamines as al-
ternative models for mussel adhesive proteins has become apparent only in the last decade. |29,
61, 80] Inspired by the co-presence and high concentration of catechol- and amine-containing
residues in the mussel adhesive proteins, dopamine, generally known as a neurotransmitter,
was conceived as a small molecule alternative to the adhesive proteins since it is uniquely
equipped with both catechol and amine moieties in its molecular structure.[61] pDA, de-
rived from auto-oxidation and polymerization of dopamine monomers has become the most
widely utilized multifunctional poly(catecholamine) material since it was first introduced
in 2007.[61] Following a similar mechanism to that of the eumelanin formation, the initial
stages in oligomerization of dopamine into pDA involve auto-oxidation of catechol groups
giving rise to o-quinones, which can further undergo intramolecular cyclization reactions to
yield DHI (Fig. 3c). For the next stages of the pDA assembly two main pathways have
been proposed: 1) formation of supramolecular aggregates of monomeric and/or oligomeric
species held together via relatively weak intermolecular interactions such as hydrogen bond-
ing, 77 stacking, and cation-, or 2) alternatively formation of linear polymer chains due to
covalent coupling of the oxidized and cyclized dopamine monomers via aryl-aryl linkages.[45,
58] Polymerization of dopamine into pDA by a simple and low-cost dip-coating procedure
results in deposition of conformal coatings on a variety of substrates as well as formation of
particles as suspension, both of which have been extensively investigated as versatile plat-
forms to develop complex functional materials for various applications.[29, 59, 78, 81] In
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addition, reactivity of the chemical residues in its structure towards nucleophilic amines and
thiols endows pDA with superior capacity to immobilize and conjugate variety of molecules
through Michael addition or Schiff base formation.

Norepinephrine and Epinephrine: Neurotransmitters as Functional Building
Blocks

Norepinephrine (NE, also known as noradrenaline, NA) and epinephrine (EPI, also known as
adrenaline) are neurotransmitters derived from dopamine. Although these molecules can fol-
low a similar aggregation pathway to those of the eumelanin and pDA formation, presence of
an extra hydroxyl group on their aliphatic chain can lead to the formation of additional inter-
mediates. For instance, a 3,4-dihydroxybenzaldehyde (DHBA) intermediate can be formed
during oxidation of NE, which can further react with the amine group in norepinephrine to
form DHBA-NE adducts. It has been suggested that these intermediates and adducts can
contribute to the reduced roughness of the pNE coatings compared to pDA.[31, 32| Unlike
dopamine and NE, EPI lacks the primary amine group in its structure which can presumably
adversely affect its assembly due to diminished intermolecular interactions. Nevertheless,
it has been reported that self-oligomerization of EPI can result in more homogenous and
uniform coatings on TiO, substrates as compared to pDA coatings.[82] Unfortunately, the
potential of using EPI as building block for functional materials has not been investigated
in detail and its assembly mechanism still remains unclear.

1.3 Molecular Mechanics of Catecholic Building
Blocks

Incorporating polyphenolic and catecholic building blocks into materials can imbue the struc-
tures with a wide range of functional properties.[21] However, to adhere onto templates and
form different architectures, these molecules should possess two fundamental characteristics:
first, the interfacial adhesion should be strong enough for the molecules to effectively adsorb
onto the substrates or templates, and second, the intermolecular interactions between the
subunits should be sufficiently large to hold them firmly together. In addition, the molecules
should be able to undergo further reactions with secondary components in order to generate
hybrid assemblies with integrated functional properties. The essential utility of the catechol
as a building block for developing functional materials is rooted in its versatility in forming
a broad range of both non-covalent and covalent interactions.[33, 83| This section aims to
provide a brief summary of the most important interfacial and non-interfacial interaction
mechanisms for catechol-based molecules.
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Figure 1.3: Formation pathways for gallol-based melanin, eumelanin, and pDA.
Oxidation of catechol results in formation of o-quinone species which can further trigger aryl-
aryl coupling and nucleophilic addition reactions to yield oligomers and protomolecules. Ag-
gregation of these building blocks lead to formation of stacked structures. Unlike pyrogallol-
derived plant-melanin, presence of primary amine group in the DOPA molecule results in
intermolecular cyclization reactions to form DHI and DHICA intermediates, which can fur-
ther oligomerize and assemble into eumelanin. Besides the eumelanin-like pathway, and
additional formation mechanism has been proposed for pDA based on the formation of lin-
ear heteropolymer chains of catechol- and indole-based monomers.

Interfacial Adhesive Interactions

The interfacial adhesion of polyphenolic and catechol-based molecules and building blocks is
attributed to the broad range of mechanisms that catechol moiety employs to interact with
different inorganic or organic surfaces. These mechanisms have been thoroughly investigated
before and reported in many great reviews.[5, 33, 34, 62, 63, 84, 85] Here I briefly describe
some of the main adhesive and cohesive interactions of catechol as depicted in Fig. 4. For
instance, catechol groups can bind to a variety of substrates, inorganic metal oxides and
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organic materials with polar groups, via hydrogen bonding. On hydrophobic surfaces weak
van der Waals forces play an important role in the adsorption process.[62] If the surface
contains aromatic groups (e.g. polystyrene, graphene, carbon nanotubes), the -7 stacking
interactions between the phenyl ring of catechols and aromatic-rich surfaces are proposed
to prevail over other weak non-covalent interactions.[62, 86] For the case of metal oxide
and metallic substrates, the main adhesion mechanism of catechols is through coordination
bonding and complexation.[86, 87] Catechol group can also bind to organic substrates that
contain nucleophilic groups through covalent attachments via Michael addition or Schiff
base formation.[33] This outstanding reactivity of catechols towards nucleophiles such as
amine or thiol has been extensively utilized to conjugate a variety of biomolecules onto the
catechol-containing materials.[33, 88] For the case of catecholamines, the presence of primary
amine group has been proved to be an important contributor to the adsorption process. For
instance, it has been demonstrated that adhesive strength of polycatecholamine coatings is
almost 30 times higher than that of polycatechol coatings, possibly due to the surface salt
displacement by the primary amine and improved cation-7 interactions.[89] In addition, for
organic surfaces bearing primary amino groups, the aromatic ring of catechol can further
establish cation-7 interactions with protonated amines and facilitate the adsorption and
assembly process.[90]

Non-interfacial Cohesive Interactions

Besides enjoying a myriad of adhesive mechanisms for the attachment to different substrates
and templates, catechol-based molecules should also be able to interact strongly with one
another in order to form a stable assembled structure. Owing to the versatile chemistry of cat-
echol, both non-covalent and covalent interactions can contribute to the structural integrity
and provide the bulk material with cohesive strength.[33] For example, catechols and cate-
cholamines are known to be prone to electron oxidation resulting in formation of o-quinone
species (Fig. 4).[33] These species play a key role in cross-linking and formation of covalent
interactions between the subunits through arylaryl coupling reactions. Quinone-mediated
coupling reaction can be facilitated in the presence of enzymes or redox-active metal ions
such as Fe3* or Cu?* and has been recognized as a major contributor to solidification of the
catechol-containing proteins in the mussel threads.[33, 91-94] The o-quinones formed during
catechol oxidation can also contribute to intra- and/or inter-molecular interactions through
reaction with a variety of nucleophiles including amines or thiols via Michael addition or
Schiff base formation pathways as shown in examples in Fig. 4.[33] For instance, primary
amines can react with quinone species to form cyclic DHI products. As a result, compared to
the amine-free catecholic molecules, catecholamines can benefit from supplementary mecha-
nisms to enhance their intermolecular interactions and produce more robust structures. In
addition to the covalent interactions, catecholic building blocks can also use a variety of
non-covalent strategies including hydrophobic interactions, cation-m, hydrogen bonding, and
coordination complexation with metal ions (e.g. Fe3*, Cu?*, Ca*") to form stable assem-
bled structures. Although non-covalent in nature, the metal-catechol coordination bonds
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offer stiffness and strength approaching those of a covalent bond, which strongly depend
on the coordination state of metal ion.[95-97] The critical role of cation-7 interactions in
enhancing the cohesive strength of catecholamine aggregates has also been highlighted in the
recent years.[98-100] Another striking feature of catechols and catecholamine building blocks
is their ability to form dynamic covalent bonds with boronic acids. The catechol-boronic acid
complexes are stimuli-responsive in nature towards pH, temperature, and presence of com-
peting species.[101, 102] These dynamic covalent interactions have been applied to develop
a broad range of functional materials including therapeutics, biosensors, and self-healing hy-
drogels due to the fast kinetics and pH-responsiveness of the interactions in the physiological
range.[102-105]
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Figure 1.4: Physicochemical interactions of catecholic molecules. A brief represen-
tation of the main interfacial interactions (left) and non-interfacial molecular interactions
(right) utilized by catecholic building blocks.

1.4 Manipulation Strategies for Integration of
Catecholic Molecules into Functional Materials

As described earlier in detail, phenolic hydroxyl groups of catechols and polyphenols can
take part in a wide range of reactions to form covalent and non-covalent interactions.[33] Al-
though these interactions result in embedding the catechol-containing materials with many
unique characteristic properties, the high reactivity of the phenolic hydroxyls towards many
substrates and reagents can render developing catechol-functionalized materials a syntheti-
cally challenging task. As a result, protection of the labile hydroxyl groups is often necessary
to prevent the side reactions during the synthesis of catechol-containing materials.[106, 107]
Over the past decades many protection strategies have been adopted and developed to ac-
complish this goal and resulted in successful incorporation of catechol moiety into synthetic
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schemes. For instance, despite the important distinctions between phenolic hydroxyls and
alcohols in terms of their chemical reactivity, many of the protective groups developed for
alcohols have also been utilized for catechol protection due to similarities that exist between
these two functional groups.[106, 107] As a case in point, similar to protection of alcohols,
the chemical reactivity of catechol moiety can be temporarily restricted through installation
of ether or ester protective groups. Moreover, the presence of the vicinal hydroxyl groups in
catecholic molecules enables additional protection strategies using bidentate groups to form
cyclic derivatives such as acetals, ketals, and borate esters.[106] This section aims to provide
the readers with a brief overview of the commonly used catechol protection strategies and
demonstrate their utilization for developing catechol-containing materials in the recent years.
For a more thorough description of the catechol protection methods, I refer the interested
readers to some of the focused articles on the subject.[106, 107]

Alkyl Ether Protective Groups

Ethers along with esters and carbonates are some of the most widely used strategies to block
the phenolic hydroxyl groups during synthesis of catechol-containing materials. Although
similarities exist between ether and ester protection of alcohols and phenols, phenolic ethers
and esters are generally more labile to cleavage and hydrolysis compared to alcohol derivatives
due to the differences in the chemical reactivity and pK, of phenolic hydroxyls.[106, 107]
It should be also noted that when using these strategies to selectively protect the hydroxyl
groups of catecholamine molecules, it is often necessary to first mask the amino group in order
to avoid alkylation or acylation on the nitrogen.[108] A few distinct synthetic pathways are
generally employed to alkylate phenolic hydroxyls. Simple alkyl ethers can be formed through
nucleophilic substitution reaction on an alkyl halide (e.g. Mel) or sulphate (e.g. MesSOy)
with the phenol or phenolate anion in the presence of a base (e.g. KoCO3 or NaOH).[106,
107, 109, 110] A similar approach can be used to form phenolic ethers from benzyl halides.
Alternatively, other methods have been developed for alkylation via a relatively fast, room
temperature reaction between the free phenol with a diazoalkane such as CHyN5 or CH;CHN,
in an inert solvent.[106, 107] Depending on the stability of the alkoxy or aryloxy leaving
groups, the deprotection can be carried out using strong Bronsted acids such as TFA, HySOy,
HBr or HCl in appropriate reaction conditions.[107] For instance, while the t-butyl protecting
group can be removed by treatment with TFA at room temperature, removal of the methyl
ether group requires harsh reaction conditions and is usually performed in the presence of
concentrated hydrogen halides with reflux at high temperatures.[106] Cleavage of the ether
bonds can alternatively be realized in the presence of strong Lewis acids such as AICl3 or
BBrj3 in inert solvents such as CHyCly at moderate temperatures.[106, 107] Ether protection
strategy has been shown to be effective in masking hydroxyl groups during the synthesis
of catechol-containing functional materials. For instance, Yoshie and colleagues employed
this protection/deprotection route to incorporate catechol and gallol functional motifs into
polymers for developing tunicate-inspired underwater adhesives.[111] Very recently, Fischer
et al. studied the effects of catechol-amine spacing and positioning on the adhesion of
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peptides by employing a similar approach for protection of catechols during the synthesis
their systems.[112] However, despite many successful examples alkyl ether strategy used to
protect catechols, the efficacy of the installation methods are typically highly influenced by
the nucleophilicity and steric hindrance of the reagents.[106, 110, 113] More importantly,
removal of the ether protecting groups often requires harsh reaction conditions that might
adversely affect other functional groups present in the molecule. As a result, efforts have
been made to develop ether protection strategies that offer more flexibility in the installation
and cleavage reaction conditions.[110, 113] A prominent example in this area is silyl ether
strategy that has been extensively used in the recent years for catechol protection.[114]

Silyl Ether Protective Groups

Over the recent years silyl protecting groups have gained prominence as a viable strategy for
the protection of catechols mainly owing to the relative simplicity of their installation and
removal.[114] Silyl protection of catechols can be readily accomplished using reactive com-
mon silylating reagents such as trimethylsilyl (TMS), tert-butyldimethylsilyl (TBS), or tert-
butyldiphenylsilyl (TBDPS) in the presence of a base such as 1,8-diazabicyclo[5.4.0Jundec-7-
ene (DBU).[115, 116] Removal of the silyl ether groups is typically achieved by acid-catalyzed
hydrolysis or alternatively via nucleophilic fluoride reagents such as tetrabutylammonium flu-
oride (TBAF).[116, 117] Reactivity and stability of the silyl ethers is highly dependent on
the steric volume and electronic properties of the Si substituents.[106] For instance, while
TBS is a widely used silyl protective group owing to its relative good stability to acid and
base, TMS ethers are often used as a transient protection strategy in synthetic schemes as
they are easily hydrolyzed even in the presence of weak acids.[114] Due to this wide range
of reactivity, new silylating agents and methods are constantly being developed to enable a
more precise manipulation of the functional groups during complex chemical schemes.[114]
The silyl ether protection strategy has been successfully employed to incorporate catechol
groups into functional materials. For instance, Hawker, Waite and colleagues demonstrated
a simple synthetic strategy using silyl protection for introducing catecholic moieties into
polysiloxane derivatives for fabrication into 3D microstructures as well as 2D patterned sur-
faces.[118] Bioinspired high performance structural and pressure-sensitive adhesives, as well
as toughened elastomers have also been recently synthesized utilizing silyl ether protecting
groups as strategy for masking catechols during synthesis and preparation.[119, 120]
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Figure 1.5: Overall view of the main protection strategies for catechols and
polyphenols.

Ester and Carbonate Protective Groups

In addition to what was discussed above on the use of alkyl and silyl ether blocking groups
for phenolic hydroxyls, polyphenols and catecholic molecules can alternatively be protected
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through formation of aryl esters or carbonates.[107] Acylated polyphenols and catechols can
be prepared from the reaction of the phenolic hydroxyls with an acid chloride or anhydride in
the presence of a base.[106, 107] For instance, aryl acetates can be prepared through reaction
of phenols and acetic anhydride in isopropyl alcohol (IPA) at slightly basic conditions.[106]
Aryl esters are generally less stable compared to esters of alcohols and can be readily cleaved
through room temperature saponification in the presence of even mild bases such as sodium
bicarbonate in methanol.[107, 121] As a result, the ester blocking strategy method is of-
ten used for protection of catecholic derivatives with functional groups that are sensitive
to strong acids or reducing agents.[107] Moreover, although the lability towards based cat-
alyzed cleavage can limit the range of subsequent reaction conditions, this method provides
with the opportunity to selectively remove phenolic esters while preserving the other ester
linkages in the molecule. Polyphenols and catechol derivatives may also be blocked using
cyclic carbonate ester protective groups.[106] Although a few derivatives have shown to be
effective in blocking the catecholic hydroxyls, carbonate esters have not been frequently used
protecting group strategy, most likely due to their relative inaccessibility and lability.[106]

Borate and Ortho Ester Protective Groups

Boric acid derivatives can be used to protect catechol group in basic environment through
formation of a cyclic borate ester.[122-125] The protection is usually performed in the pres-
ence of borax buffer at slightly basic pH to form a borate ester or with addition of phenyl-
boronic acid to form a cyclic phenylboronate ester.[122] The borate protection group can
be readily removed via hydrolysis by dilute acid (typically HCI at pH of 1-2) since the
equilibrium is highly influenced by the pH.[122, 123, 126] At any given pH, stability of the
borate-catechol esters is highly dependent on the pK, of both boric acid derivative and the
catecholic molecules.[127] As a result, the formation of borate-catechol complexes is usually
facilitated in a typical pH range of 8 to 10, though chemical modifications of boric acid or
catecholic molecules (e.g. presence of electron withdrawing groups such as NO,) is shown
to decrease the pK, and therefore drive the formation of esters at lower pH values.[127-129]
The unique pH sensitivity of the catechol protection through boronate ester formation has
been successfully utilized to control the adhesive properties of catechol-containing smart ad-
hesives.[130] In addition to borates, ortho esters have also been used as protecting groups for
catechols and catechol-derived molecules.[131] Ortho esters are generally stable in neutral
or basic conditions but are labile to acid hydrolysis. As a result, ortho esters have found
applications for masking catecholic hydroxyls in peptide synthesis due to their compatibility
with a variety of base-labile protective groups.[131, 132] For instance, methyl chloroformate
and cyclic ethyl orthoformate (Ceof) have been successfully used in the past for protec-
tion of catecholic hydroxyl groups and been applied in the solid-phase peptide synthesis of
mussel-mimetic DOPA-containing peptides.[132]
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Acetal and Ketal Protective Groups

Both hydroxyl groups of catechols can be protected simultaneously through reaction with
aldehydes or ketones to form cyclic diethers known as acetals or ketals.[116, 133, 134] This
strategy can be especially useful for selectively protecting the vicinal hydroxyl groups in
the presence of isolated phenol groups. Moreover, acetals and ketals are generally stable
in basic conditions, providing some degree of freedom in performing chemical reactions at
other functional sites of catechol-containing molecules without interfering with the catechol
protecting groups.[106] However, these groups can be removed through acid catalyzed hy-
drolysis in a similar fashion to what described previously for the ether protection strategy.
The deprotection typically involves protonation of the phenolic oxygen and breakage of the
dioxole ring.[106] Consequently, substituents on the C-O ether bonds can significantly affect
the stability of the intermediates and eventually rate of the hydrolysis reaction. For instance,
methylene acetals can be used for masking catechols and are commonly formed through high
temperature condensation reaction of catechols with CHyXy (X=CI, Br, or I) in the pres-
ence of KF/CsF in DMF.[106] Due to the unique chemical structure and minimum steric
hindrance on the ring, methylene acetals demonstrate ultra-high stability towards many de-
protection reagents and requires harsh acidic conditions such as 4M HCI/AcOH at ~130°C
for removal.[135] By substituting hydrogen atoms for alkyl chains or aryl groups, the sta-
bility of the intermediate decreases, and as a result, the acetal or ketal protecting groups
can be removed at more moderate reaction conditions. For example, acetonide is one of the
most commonly used methods for masking of catechols due to its ease of installation and
removal.[106, 116] The acetonide groups can be installed on catecholic molecules through
reaction with 2,2-dimethoxypropane (DMP) and toluenesulfonic acid (TsOH) in DMF or
benzene, or alternatively via reaction of catechol with Acetone and TsOH in TPA.[133, 134,
136] However, to prevent side reactions, amine group of catecholamine molecules should be
first protected as phthalimide, trifluoroacetamide, or Fmoc derivative.[132] The acetonide
group can be removed using a mixture of TFA/H,O/TIS or TFA/TIS/H,O/DMSO.[134,
136-138] This strategy has been used frequently to block the reactivity of catecholic hy-
droxyls during synthesis of functional materials. For example, very recently acetonide pro-
tective groups were used in the synthesis of a hybrid monomer architecture with catechol
and amine moieties coexisting adjacent to each other that were subsequently copolymer-
ized to develop high performance pressure-sensitive adhesives.[139] Acetonide protection has
also been elegantly used by Dichtel and colleagues to develop covalent organic frameworks
(COFs) through formation of crystalline boronate ester-linked COF's via reaction between
protected polyfunctional catechols and arylboronic acids.[140]
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Chapter 2

Molecular Design Principles of Mussel
Adhesion

* This chapter is adapted based on the research originally appeared as a peer-reviewed article
co-first-authored by me published in Nature Communications.

Y. Lif, J. Cheng', P. Delparastant, H.-Wang', S. J. Sigg, K. G. DeFrates, Y. Cao, P. B.
Messersmith, Molecular design principles of Lysine-DOPA wet adhesion. Nature Communi-
cations 11, 3895 (2020)

Abstract

The byssus of marine mussels has been a major source of inspiration for the adhesion commu-
nity over the last few decades. DOPA (DOPA, Y), via its catechol side chain, has long been
considered to be a key adhesive moiety in the byssal interfacial proteins. Recently, adhesive
synergy between flanking lysine (Lys, K) and DOPA residues in the mussel adhesive pro-
teins has been highlighted, inspiring a new generation of synthetic amino-catechol adhesives.
However, the complex topological relationship of DOPA and Lys as well as the interfacial
adhesive roles of other amino acids in mussel adhesive proteins have been understudied. The
incomplete picture of mussel adhesion, particularly at the molecular level, hampers efforts
to develop mussel-inspired adhesives. Herein, we synthesized a library of Lys and DOPA-
containing peptides and studied their adhesion to organic and inorganic substrates using
single-molecule force spectroscopy (SMFS) technique. We observed that a modest increase
in peptide length, from KY to (KY)s, increased adhesion strength to TiO,. Surprisingly,
further increase in peptide length to (KY);o offered no additional adhesive benefit, with
unbinding force of both (KY); and (KY);¢ being similar to that of a 17-mer peptide from
mussel foot protein-5 (Mfp-5). Additionally and in contrast to recent reports, comparison
of adhesion strength of dipeptides containing Lys and either DOPA (KY) or phenylalanine
(KF) showed that DOPA is a stronger and more versatile adhesive moiety than Phe. We
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furthermore demonstrated that incorporating a nonadhesive molecular spacer between (KY)
repeats can mimic the ‘hidden length’ in the Mfp sequence and act as an effective strategy
to dissipate energy during the detachment process. Our results shed light on the interplay
between chemical sequence and topological structure in the mussel adhesive proteins and
provide a solid framework for rational design of bioinspired wet adhesives.

2.1 Introduction

One of the great challenges faced by man-made adhesives is binding in the presence of water,
salts, and surface contaminants.[1] Marine mussels, on the other hand, have perfected the art
of adhering tenaciously to a variety of surfaces in wet conditions.[2] The strong attachment
of mussels is mediated by the byssus, a proteinaceous holdfast that is formed by secretion
and solidification of specialized adhesive proteins.[3-6] A unique feature of these interfacial
proteins is the presence of large amounts of post-translationally modified amino acid 3,4-
dihydroxyphenylalanine (DOPA), a catechol-containing residue that is believed to be a major
contributor to wet adhesion.[7-11] Bioinspired design principles based on mimicking these
interfacial proteins have been employed extensively and resulted in a variety of catechol
functionalized polymers for bio-compatible adhesives, self-healing hydrogels, and surgical
wound closure materials.[12-22]

Nevertheless, the true potential of mussel-inspiration may not be fully realized until
the hidden complexities in the structure and biofabrication of these adhesive proteins is
revealed. For instance, a large number of positively charged Lys or arginine (Arg) residues
are found in proximity to DOPA along the protein backbone.[23] Recently, Maier et al.
and others utilized surface forces apparatus (SFA) to study the adaptive synergy between
amine and catechol in binding to wet mica, using small molecule cyclic analogs of Lys or
Arg were present adjacent to catechol or phenyl groups.[1, 24, 25] Their results showed that
adhesion energy is remarkably higher when both catechol and amine are present, suggesting
a synergistic effect between these functional motifs. SMFS studies further revealed that the
average detaching force for DOPA and Lys dipeptide is ~300 pN on mica surface, which
was observably higher than that of a dipeptide in which the Lys side chain was protected
(~90 pN).[9, 26] Although these studies indicated an amino-catechol synergy, the influence
of other amino acids, peptide length and topology on adhesion and cohesion still remains
unclear.

Interestingly, in recent studies a DOPA-deficient foot protein from green mussels was
shown to possess strong wet adhesion capabilities.[27] Results of SFA measurements on Phe
and Lys model peptides by Gebbie et al. indicated that adhesion of these peptides to mica
exceeded even that of DOPA-containing analogs.[5] The surprisingly strong adhesion of these
peptides was attributed to the interaction of Lys with mica surface as well as intermolecular
cation-m cohesion between Lys and Phe residues. These provocative results challenged the
notion that catechols are required for wet adhesion and sparked the design of Phe-based
synthetic adhesives.[5, 28, 29]
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Although SFA measurements elegantly revealed the important roles of DOPA, Lys and
Phe in wet adhesion and cohesion, the ensemble nature of SFA experiments precludes ac-
curate determination of the molecular mechanism and provide indirect evidence for the
adhesive functions of Lys and Phe. Since incorporation of DOPA into polymers and pep-
tides has proven to be more synthetically demanding than Phe, the enticing possibility of
employing Phe instead of DOPA in bioinspired molecular designs motivates further studies
of the interfacial adhesion properties of Phe, alone or in combination with Lys. Furthermore,
in Mfp-5, Lys and DOPA often appear in Lys-DOPA-Lys symmetric structure with several
additional amino acids located between these sites instead of the adhesive DOPA (Fig. 1a).
However, the effect of binding site density and topological structure on adhesion of Mfps and
synergistic effects between DOPA and Lys residues is yet to be fully understood. Addressing
these questions is critical to further understanding the underlying mechanisms of mussel
adhesion and guiding rational design of bioinspired adhesives.

Here, we probed the single molecule adhesive behavior of Mfp-5 analog peptides of vari-
ous length and composition on organic and inorganic substrates (Fig. 1b and Fig. 2). The
AFM-based SMFS approach has been widely used to measure adhesion of biomolecules and
polymers and to analyze elastic protein topological structure, ligand recognition and polymer
mechanics.[30-35] We first measured the detaching force of DOPA-Lys peptides of various
lengths (KY), (KY)s, and (KY);o with TiO,. Next, we used SMFS to quantitively compare
the strength of interaction of the (KF)- and (KY)-containing peptides with different sur-
faces and evaluated importance of cation-m mediated binding in (KF). We then synthesized
an analog peptide of Mfp-5 and studied its adhesion strength by SMFS. Furthermore, by
inserting short polyethylene glycol oligomers (P8) between KY repeat units, we mimicked
the hidden length in Mfps and revealed the important function of this hidden length in wet
adhesion.
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9 DOPA

. Positively charged lysine or arginine

Mfp-5: @

*NH,;-SSEEYKGGYYPGNAYHYSGGSYHGSGYHGGYKGKYY j
‘O0C-SSGGYYKYGKRHYKRAKKLYKYKGSNKYKYYYKKAKG

Figure 2.1: Mussel byssus adhesion. (a) Schematic of the mussel thread attachment
to the surface with zoom-in showing the Mfp-5 sequence and (b) schematic of the SMFS
experiments to measure the strength of interaction of the peptides with the organic and
inorganic substrates.

2.2 Methods

Materials Peptide Synthesis

A detailed description of materials used and steps undertaken to synthesize monomers and
polymers is provided in the published article in Nature Communications journal.

Cantilever Modification

MLCT Silicon nitride cantilever (Bruker Nano Inc.) were first treated with piranha solution
(HySO4:Hs09=1:5 (v:v), Piranha is a very aggressive solution and should be used with
caution) for 30 minutes. After rinsing with excessive DI water and gently drying under a
stream of nitrogen, the cantilevers were transferred into 0.5% (v/v) MPTMS/toluene solution
for 2 hours for thiol functionalization. The cantilevers were then rinsed with excess toluene
to remove the unreacted MPTMS and placed in oven at 120°C for 15 minutes to cure the
alkoxysilane layer. Next the cantilevers were immersed in a 1:10 mixture of maleimide-PEG-
NHS (5000 Da) and maleimide-PEG-methoxy (2000 Da), at a total concentration of 1 mg/ml,
in DMSO for 3 hours. This ratio was used to control the binding density of bifunctional
PEG and to reduce nonspecific interactions in the force spectroscopy measurements. The
cantilevers were then rinsed with DMSO and incubated in a 0.5 mg/ml solution of DBCO-
amine in DMSO with 0.2% (v/v) trimethylamine for 2 hours. The cantilevers were washed
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with DMSO to remove unreacted reagent and were incubated in PBS (10 mM phosphate,
137 mM NaCl, pH 9) for 4 hours to hydrolyze maleimide-thiol bond to a stable ring-opened
form. Finally, the cantilevers were immersed into 1 mg/ml solution of peptides in DMSO
for 1 hour. The modified cantilevers were then washed with DMSO and ethanol then dried
under a stream of nitrogen.

Substrate Preparation

TiO, substrates were treated with Piranha solution for 30 minutes to remove organic residues
from the surface. The substrates were then rinsed extensively with water and dried with
nitrogen. Polystyrene substrates were cleaned by sonication in ethanol for 1 hour and then
rinsed with excessive water and dried with nitrogen.

AFM-based Force Spectroscopy Experiments

AFM force spectroscopy measurements were carried out using a JPK ForceRobot 300 AFM
(JPK Instruments AG, Germany). The experiments were performed in 10 mM PBS buffer
(containing 137 mM NaCl) which was previously bubbled with nitrogen to degas dissolved
oxygen to minimize catechol oxidation during the course of measurements. Soft silicon nitride
MLCT cantilevers of typical spring constant of 50-60 pN/nm were used for all experiments
and calibrated using the thermal tune method after allowing the cantilever to equilibrate
in solution for at least 30 minutes.[36] In a typical force measurement, the cantilever was
approached to substrate at a constant speed of 1000 nm/s and held at the surface for 2
seconds to allow for the interaction between peptides and substrates. The cantilever was
then retracted at the same speed. The force-extension curves were recorded using JPK data
processing software and were further analyzed by a custom-written procedure in Igor Pro
6.12 (Wavemetric, Inc).

2.3 Results & Discussion

All peptides were synthesized via Fmoc-strategy on solid phase with an azide-(PEG)s-COOH
linker conjugated to the C-terminus and then covalently attached to 5 kDa PEG-modified
AFM cantilevers via Cu-free click chemistry (Supplementary Schemes S1-2 and Fig. 2). In
a typical force spectroscopy experiment, the cantilevers were approached to the substrate at
a constant speed of 1000 nm/s, held on the surface with a constant force of 0.3-0.5 nN for 2
seconds, and then retracted at the same speed. In about 2-5% of total force-extension (F-
X) curves, single rupture force events were observed at ~20-60 nm, indicating the peptide
surface detachment (Supplementary Fig. S2). Each individual peak was fitted with the
worm-like chain (WLC) model (red line), using a persistence length range of 0.36-0.40 nm,
consistent with the PEG linker and suggesting the rupture of single-peptide detachment.
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Rupture events with persistence lengths either larger than 0.40 nm or smaller than 0.32 nm
were discarded in the data analysis (Supplementary Fig. S3).

sy m%
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Figure 2.2: Chemical structure of the synthesized peptides. Calculated exact mass
and measured mass (obtained from MALDI) are shown in red and black, respectively.

We first studied effects of number of the KY repeating units on the adhesion of mussel-
inspired peptides. For this purpose, we synthesized peptides (KY), (KY)s3, and (KY)io
and measured their adhesion against TiOs. Representative F-X curves and histograms of
rupture force distribution for the interaction between the peptides and the surface are shown
in Fig. 2. For the (KY) peptide, the adhesion force distribution showed a narrow dominant
peak located at ~120 pN and a less probable wide distribution from 200 to 900 pN (Fig.
2a). The dominant peak located at lower force matches previously reported values and
could mainly result from the rupture of individual DOPA-surface interactions.[9, 37, 38] The
second broad peak may be attributed to the synergistic binding of (KY) to the TiO;. Due
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to the surface roughness, pulling direction and molecular dynamics, this synergistic effect
cannot be successfully established in every pulling cycle to the same extent, leading to a
broad distribution in the rupture force values.[26, 39-41] For the longer peptide (KY)s, the
rupture force distribution showed only a major peak at ~300 pN. Compared to the (KY)
peptide, the (KY); sequence has more positively charged Lys residues which increases the
strength of the coulombic charge interactions with the negatively-charged TiO, surface. The
increased positive charges can also result in a more effective removal of the hydration layer
on the surface and facilitate the binding of DOPA to the substrate.[1] Moreover, in (KY)s,
the repetitive sequence allows the formation of a symmetric KYK structure, which could
further promote the synergistic binding and make it more adaptable and versatile. As a
consequence, the adhesion strength is enhanced and the detaching force increased to ~300
pN (Fig. 2b). Although most of the F-X curves only exhibited one rupture peak, in some
rare cases (less than 5%) we were able to observe two or three distinct rupture peaks in one
F-X curve which might result from sequential detachment of individual (KY) units from the
surface (Supplementary Fig. S4). The contour length increment of these peaks is ~1 nm,
consistent with the distance between repeat units in the peptide. The low observation rate
of multiple detachments is likely a result of approaching the AFM detection limit, and more
importantly conformational limitations that prevent all the adhesive moieties from binding
effectively to the surface.
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Figure 2.3: SMFS results for the interaction of (KY), (KY)s3, and (KY);, pep-
tides with TiO,. Representative F-X curves (left column) and rupture force distribution
(middle column) are shown for (a) (KY), (b) (KY)s, and (¢) (KY)j0. N values represent
the total number of rupture events used to plot the histograms. The red lines on the F-X
curves correspond to WLC fitting. Right column shows schematic illustration of the peptides
interacting with the substrate.

To study the cooperative binding of KY units in greater depth we synthesized (KY)iq
peptides for SMFS measurements. Although it is generally expected that more adhesive
units located along the peptide chain should lead to higher adhesion strength, to our sur-
prise, simply incorporating more adhesive motifs into the structure did not enhance adhesion
performance remarkably. Interestingly, the majority of the F-X curves only contained one
or two rupture peaks with an average detaching rupture force of ~250 pN (Fig. 2c¢ and Sup-
plementary Fig. S5) similar to that of the (KY); peptide. For the case of (KY);o peptide,
backbone rigidity, peptide conformation, as well as surface roughness and hydration might
possibly make it highly unlikely for all the (KY) units to simultaneously interact with the
substrate effectively.

To investigate whether Phe residues could have the same effect on wet adhesion as DOPA,
we designed peptides with (KY) or (KF) sequences and compared the binding strength of
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their interactions with polystyrene (PS) and TiO,. The representative F-X curves and the
corresponding detaching force distributions are shown in Fig. 3. The rupture force distribu-
tion showed an average detachment force of ~90 pN for the interaction of (KF) dipeptide
and PS surface, while no detectable rupture force was observed for the interaction with TiO,
surface. Previous studies have showed that DOPA can utilize hydrophobic or 77 stacking
interactions with aromatic rings on the surface to bind to PS substrate.[9, 10] The (KF)
peptide could also bind to PS surface in a similar way through interaction of phenyl groups.
Besides, Lys residues can participate in cation-7 interactions with the PS surface.[9, 10] As a
consequence, an observable detaching force was measured for the interaction with PS. How-
ever, unlike DOPA that uses its catechol to form bidentate coordination bonds with TiOq
surface,[9, 10, 37] Phe cannot form such stable interactions with TiO, and the charge inter-
action between Lys and TiO, surface is not strong enough to be detected by this technique.
Consequently, we failed to observe detectable rupture events for the interaction of (KF) and
TiO, surface. The (KY) peptide, on the other hand, displayed detectable interactions with
both PS and TiO, surfaces. We observed a dominant rupture force peak located at ~100 pN
for both surfaces, as well as an additional broad rupture force distribution from 200 to 900
pN for TiOs. The results suggest that (KY) is a more versatile and stronger adhesive moiety
compared to (KF), possibly owing to the broader range of interfacial adhesive mechanisms of
catechols. It is important to note that we sought to isolate the adhesive interactions of single
molecules with substrates, and that the vanishingly low concentration of peptide on the can-
tilever tip precludes the formation of intramolecular peptide aggregates.[42-44] However, at
relatively higher concentrations the (KF) incorporated peptides might form stable secondary
nano-assemblies which can drastically increase the intermolecular interactions and cohesion
strength, leading to larger separation forces detected in the previous SFA measurements.[45,
46] We further investigated the effect of incorporating more adhesive units in the peptide
backbone by synthesizing (KF); and (KY)3 sequences and measuring their interaction with
TiOy and PS substrates using the same methodology. The representative F-X curves and
rupture force distributions are shown in Supplementary Fig. S6. The average detaching
force for (KF); against PS surface was ~90 pN, almost the same as that of the KY pep-
tide measured before. However, since multiple Lys residues increased the positive charges
on the peptide, the binding strength with negatively charged TiOy surface was enhanced
compared to before and a detaching force of ~100 pN was observed. For the case of (KY)s3
sequence, the average detaching force on PS surface was similar to that observed for (KY)
peptide. Overall, the results indicated that although Phe can perform similar to DOPA on
hydrophobic surfaces that can accommodate 7-7 or cation-m interactions, DOPA is a more
versatile adhesive motif and has clear advantages for improving interfacial adhesion on a
broader range of substrates.
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Figure 2.4: SMFS results for the interaction of (KF) and (KY) dipeptides with
PS and TiO,. Representative F-X curves (left) and rupture force distribution (right)
are shown for interaction of (KF) in (a-b) and for interaction of (KY) in (c-d). N values
represent the total number of rupture events used to plot the histograms. The red lines in the
F-X curves correspond to the WLC fitting. Schematic illustrations for the peptide-surface
interactions are shown on the right. For comparison purposes, panel (d) is reproduced here
from the same dataset as shown in Fig. 2a.

Next, we studied the adhesion performance of a Lys and DOPA rich Mfp-5 segment. Mfp-
5 family are interfacial proteins in the plaque and have the highest DOPA content (up to 30
mol%) among of the byssal thread proteins.[47] Although the adhesive properties of Mfp-5
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and its analogs have been intensively studied by SFA measurements,[47] the molecular de-
tachment mechanism of individual Mfp-5 proteins is still unclear. The native protein has over
74 amino acids which makes it difficult to synthesize the entire Mfp-5 chain using solid phase
peptide synthesis method. Therefore, we selected a part of Mfp-5 protein with 17 amino acids
and incorporated an azide functional terminus (Azide-YKGKYYGKAKKYYYKYK, and is
termed as Mfp-5 analog hereafter) for coupling to the cantilever. We note that the selected
segment has a higher DOPA content compared to the native Mfp-5. We then connected
this Mfp-5 analog to the AFM cantilever and performed SMFS experiments as previously
described for (KY) peptides. Most of the F-X curves showed a single rupture peak at ~20
nm (Fig. 4a). However, in about 20% of F-X curves, we observed a sawtooth-like pattern
indicating detachment of multiple DOPA-surface interactions. The measured rupture force
showed a wide distribution with a peak located at ~280 pN (Fig. 4b) similar to that of the
(KY)3 sequence. The SMFS results indicated that the (KY)s sequence has similar adhesive
performance as Mfp-5, and simply adding more adhesive units contribute little to enhancing
the overall interaction strength.
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Extension [nm] Force [pN] YKGKYYGKAKKYYYKYK

Figure 2.5: SMFS results for interaction of 17-mer Mfp-5 peptide with the TiO,.
Representative F-X curve, rupture force distribution, and schematic of the peptide interact-
ing with the substrate are shown from left to right, respectively. N value represents the total
number of rupture events used to plot the histogram.

Finally, a closer look at the Mfp-5 sequence reveals that several other amino acids are
present and may have the effect of acting as spacers between (KY) repeat units.[47] Inspired
by this design principle and considering the probability of observing multiple rupture peaks
in the F-X curves for the Mfp-5 analog was much higher than those of (KY)s; and (KY)
sequences, we were intrigued to synthesize and test adhesion of model peptides with similar
binding-site density as Mfp-5. We used monodisperse PEG oligomers (P8) to mimic the
‘spacer’ residues in native Mfp-5 and synthesized peptides with multiple (KY-P8) repeat
units (Fig. 5a). Same cantilever modification method and experimental conditions as before
were used to measure the interaction of the peptide with the TiO,5. Most of the F-X curves
displayed 3-4 distinct rupture peaks with contour length increment of ~5 nm that is com-
mensurate with the (KY-P8) length. The detaching force for the peptide showed a broad
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distribution with a peak located at ~200 pN (Fig. 5b and c). Compared to the peptide with
3 adjacent (KY) units, a flexible PEG linker reduces the peptide rigidity, allowing for each
(KY) unit to interact with the surface effectively. Although this peptide did not show an
increase in the adhesion strength as measured by SMFS, the PEG spacer can act as hidden
length and lead to dissipating more energy during the detachment process.[48, 49] Unlike
constructs of KY repeats with no spacing where the adhesive sites are detached almost si-
multaneously upon application of force, in the P8 incorporated peptide the adhesive motifs
are detached sequentially followed by release of the hidden length. The energy dissipated in
this process can further confer toughness and superior performance to the adhesive.[48, 49]
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Figure 2.6: SMFS results of (KY-P8);KY peptide interacting with TiO,. (a)
Representative F-X curve and (b) rupture force distribution for the interaction of the peptide
with the surface are shown. The retraction trace is smoothed using a 10-period moving-
average filter to reduce the thermal noise. N value represents the total number of rupture
events used to plot the histogram. The red lines in (a) show WLC fittings, where dashed
line corresponds to the missing rupture peak. Right column shows schematic illustration of
the peptides interacting with the substrate where green spheres represent the PEG spacer
between the KY units.

2.4 Conclusions

We used AFM-based SMFS technique to study the influence of length, composition and
topological structure on the adhesion strength of mussel-inspired peptides. We synthesized
a library of peptides with different number of Lys-DOPA repeat units as well as a 17-mer
peptide from Mfp-5 and demonstrated that a modest increase in the length of the peptide
can lead to noticeable increase in the adhesion strength while further increasing the peptide
length without incorporating nonadhesive spacer between Lys-DOPA units resulted in little
benefits on the adhesion strength. Moreover, we substituted Phe for DOPA in the peptide
sequences and showed that while Lys-Phe and Lys-DOPA containing peptides could interact
with organic substrates similarly, no strong interfacial adhesion could be detected for the
interaction of Lys-Phe sequences against inorganic substrates, further highlighting the ver-
satility of DOPA in establishing strong interfacial adhesion to a broader range of substrates.
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And finally, we designed a peptide with nonadhesive molecular spacer incorporated between
Lys-DOPA repeats and showed that this ‘hidden length’ can enhance the overall adhesive
performance by allowing for higher energy dissipation before ultimate rupture. The find-
ings in this work can provide a solid foundation to tailor properties and further guide the
deliberate design and synthesis of bioinspired wet adhesives.
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2.5 Supplementary Figures
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Scheme S2.1: Schematic of AFM cantilever modification steps (monofunctional methoxy-

PEG is not shown).
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Solid-Phase Peptide Synthesis
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Figure S2.1: MALDI spectra of the synthesized peptides. Measured mass is shown in red.
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SMFS Measurements
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Figure S2.2: Contour length distribution for rupture events; (a) for interaction of (KY) or
(KF) and (b) for interaction of (KY)3 or (KF)3 with different surfaces. The distribution of
contour lengths is attributed to the polydispersity of the PEG linker as well as randomness
in the conjugation site on the cantilever tip.
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Figure S2.3: Representative discarded F-X curves for the interaction of (KY) peptide with
the TiOs surface. The black dashed lines correspond to the worm-like chain model fitting
with persistence length of 0.36 nm. The force-extension curves whose fitted persistence
length are larger than 0.4 nm or smaller than 0.32 nm were discarded and not included in
the data analysis for calculating rupture force distribution.
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Figure S2.4: Representative F-X curves for interaction of (KY)3 peptide with TiO, surface.
The black lines correspond to worm-like chain fitting with persistence length of 0.36 nm and
the contour length increment of 1 nm. The blue curve shows three detachment events of
(KY)3 peptide from the surface. The dashed lines in the red F-X curves show a possible
missing rupture event. As 1 nm contour length increment reaches the AFM detection limits,
distinguishing three individual rupture peaks becomes difficult.
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Figure S2.5: Representative F-X curves for the (KY);o peptide interacting with TiO,
substrate. Black lines correspond to the worm-like chain fitting. Dashed lines represent the
expected unbinding events based on the distance between adhesive moieties. Data indicates
that that not all the adhesive sites were able to successfully attach to the surface.
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Figure S2.6: Representative F-X curves (left) and rupture force distribution (right) for
the interaction (KF)3 and (KY)s peptides with PS and TiO, substrates. N values represent
the total number of rupture events used to plot the histograms. The black lines in the F-X
curves correspond to the worm-like chain fitting.
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Chapter 3

Direct Evidence for the Polymeric
Nature of Polydopamine

* This chapter is adapted based on the research originally appeared as a peer-reviewed article
co-first-authored by me published in Angewandte Chemie.

P. Delparastan’, K. G. Malollari’, H. Lee, P. B. Messersmith, Angew. Chem. Int. Ed. 2019,
58, 1077.

Abstract

Inspired by the adhesive proteins of mussels, polydopamine (pDA) has emerged as one of
the most widely employed methods for functionalizing material surfaces, fueled in part by
the versatility, simplicity, and spontaneity of pDA film deposition on most materials upon
immersion in an alkaline aqueous solution of dopamine. However, the rapid adoption of
pDA for surface modification over the last decade stands in stark contrast to the slow pace
in understanding the composition of pDA. Numerous attempts to elucidate the formation
mechanism and structure of this fascinating material have resulted in little consensus mainly
due to the insoluble nature of pDA; which renders most conventional methods of polymer
molecular weight characterization ineffective.[1, 2] Here, we employed the non-traditional
approach of single molecule force spectroscopy (SMFS) to characterize pDA films. Retraction
of a pDA coated cantilever from an oxide surface shows the characteristic features of a
polymer with contour lengths up to 200nm. pDA polymers are generally weakly bound
to the surface through much of their contour length, with occasional “sticky” points. Our
findings represent the first direct evidence for the polymeric nature of pDA and provide a
foundation upon which to understand and tailor its physicochemical properties.
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3.1 Introduction

The building blocks and processing strategies used by biological organisms for the fabrication
of natural materials often serve as inspiration for the design of novel synthetic materials.[3]
Mussel adhesive proteins have attracted great interest for having high contents of catechols
(3,4-dihydroxyphenylalanine, Dopa) in combination with primary and secondary amines (ly-
sine and histidine).[4] A synergy between catechol and amine moieties has been associated
with enhanced biomolecular adhesion in recent model studies of mussel adhesion.[5] Mean-
while, small molecule catecholamines such as dopamine have become widely exploited for
surface modification as a result of their ability to form adherent coatings on solid surfaces.|6]
The coatings derived from dopamine are referred to as dopamine-melanin or more commonly
as ‘polydopamine’ (pDA) and represent one of the most facile and versatile approaches to
surface modification. In its simplest form, deposition of a pDA coating involves simple im-
mersion of a substrate in an aqueous alkaline solution of dopamine for a period of time,
usually minutes to hours, during which time conformal coatings of thickness typically 1-100
nm spontaneously form.[6] pDA coatings have been explored in a broad range of applications
including energy harvest and storage, separations, environmental remediation, healthcare,
and sensing.[7]

There is general agreement that the initial stages of pDA coating formation involves
auto-oxidation of dopamine giving rise to dopamine-quinone, which cyclizes to form dihy-
droxyindole (DHI), a key precursor to pDA.[2] However, ensuing reaction pathways leading
to pDA formation are complex and remain unclear, as does the ultimate chemical struc-
ture of pDA. A confounding property of pDA that has complicated attempts at structural
characterization is its nearly intractable nature-pDA is largely insoluble in aqueous and or-
ganic solvents. Furthermore, deposition of pDA coatings on substrates is accompanied by
formation of particles in suspension, and most attempts to determine pDA structure have
been performed on pDA isolated from solution. However, recent evidence suggests that the
structural characteristics and properties of pDA films are different than those of aggregates
and solution species. 8]

Nevertheless, a number of important experimental studies have been performed on pDA
using mostly chemical spectroscopy (NMR, UV-Vis, Raman, FT-IR) and mass spectrome-
try (MALDI-ToF, LDI, ESI, ToF-SIMS), leading to several hypotheses for the structure of
pDA (Supplementary Fig. S1). Proposals fall into two general categories. The most com-
mon hypothesis is that pDA is a supramolecular aggregate of monomeric and/or oligomeric
species, for example consisting of dopamine-quinone, dihydroxyindole (DHI), dopamine, or
eumelanin-like derivatives that are held together through relatively weak interactions such
as hydrogen bonding, charge transfer, 7-m stacking and m-cation assembly.[1, 2, 9-11] Others
have proposed that pDA is polymeric in nature, arising from covalent coupling of the oxidized
and cyclized dopamine monomers via aryl-aryl linkages.[12] Due to the insoluble nature of
pDA, traditional solution based methods of polymer molecular weight characterization (e.g.
gel permeation chromatography) are unsuitable, and mass spectral analyses of pDA reported
in the literature have revealed primarily low molecular weight ionized and fragmented pDA
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species.[10, 12] We could not find a published mass spectrum of pDA in the literature that
includes masses significantly above 700 Daltons.[2, 8-11] We confirmed the absence of high
molecular weight species in the MALDI-MS spectrum of pDA particles isolated from solution
(Supplementary Fig. S2). Thus, despite the wide use of ‘polymer’ ascribed to pDA, it is
largely unproven experimentally.

In this report, AFM-assisted single molecule force spectroscopy (SMFS) was applied
towards investigating pDA. SMFS is a force-based characterization technique that has been
recognized as a powerful tool to study noncovalent and covalent interactions at a single
molecule level.[13, 14] SMFS is well suited to studying intermolecular and intramolecular
interactions such as weak secondary bonds, ligand-receptor interactions, protein unfolding,
DNA unwinding, polymer stretching, and even the rupture of covalent bonds.[15-21] Here,
we used SMFS to study the cohesive (pDA-pDA) and adhesive (pDA-surface) interactions
of pDA. The ability of SMFS to detect well-known signatures of mechanical deformation
of individual macromolecules allowed us to address a specific compelling question regarding
pDA: is there a significant polymeric fraction present in pDA? The results obtained here
are of importance not only in understanding pDA structure but also for establishing a solid
framework of structure-property relationships of pDA to help guide the further study and
exploitation of this fascinating material.

3.2 Methods

Materials

Dopamine hydrochloride (99%, Alfa Aesar), bicine (99%, Alfa Aesar), sodium hydrox-
ide (NaOH, pellets, Fisher Scientific), a-Cyano-4-hydroxycinnamic acid (CHCA) (Sigma
Aldrich) isopropyl alcohol (99.5%, VWR Analytical), DMSO (VWR Analytical), acetone
(Macron Fine Chemicals), and Simple Green (Sunshine Makers, Inc) were used as received.
Mica discs were purchased from Ted Pella, Inc (Redding, CA). lemx1lecm 316 stainless steel
(SS) samples were cut by university machine shop (Berkeley, CA), silicon wafers (SiO2) and
silicon wafers with a layer of 100 nm titanium oxide (TiOs) were obtained from University
Wafer, Inc (Boston, MA). Ultrapure (UP) water was obtained by purification of deionized
water with a Barnstead Ultrapure Water Purification System (Thermo Fisher Scientific,
Waltham, MA) to a resistivity of 18.2 M2 cm.

pDA Coating

SiO,, TiO,, and SS substrates were first cleaned with a 3:1 mixture of water and Simple
Green solution for degreasing by placing into sonication bath for 15 minutes. The substrates
were then rinsed and sonicated with water followed by isopropanol and acetone, each for 15
minutes, and dried under a stream of nitrogen. Prior immersing in dopamine.HCI solution,
substrates were exposed to a plasma discharge at 100 W for 5 minutes (Harrick Plasma
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Cleaner, Ithaca, NY, USA). Mica substrates were prepared by physically cleaving the top
layer using scotch tape. AFM cantilevers were cleaned by UV-Ozone treatment (PSD Pro
Series, Novascan Technologies, USA) for 6 minutes.|[22] The substrates were immersed into
2 mg/ml DA HCI in 100 mM Bicine buffer at pH 8.5 for 16 hours with constant shaking.
The substrates were taken out and rinsed intensively with Milli-Q water and dried under a
stream of nitrogen.

pDA Nanoparticle Synthesis

DA.HCI (2 mg/ml) was dissolved in Milli-Q water and pH was increased to 8.5 by adding
NaOH. The solution was stirred at 400 rpm for 5 hours at 70°C and subsequently left at
ambient temperature for 3 hours without stirring. Finally, the mixture was filtered with
PVDF membrane filters with a pore size of 0.1 ym (Durapore VVPP) followed by drying at
50°C under vacuum.

Single Molecule Force Spectroscopy (SMFS)

Measurements were carried out using a JPK ForceRobot 300 (JPK Instruments AG, Ger-
many) with a tip velocity of 1000 nm/s over a z-piezo distance of 500 nm with a dwell time
of 1 second. The experiments were performed in Milli-QQ water after allowing the cantilever
to equilibrate in solution for at least 30 minutes. Soft silicon nitride cantilevers (MLCT from
Bruker Nano Inc.) of typical spring constant of 50-60 pN/nm were used for all experiments
and calibrated using the equipartition theorem.[2] All the experiments have been repeated
at least three times using different pDA-coated cantilevers and/or substrates. The force-
extension traces were recorded and analyzed using data processing software from JPK and
home-written procedure in IgorPro (Wavemetrics). The spikes in the force-distance curves
were fitted with the Worm-like Chain (WLC) model to measure the corresponding rupture
force and persistence length.

X-Ray Photoelectron Spectroscopy (XPS)

The surface chemical composition of pDA coatings on TiO, substrates and AFM cantilevers
was measured using X-Ray photoelectron spectroscopy (XPS). XPS analyses were performed
on a Perkin Elmer Phi 5600, equipped with a monochromatic Al Ka X-ray source operating at
350 W. The neutralizer was used with an emission of 1 pA to inhibit charging of the samples.
All the spectra were calibrated to a Cls peak at 284.8 eV. For each sample measured, multiple
survey scans were taken, on different spots, with a pass energy of 187.85 eV.

Matrix Assisted Laser Desorption/Ionization (M ALDI)

MALDI spectra were recorded on an ABI Voyager DE-Pro MALDI ToF (Applied Biosystems)
instrument operating in the positive reflector mode. The mass spectrometer parameters were
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set as recommended by the manufacturer and adjusted for optimal acquisition performance.
The mass spectra data were acquired from averaging of 300 laser shots over a m/z range of
100-20000 Da. The solution of matrix CHCA (10 mg/mL) was prepared in ethanol. Sample
was prepared by dissolving solid pDA powder in DMSO. Matrix solution was dropped onto
the target plate and allowed to dry. A droplet of sample was pipetted on the plate and
air-dried. Before analysis, matrix solution was added to the target plate and allowed to air
dry.

3.3 Results & Discussion

We performed our SMFS measurements directly on pDA films deposited on SisNgs AFM can-
tilevers (Fig. 1b, and Supplementary Fig. S3). In a typical experiment, pDA coated AFM
cantilevers were approached onto uncoated or pDA coated substrates and then retracted
while measuring the deflection of the cantilever (Fig. 1a), from which the adhesive inter-
action between pDA and a substrate, or between pDA and pDA, could be ascertained. A
characteristic feature of the force-distance (F-D) traces for the case of interaction between a
pDA coated cantilever and a bare TiO5 substrate was the presence of variable-length plateaus
of constant force punctuated by stepwise reduction in interaction force during retraction, i.e.
a ‘step-wise plateau’ pattern (Fig. 1c). Such behavior was initially surprising given that
stretching of single polymer chains with an AFM probe typically produces qualitatively
different F-D curves that reflect the entropic resistance to polymer chain extension.[14] In
numerous studies, however, regions of constant force plateau have been observed for cases
of pulling a polymer chain out of its single crystal or force-induced peeling of weakly ad-
sorbed biomacromolecules and polyelectrolytes from substrates.[23-28] In the latter cases,
force plateaus were attributed to the rupture mode in which individual bonds connecting
the molecules to the surface break in quick succession.[29] In most F-D curves obtained from
pDA in contact with TiO,, we typically observed 1-3 plateaus separated by ‘steps’, which we
interpreted as originating from bridging of one or more pDA chains between the cantilever
and substrate surfaces (Fig. 1d). At short separation distances in particular, multiple chains
are being peeled off the surface simultaneously as the cantilever is retracted, and thus, the
force required to detach the chains is higher (2" and 3¢ peaks in Fig. le). Since the pickup-
up location could be at any point along the polymer chain and if we assume a statistical
distribution of polymer chain molecular weights, detachment of the multiple bridging poly-
mer chains at the same distance is considered to be unlikely. Thus, upon retraction of the
cantilever, detachment of chains bound to the surface through variable adsorption lengths
will result in abrupt steps in the F-D trace, with the ‘step’ height between force plateaus
representing the magnitude of the interaction force between the pDA chain and the surface.
A histogram of rupture force representing more than a thousand unbinding events indicated
a trimodal distribution as shown in Fig. 1le, consistent with the above interpretation in
which multiple pDA molecules initially tethered the cantilever to the surface. Table 1 lists
the average unbinding forces for the 1%, 2" and 3"¢ steps, from which a mean desorption
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force (i.e. ‘step’ height) of 93 & 13 pN was observed.
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Figure 3.1: Peeling of polymer chains in SMFS. a, Schematic of the SMF'S experiments
showing a pDA coated cantilever approaching onto a bare substrate and deflecting when in
contact with the surface. b, SEM image of a pDA coated cantilever. ¢, F-D traces showing
plateaus of constant force. d, Schematic showing peeling off polymer chains from the surface
upon retraction of the cantilever. e, Distribution of peeling force obtained by measuring

the height of plateaus. f, Distribution of plateau length and the corresponding apparent
molecular weight values.
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Table 3.1: Statistical analysis of the step-wise plateau behavior observed in SMF'S

Plateau Force Plateau Length | Molecular Weight
(PN) (nm) (kDa)
1st Peak 2nd Peak 3rd Peak Median Median
97 + 12 167 =18 245+ 14 34 11.2

Further analysis of the F-D curves provided important insights into the molecular weight
of pDA. Previously, Gaub and coworkers have elegantly shown the capabilities of SMF'S to
investigate molecular weight of polymers by comparing the distribution of plateau lengths ob-
tained from F-D traces with the distribution obtained by GPC measurements.[30, 31] Using
a similar analysis, the plateau lengths from our raw data can likewise be used to characterize
the contour length of individual pDA molecules, provided we assume a molecular structure
for the pDA repeat unit. For example, if we assume pDA to be a linear polymer formed by
aryl coupling of aromatic rings as proposed by Liebscher and coworkers[12] (Supplementary
Fig. S1), we estimate 4.5 A and 149 g.mol~! for the length and mass of a monomeric unit
in the pDA molecule. Using this approach, the distribution of measured plateau lengths was
converted to a distribution of chain lengths and molecular weights as shown in Fig. 1f, with
average values listed in Table 1. The distribution resembled what is usually observed for
a polydisperse polymer with an average mass of 11.2 kDa, with the notable presence of a
significant fraction of pDA having masses and contour lengths well above 50 kDa and 150
nm, respectively.

In a few percent (~ 1%) of F-D curves obtained for pDA on TiO; we noted with great
interest the presence of spikes (Langevin events) located in the midst of the constant force
plateau behavior described above (Fig. 2a). The Langevin events had the appearance of
classic entropic polymer chain stretching culminating in detachment and could be fitted to
the worm-like chain (WLC) model of polymer chain elasticity using a persistence length
of approximately 0.5 nm, confirming that they originated from a single-molecule stretching
event. The forces required to rupture the interactions at the sticky points ranged from
200-800 pN, with some values as high as 1000 pN (Fig. 2b). Interestingly, these forces
are similar to those measured by others using SMFS for interaction of a single DOPA amino
acid or DOPA containing dipeptide with a TiO surface.[32-35] However, in contrast to these
previous studies where the composition of the molecular species was known, here we have
performed SMFS on a heterogeneous polymer with an unknown assortment of functional
groups that may include catechol, quinone, indoles and amines. It is also possible that the
stronger interactions at sticky points arise from cooperative effects of neighboring repeat unit
functional groups.[28, 35] Thus, without more information on the exact chemical composition
of pDA we are unable to unequivocally attribute the stretching events at sticky points to
any particular functional group. Nevertheless, we conclude from the F-D curves that the
observed behavior represents detachment of a polymer that is bound to the surface by strong
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interactions at randomly located sticky sites, but which is otherwise bound to the substrate
along most of its contour length by comparatively weaker interactions.

An important implication of the observation of WLC fitting of the F-D curves and ability
of pDA molecules to withstand applied forces as high as 1000 pN at the sticky points, is that
these force values are well above the expected threshold for rupture of noncovalent interac-
tions under the conditions of our experiments.[14, 36, 37] Thus, models of pDA structure
that involve primarily non-covalent connectivity between subunits are inconsistent with our
findings, as such interactions cannot withstand these force levels. Indeed, our data and inter-
pretations are consistent with a covalent polymer model for pDA such as that proposed by
Liebscher et al.[12] in which oxidative polymerization of dopamine culminates in the forma-
tion of a linear polymer chain containing covalently linked aromatic repeat units comprised
of a mixture of catechol, quinone, indole and amine functional groups.
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Figure 3.2: Stretching of polymer chains along sticky locations. a, Representative
F-D traces showing stretching events in the middle of plateaus. b, Histogram showing the
unbinding force of stretching events (N=306). Inset shows schematic visualization of a
pDA polymer chain adsorbed to a surface via mostly weak interactions along its contour
length with occasional strong interactions with the surface (indicated in blue). Given the
heterogeneous nature of pDA, the origins of the strong interactions at sticky points are
unknown, but could represent catechol, quinone or other functional groups known to be
present in pDA.

To probe the intermolecular interactions between pDA molecules, we also performed
experiments where a pDA coated cantilever was approached against a pDA coated substrate
(Fig. 3a). Regions of constant force plateaus were observed, likely resulting from progressive
rupture of intermolecular interactions between pDA molecules. Increasing the dwell time
from 1 to 5 seconds led to stepwise rupture events in the F-D traces occurring at similar
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separation distances during successive pulling cycles (Fig. 3b, and Supplementary Fig. 6),
indicating that during mechanical relaxation the chains rapidly rebind together. Similar
behavior has been observed during mechanical manipulation of amyloid fibrils and RNA
molecules.[38-40] In our case, we believe that a bundle of pDA molecules dissociates from
either the tip or the substrate surface and the unzipped subunits rapidly rebind to the surface
prior to the subsequent mechanical cycle. Such a rapid, cooperative process can be facilitated
by the high local concentration of binding sites that participate in intermolecular interaction
between pDA molecules. Conceivably, similar interactions could take place during formation
of pDA and be an important mechanism driving deposition of pDA coatings on solid surfaces
from precursors in solution.

a

Approach
_

Retract

Figure 3.3: Intermolecular interactions between pDA molecules. a, Schematic of
experiments showing a pDA coated cantilever approaching a pDA coated substrate. b, The
F-D traces shown represent eight successive traces obtained during approach of a pDA coated
cantilever onto a pDA coated substrate.
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Finally, in order to demonstrate polymer growth during pDA film deposition we per-
formed a unique in-situ time-dependent SMFS experiment in which F-D curves were col-
lected during the early stages of pDA formation. In these experiments, the liquid cell of
the AFM chamber was filled with a freshly prepared DA monomer solution and F-D curves
collected continuously over a period of several hours (Fig. 4a). We detected pDA polymers
on the surface soon after initiating the experiment, evident in the form of short plateaus in
the F-D curves, which qualitatively increased in length with time (Fig. 4b). We attributed
this behavior to the formation and peeling of short pDA chains adsorbed on the surface of
the cantilever and/or substrate. As polymerization progresses, these adsorbed species can
further react together through covalent interactions resulting in appearance of longer force
plateaus due to chain extension. Unfortunately, this experiment was restricted to the very
early stages of pDA formation, as pDA particle formation in solution ultimately interfered
with laser detection as evidenced by unstable baselines in length with time (Fig. 4b). Nev-
ertheless, the results observed are in agreement with previous studies of the early stages
of pDA coating formation,[41, 42] where small molecule precursors of pDA initially adsorb
on the surface followed by subsequent chain growth and supramolecular assembly at the
solid-liquid interface.

3.4 Conclusions

In summary, we have been able to apply the SMFS technique towards investigation of pDA
and its highly debated polymeric nature. Results showed that pDA films contain high molec-
ular weight polymer chains with covalently connected subunits. Interactions of the pDA
chains with titanium oxide is generally weak, although some subunits interact with the ox-
ide surface through medium to high strength (~200-800 pN). The data confirm the existence
of polymers in pDA, although the presence of additional small molecule and oligomer com-
ponents cannot be ruled out by these experiments. Intramolecular interactions among pDA
chains are weak and reversible non-covalent interactions. In addition, time dependent force
spectroscopy during the early stages of pDA formation revealed that pDA chain growth
occurs at the solid-liquid interface, where film formation likely starts with adsorption of
small oligomeric species that undergo further polymerization and maturation to form higher
molecular weight pDA chains.
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Figure 3.4: in-situ time dependent SMFS during pDA formation. a, Schematic of
the in-situ experiments whereby the AFM liquid cell was filled with freshly prepared monomer
solution (2 mg/ml DA.HCI in 100 mM bicine buffer at pH 8.5) and force spectroscopy was
performed during the first two hours of pDA formation b, Representative F-D traces collected
during in-situ polymerization of pDA; after two hours, particles formed in the solution and
possibly also pDA deposition on the cantilever mirror surfaces interfered with the reflection

of the laser light, making further measurements impossible.
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3.5 Supplementary Figures
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Figure S3.1: Current theories of polydopamine structure and formation. Auto-oxidation
of dopamine leads to the formation of dopamine-quinone and 5,6-dihydroxyindole. Proposed
mechanisms for polydopamine formation range from noncovalent self-assembly of subunits
to form quinhydrone or trimer assemblies, and covalent coupling of subunits to yield a cate-
cholamine/quinone/indole heteropolymer or eumelanin-like oligo-indoles. Adapted with per-
mission from [43-45]. Copyright 2013 American Chemical Society, 2014 American Chemical
Society, and 2012 WileyVCH.
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Figure S3.2: MALDI mass spectrum of pDA particles. Primary building block of pDA at
m/z 402.6 was observed as previously reported in literature.[45, 46] No major fragment was
collected at m/z values of 700 or above.
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Figure S3.3: XPS spectrum of the pDA coated cantilever.
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Figure S3.4: F-D traces for approach of a bare AFM cantilever onto pDA-coated substrates;
mica (red), SS (purple), TiOq (blue), and SiO (black). Force spectroscopy experiments were
performed on the pDA-coated substrates to confirm that the features observed in the F-D
curves are independent of the underlying substrate. In these experiments a bare AFM
cantilever was approached against pDA-coated substrates and F-D traces were recorded. As
shown in the figure, we observed plateaus of constant force for pDA-coated mica, SS, TiOs,

and SiOs.
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Figure S3.5: Fitting of the stretching events with polymer chain elasticity model. Stretch-
ing events have been fitted with a Worm-like Chain (WLC) model, yielding a persistence
length of about 0.5 nm consistent with the values reported for stretching a single polymer
molecule in water. No previous studies have been done to measure persistence length for
pDA chains; however, previous reports have shown values of 0.38 nm or less for PEG,[47]
0.38 nm for amyloid fibers,[48] 0.4-0.6 for ssDNA and RNA,[49-51] 0.37 nm for PS, [52] and
0.4 for polyproteins and polypeptides.[47, 53]. The data has been fitted with WLC model
according to the following equation where F is the applied force, p is the persistence length,
k is the Boltzmann constant, L. is the contour length, and T is the absolute temperature.

__ kT 1 1 x
=5 (gozp) —at 1)
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Figure S3.6: Cohesive and intermolecular interactions between the pDA molecules. The
superposition of the successive F-D curves obtained upon approach of a pDA coated AFM
cantilever onto a pDA coated TiOy substrate with a piezo speed of 100 nm/s and a dwell
time of 5 seconds. The presence of superimposable features indicates that the unzipped
subunits can rapidly rebind to the surface prior to the subsequent mechanical cycle once
given sufficient time.
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Chapter 4

Mechanical Enhancement of
Bioinspired Polydopamine
Nanocoatings

* This chapter is adapted based on the research originally appeared as a peer-reviewed article
co-first-authored by me published in ACS Applied Materials & Interfaces.

K. G. Malollari’, P. Delparastan’, C. Sobek, S. J. Vachhani, T. D. Fink, R. H. Zha, and P.
B. Messersmith. ACS Applied Materials & Interfaces 2019, 11, 46, 43599-43607

Abstract

Inspired by the catechol and amine rich adhesive proteins of mussels, polydopamine (pDA)
has become one of the most widely employed methods for functionalizing material surfaces,
powered in part by the versatility and simplicity of pDA film deposition that takes place
spontaneously on objects immersed in an alkaline aqueous solution of dopamine monomer.
Despite the widespread adoption of pDA as a multifunctional coating for surface modifica-
tion, it exhibits poor mechanical performance. Attempts to modify the physical properties
of pDA by incorporation of oxidizing agents, crosslinkers or carbonization of the films at
ultra-high temperatures have been reported; however, improving mechanical properties with
mild post-treatments without sacrificing the functionality and versatility of pDA remains a
challenge. Here, we demonstrate thermal annealing at a moderate temperature (130°C) as
a facile route to enhance mechanical robustness of pDA coatings. Chemical spectroscopy,
x-ray scattering, molecular force spectroscopy and bulk mechanical analyses indicate that
monomeric and oligomeric species undergo further polymerization during thermal annealing,
leading to fundamental changes in molecular and bulk mechanical behavior of pDA. Con-
siderable improvements in scratch resistance were noted in terms of both penetration depth
(32% decrease) and residual depth (74% decrease) for the annealed pDA coating, indicating
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the enhanced ability of the annealed coating to resist mechanical deformations. Thermal an-
nealing resulted in significant enhancement in the intermolecular and cohesive interactions
between the chains in the pDA structure, attributed to cross-linking and increased entangle-
ments, preventing desorption and detachment of the chains from the coating. Importantly,
improvements in pDA mechanical performance through thermal annealing did not compro-
mise the ability of pDA to support secondary coating reactions as evidenced by electroless
deposition of a metal film adlayer on annealed pDA.

4.1 Introduction

Mussel adhesive proteins are noteworthy for containing the unusual catecholic amino acid 3,4-
dihydroxyphenylalanine (DOPA),[1] which is found in close association with basic amino acid
residues (lysine, histidine and arginine) in byssal proteins located near the interface. These
observations have led numerous researchers to develop mussel-inspired materials that contain
both catechol and amino functional groups for use as adhesives and surface modifiers.[1,
2] Most commonly these take the form of catecholamine synthetic polymers prepared by
solution phase polymerization of specialty catechol and amine containing monomers,[3-5]
chemical modification of amine polymers with catechols,[6, 7] or by conjugation of sequence
specific DOPA-Lys peptides to a synthetic polymer.[8, 9]

The interfacial properties of dopamine, a small molecule analog of catechol and amine-
rich mussel adhesive proteins, has been of high interest since it was shown to form coatings
on the surfaces of solids.[10] These coatings, commonly referred to as polydopamine (pDA),
are spontaneously formed by simple immersion of an organic or inorganic substrate in an
aqueous alkaline solution of dopamine (DA) monomer for a period of time ranging from
minutes to hours, resulting in a conformal pDA coating of thickness typically 1-100 nm.[10-
12] Formation of pDA coatings is believed to involve auto-oxidation of dopamine giving
rise to dopamine-quinone, which cyclizes to form dihydroxyindole (DHI), a fundamental
building block of pDA.[11] Subsequent events that culminate in the formation of pDA are
less well understood and remain an active area of investigation.[13] Most structural models
for pDA fall into two distinct categories: the supramolecular model,[14] which describes pDA
as arising from weak interactions between monomeric and/or oligomeric subunits, and the
open chain model,[15] which more closely resembles a polymer resulting from covalent linking
of oxidized and cyclized dopamine monomers. We recently employed the unconventional
approach of single molecule force spectroscopy (SMFS) to study the molecular mechanics of
pDA films, providing the first direct evidence for high molecular weight covalent polymers in
pDA.[16] Considering that pDA likely also contains unpolymerized monomeric or oligomeric
species,[17, 18] at this time pDA is best described as being a heterogeneous material that
lacks a well-defined chemical structure, unlike most synthetic polymers.

The poorly defined and heterogeneous nature of pDA has not been a significant hin-
drance to development of practical applications probably due to the simplicity, scalability
and versatility of pDA coatings. As a result, pDA has become arguably the most important
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translational example of mussel inspired materials, achieving rapid and wide-ranging impact
in the interdisciplinary fields of applied chemistry, physics, medicine and engineering.[10, 11,
19] Nevertheless, the technology does have identifiable limitations.[13] For example it is ap-
parent to most researchers that pDA coatings are not mechanically robust and exhibit poor
resistance to delamination and abrasion. Several post-processing approaches to altering pDA
physical properties involving incorporation of oxidizing agents, cross-linkers or carbonization
at high temperatures have been reported,[20-25] however few have focused on improving the
mechanical performance of pDA.[20] For instance, annealing of pDA-coated stainless steel
substrates at 150°C was shown to enhance the immobilization capacity of the coatings for
albumin.[26] Qualitative inspection of heat treated coatings by SEM revealed fewer surface
cracks formed upon stretching of the coated substrates, suggesting that the heat treatment
might lead to improvements in the coating stability and cohesion.

Herein we investigated thermal annealing at moderate temperatures as a facile route
to enhance mechanical robustness of pDA coatings. It has been asserted that as much
as ~20% of pDA is comprised of unpolymerized monomeric or oligomeric species;[17, 18]
therefore we hypothesized that thermal annealing may cause reorganization and ordering in
the film[27, 28] while simultaneously inducing further polymerization of the unpolymerized
monomer and partially polymerized oligomers, leading to substantial enhancements in the
mechanical properties of pDA coatings.[29-31] Therefore, the objective of this study was
to investigate the mechanical stability of pDA coatings while examining the underlying
chemical, structural and molecular changes occurring upon thermal annealing. Our results
indicate that significant improvement in the mechanical performance of the coatings can be
achieved after a mild post-synthesis heat treatment, further paving the way to more robust
pDA coatings with tailorable properties.

4.2 Methods

Materials

Dopamine hydrochloride (99%, Alfa Aesar), sodium metaperiodate (NalO4, 98%, Alfa Ae-
sar), bicine (99%, Alfa Aesar), sodium hydroxide (NaOH, pellets, Fisher Scientific), Silver
Nitrate (99.9% Alfa Aesar), hydrogen peroxide (35 wt% HyO,, Acros Organics), sulfuric
acid (96%, HoSOy, Fisher Scientific), isopropyl alcohol (99.5%, VWR, Analytical), acetone
(Macron Fine Chemicals), and Simple Green (Sunshine Makers, Inc) were used as received.
Quartz coverslips were purchased from Ted Pella, Inc. (Redding, CA). Silicon wafers (SiOs)
with a layer of 100 nm titanium oxide (TiO3) were obtained from University Wafer, Inc.
(Boston, MA). Ultrapure (UP) water was obtained by purification of deionized water with a
Barnstead Ultrapure Water Purification System (Thermo Fisher Scientific, Waltham, MA)
to a resistivity of 18.2 M2 cm.
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Coating Substrates with pDA

TiO, substrates were first degreased with a 3:1 (v/v) mixture of water and Simple Green
solution by placing into sonication bath for 15 minutes at ambient temperature (~22°C).
The substrates were then rinsed and sonicated sequentially with water, isopropanol, and
acetone, each for 15 minutes, and dried under a stream of nitrogen gas. Prior to immersing
in dopamine solution, substrates were exposed to a plasma discharge at 100 W for 5 minutes
(Harrick Plasma Cleaner, Ithaca, NY, USA). Quartz slides were cleaned by placing into
Piranha solution (HySO4:H204 70:30 v/v) for 1 hour at ambient temperature and were then
rinsed with UP water and dried with nitrogen. The substrates were immersed into 2 mg/ml
dopamine hydrochloride in 100 mM bicine buffer at pH 8.5 for 16 hours (20 hours for quartz
slides) with constant shaking. The substrates were removed and rinsed extensively with UP
water and dried under a stream of nitrogen gas.

pDA-Assisted Electroless Metalization

pDA coated TiO, substrates were immersed into 50 mM aqueous silver nitrate solutions for
20 h at room temperature under constant stirring. Surfaces were washed extensively and
dried under a stream of nitrogen gas.

pDA Nanoparticle Synthesis

TGA and TGA-MS measurements were performed on pDA particles. Dopamine hydrochlo-
ride (2 mg/ml) was dissolved in UP water and the pH was increased to 8.5 by adding 1M
NaOH solution. The solution was stirred at 400 rpm for 5 hours at 70°C and subsequently
left at ambient temperature for 3 hours without stirring. Finally, the mixture was filtered
with PVDF membrane filters with a pore size of 0.1 pm (Durapore VVPP) followed by
drying at 50°C under vacuum.

Thermal and Chemical Treatment of pDA

pDA-coated substrates and NPs were annealed for 12 hours (72 hours for quartz slides) at
130°C under vacuum. Ellipsometry, contact angle, and XPS measurements were performed
on the samples after allowing them to equilibrate to room temperature. For the chemical
stability test, samples were immersed for 2 hours in 1 M aqueous NaOH solution and then
removed and rinsed with water and dried under nitrogen gas. For chemical stability test
under sonication pristine pDA and annealed pDA coated TiO, were sonicated in an aqueous
environment (pH~6.9) at high power for 10 minutes.

X-Ray Photoelectron Spectroscopy (XPS)

The surface chemical composition of pristine and annealed pDA coatings on TiO, substrates
was measured using X-ray photoelectron spectroscopy (XPS). XPS analyses were performed
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on a Perkin Elmer Phi 5600, equipped with a monochromatic Al Ka X-ray source operating
at 350 W. The neutralizer accessory was used with an emission of 1 yA to inhibit charging
of the samples. All spectra were calibrated to a Cls peak at 284.8 eV. For each sample
measured, multiple survey scans were taken at different positions, with a pass energy of
187.85 eV followed by high resolution spectra of Cls, N1s, and Ols with a pass energy of
23.50 eV. Calibrated spectra were fitted with Gaussian functions using OriginPro software.
The minimum number of peaks consistent with the best fit were used, while peak position,
full width at half maximum, and intensity were also considered during the peak fitting.

UV-Vis Spectroscopy

The UV—Vis absorbance spectra of the pDA-coated quartz slides were taken at a wavelength
range of 200-800 nm using a UV2600 spectrophotometer (Shimadzu Scientific Instruments,
Kyoto, Japan).

Thermogravimetric Analysis (TGA)/Mass Spectroscopy
(TGA-MS)

Thermogravimetric analyses were conducted using a TA Instruments TGA Q5000 and de-
composition trace was collected under a flow rate of 25 mL/min Ny with a temperature ramp
rate of 1.5°C/min. TGA-MS performed over a m/z range of 15 to 120 under nitrogen flow
using a Perkin Elmer Pyris 1 TGA paired with a Hiden Analytical HPR20 Sampling System.

Ellipsometry

The thickness of the pristine and annealed pDA deposited on the TiOy substrates was mea-
sured with a spectroscopic ellipsometer (M-2000V, J.A. Woollam, USA). The spectra were
fitted with multilayer slab models using CompleteEase software. The TiO, layer was fitted
with a Cauchy model immediately prior to immersion in the dopamine solution whereas pDA
deposits on the TiOy were fitted with a B-spline model. For the liquid cell measurements,
thickness of the dry coatings in an empty, aligned 500-uL liquid cell were determined at
an incidence angle of 70°. Deionized water (room temperature) was then introduced into
the cell and the thickness was measured at half-hour increments for 6 hours. Best-fit for
coating thicknesses and optical constants were determined from analyzing data with the
CompleteEASE software.

Contact Angle

Water contact angle of the coatings on TiO, substrates prior and after annealing were mea-
sured using a Ramé-Hart goniometer. 6 pl. of water was dropped on each sample using
the automated drop volume control module and the static contact angle was measured with
Droplmage software.
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GIWAX

GIWAXS was performed at the CMS (11-BM) of the National Synchrotron Light Source II.
Silicon wafers with a 100 nm layer of TiOy were coated with pDA. Samples were exposed
to a beam energy of 13.5 keV (A = 0.9184A) for100secondsatanincidenceangleof0.1°. 2D
scattering patterns were obtained using a square Photonic Sciences CCD detector with a
size of 1042x1042 pixels with pixel dimension of 0.1017 mmx0.1017 mm. The sample-to-
detector distance was 0.229 m with a detector tilt of -21° and detector orientation of 45°.
Raw detector images were converted from (g,,q.) to (g.,q.) to account for Ewald sphere cur-
vature (“missing wedge correction”) using SciAnalysis, a python-based softwate developed
by Brookhaven National Lab’s CFN- Center for Functional Nanomaterials.[32] Addition-
ally, raw detector images analyzed using Xi-cam software (CAMERA at Lawrence Berkeley
National Laboratory) to produce 1D intensity vs. |q| plots in a line along the ¢, axis.[33]

Scratch Testing

Nanoscratch tests were performed using Bruker’s Hysitron TI-950 triboindenter equipped
with a 2-D transducer and a 300 nm conospherical probe. The scratch load function consisted
of three distinct segments: a trace segment to determine the surface profile at the site of
the scratch, a 6-um long scratch segment, and a retrace segment to determine the residual
deformation after the scratch. Two scratch test load functions were used: one with a constant
normal load of 50 uN applied during the scratch and the other with the normal load ramped
linearly from 0 to 100 uN during the length of the scratch. Multiple tests (n=8) for each
load function were performed on 3 samples of pristine and annealed pDA coatings in order to
determine variation between films of the same type as well as between the two types of films
tested. In addition, multiple tests (n=8) for each load function were also performed on a
TiO, control sample. For all scratch tests, a tilt correction was performed on the scratch test
data using the trace segment of the load function. Finally, using Hysitron’s SPM imaging
technique, the surface topography over an area of 15 ymx15 ym was mapped at each test
site.

Nanoindentation

Nanoindentation tests were performed using Bruker’s Hysitron TI-950 triboindenter equipped
with a 2-D transducer and a 300 nm conospherical probe. The tip area function was estab-
lished from an aluminum standard. All load displacement curves were analyzed using the
method described by Oliver and Pharr[34] (50% of the unloading curve was used for analy-
sis). All indentation tests were carried out in an open loop feedback mode under loading rate
control. The peak load of approximately 25 uN was used and was held fixed for a period of
3 seconds and load displacement curves were acquired. The slope of the load-displacement
curve, upon unloading represents the stiffness, S, evaluated at the maximum indentation
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depth .. The stiffness was used to calculate reduced Young’s Modulus E, using the
relationship:

_ VT S
2 A,
With A, being the contact area at h,,,,. Finally, the reduced modulus can be expressed

as a function of the elastic properties of the system (indenter and sample). Herein a Poisson’s
ratio of ¥=0.35, a typical value for macromolecules, was used.

E,

Single Molecule Force Spectroscopy (SMFS)

Measurements were carried out using a JPK ForceRobot 300 (JPK Instruments AG, Ger-
many) with a tip velocity of 1000 nm/s over a z-piezo distance of 500 nm with a dwell time
of 1 second. The experiments were performed in UP water after allowing the cantilever to
equilibrate in solution for at least 30 minutes. Soft silicon nitride cantilevers (MLCT from
Bruker Nano Inc.) of typical spring constant of 50-60 pN/nm were used for all experiments
and calibrated using the equipartition theorem.[35] The force-extension traces were recorded
and analyzed using data processing software from JPK and a home-written procedure in
IgorPro (Wavemetrics).

4.3 Results & Discussion

To evaluate possible chemical transformations occurring during thermal treatment, X-ray
Photoelectron Spectroscopy (XPS) measurements were performed on the pristine and an-
nealed pDA coatings and detailed chemical composition was acquired from the deconvoluted
spectra of Cls, N1s and Ols regions. Representative high-resolution spectra are shown in
Fig. 1 and the percent contribution of each functional group before and after annealing
are presented in Supplementary Fig. S1. The Cls spectrum was fit with four peaks corre-
sponding to CH, /C-NHy (~284.3 eV), C-O/C-N (~285.6 eV), C=0 (287.7 e¢V) and 7-7*
shake-up (~291 eV) according to the literature.[36] The Ols region was deconvoluted into
two components assigned to O=C (~531.0 eV) and O-C (~532.9 eV) species, whereas the
N1s region was fit with three peaks attributed to primary (R-NHy, ~401.9 eV), secondary
(Ro-NH, 399.9 V) and tertiary /aromatic (=N-R,~398.8 ¢V) amine functionalities.[37] After
thermal annealing, a 20-25% relative increase in the carbonyl (O=C) content was observed
in the Cls and Ols spectra, and a corresponding decrease in the C-O content was observed
in the Ols spectrum. The observed conversion of C-O to C=0 may be attributed to the
oxidation of the phenolic hydroxyls and the formation of quinone species at elevated temper-
atures.[29, 38-40] The transformation of polar hydroxyl groups to carbonyl species was also
apparent in an increase in the water contact angle of the coatings after thermal treatment
(Supplementary Fig. S2). The quinone species have been extensively utilized as chemical
handles for pDA surface functionalization with nucleophiles through Michael addition or
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Figure 4.1: XPS elemental composition. Representative raw and deconvoluted high-
resolution XPS spectra of Cls, N1s, and Ols for the pristine (a-c) and thermally annealed
pDA coatings (d-f).

formation of Schiff bases.[11, 41] Thus, the increase in the carbonyl content after thermal
annealing can further enhance the attachment of nucleophiles to the surface and enhance
the bioconjugation capacity of the pDA coatings, as demonstrated in previous works.[38] In
one example, Luo and colleagues showed that heat treatment of pDA at 150°C increases the
concentration of quinone in the coatings and improves its ability to immobilize biomolecules
on the surface.[38]

According to recent structural studies of pDA, the primary amine content is attributed
to the presence of DA monomer and partially polymerized species (oligo-dopamine, oDA)
in the structure whereas the secondary and tertiary amines are associated with the inter-
mediate species of 5,6-dihydroxyindole (DHI) and 5,6-indolequinone (IQ) along with the
cyclized amines which are products of DA polymerization.[11, 18] After thermal treatment,
we observed a notable decrease (~35%) in the primary amine content with a corresponding
increase in the secondary amine species. This progressive change in the N1s spectrum can be
attributed to the presence of a significant amount of uncyclized monomeric and oligomeric
species which undergo further polymerization and take part in competitive inter- and intra-
molecular cyclization, triggering crosslinking reactions in the structure.[20, 29, 40] Indeed,
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the idea of thermal treatment of pDA was previously investigated by Proks et al.[42] where
they suggested that heat treatment at moderate temperatures (~100°C) can cause reorien-
tation within the structure due to dehydration, allowing the unreacted amines to cooperate
in cyclization and cross-linking reactions resulting in stabilization of the pDA structure.
However, we noted that their experiments were performed on solid pDA aggregates collected
from the polymerization solution, which have been recently shown to be different from pDA
films.[43] In the present study, we evaluated the effects of thermal annealing directly on the
pDA films formed on substrates since the coatings have found much broader applications
compared to pDA particles.

UV-Vis spectroscopy of the pDA coatings supported our hypothesis that thermal anneal-
ing triggers further polymerization of unreacted monomers and partially reacted species. It
has been shown previously that absorbance of pDA films is almost a monotonic function of
the wavelength, with some discontinuities in the spectrum at around 280 nm and 420 nm
attributed to presence of monomeric and oligomeric species present in the pDA coating.[17,
44) Similar features have been detected and assigned to partially polymerized and low molec-
ular weight fractions in melanin.[45] We observed a significant decrease in the intensity of
these bands after thermal annealing (Supplementary Fig. S3), suggesting the conversion and
further oxidation of oligomeric species present in the pDA structure.

To examine thermal stability of the pDA and to confirm that no chemical degradation
occurs upon thermal annealing at 130°C, thermogravimetric analysis (TGA) was carried out
within the temperature range of 25-600°C. As shown in Fig. 2a, more than 95% of the pDA
mass was retained up to 130°C, with an approximate mass retention of 80% for temperatures
up to 400°C. To identify the chemical species evolved upon heating we performed TGA-mass
spectroscopy (TGA-MS) experiments. A notable feature of the TGA-MS data was a two-step
dehydration centered at 80°C and 280°C, which we believe is related to water loss, as pDA
and eumelanin are known to be hygroscopic.[46, 47] The adsorbed water exists in two forms:
one in the form of weakly-bound surface water, and another that is more tightly bound.[14,
25, 42, 48, 49] Thus, our results are consistent with the literature and indicate dehydration
of the structure and removal of surface and bound water at 80°C and 280°C, respectively.
Moreover, a continuous evolution of CO, was observed upon heating, which can be attributed
to the sample degassing at moderate temperatures and to the partial decomposition of pDA
building blocks at elevated temperatures.[42, 50] No evolution of any other fragment in a
m/z range of 15 to 120 was observed, indicating that no significant degradation is taking
place at the annealing temperature used and the mass loss can be ascribed to dehydration
of the pDA structure.
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Figure 4.2: Thermal stability of pDA. TGA curve of the pDA showing more than 95%
mass retention up to the annealing temperature of 130°C (a); TGA-MS spectrum of the
pDA indicating that most of the mass loss at lower temperatures can be attributed to the

dehydration (b).

To gauge the effect of thermal annealing on pDA physical properties, the stability of
pDA coatings toward dissolution in solvent was measured using ellipsometry. In contrast to
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many conventional polymers, pDA is notoriously insoluble in common organic solvents and
acidic and neutral aqueous media and is only known to dissolve in strongly alkaline solu-
tions, a characteristic that has been attributed to the deprotonation of catechols and amines
in the pDA structure at basic pH causing electrostatic repulsion between subunits result-
ing in disruption of secondary bonding and intermolecular interactions and, consequently,
detachment and/or dissolution of the coatings.[23, 44] In our experiments, the thickness of
the pristine pDA coating decreased by more than 80% (from 85 nm to 16 nm) upon im-
mersion in 1M NaOH, whereas we observed only 17% (from 89 nm to 65 nm) decrease in
the thickness of the heat treated pDA films under the same conditions (Fig. 3). This sharp
difference between near-quantitative removal of pristine pDA coatings and the high retention
of the annealed pDA coatings can be associated with the structural changes occurring upon
thermal treatment. It is generally accepted that solubility of polymer films is dependent
on a number of parameters among which cross-linking density, molecular weight, and crys-
tallinity are major contributors.[51] In this case, results suggest that further polymerization
of oligomeric species during annealing leads to additional cross-linking reactions between
the polymer chains. The interaction of solvent molecules and polymer chains is hindered
in a strongly cross-linked polymer network, preventing the chains from being solubilized.
Thus, the effect of thermal annealing was manifested in enhanced chemical stability towards
alkaline conditions, a crucial consideration for pDA coatings in practical applications.
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Figure 4.3: Solvent stability and aqueous swelling of pDA films. Ellipsometry
measurements showing changes in thickness of the pristine and annealed pDA coatings af-
ter incubation in 1M NaOH (2 hours at room temperature) (a). Liquid cell ellipsometry
results showing the relative swelling (wet thickness: dry thickness) of pristine and thermally
annealed pDA coatings at room temperature in water (b).
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To investigate this in more depth, we measured the aqueous swelling of pristine and an-
nealed pDA coatings in-situ using liquid cell ellipsometry. When in contact with a penetrant
solvent, the polymer usually swells as the solvent molecules diffuse into the network.[52]
However, higher degree of crosslinking limits network expansion and swelling of a polymer
film, as the chains are held more tightly together and the free volume is decreased.[53] Fig.
3 shows the relative thickness of the pristine and annealed pDA over time after the addition
of water to the sample cell. Results showed that thermally annealed pDA coatings take up
less water compared to pristine pDA coatings. Reduced film expansion after annealing may
result from a combined effect of the improved structural organization within the coating due
to dehydration along with the increased crosslinking which reduces the available volume for
water molecules within the coating and exerts further resistance to the film expansion. How-
ever, the significant difference in functional group composition and hydrophobicity between
pristine and annealed pDA may also suggest different interaction parameters with water,
which could play a role in the different equilibrium swelling behavior. To investigate the
possible morphological and molecular structural changes in the pDA coatings upon thermal
annealing we performed grazing incidence wide angle X-ray scattering (GIWAXS) measure-
ments on the coatings. GIWAXS has been exploited as a powerful tool for investigating the
crystalline structure of macromolecules and obtaining information about the texture and
phase composition of polymeric thin films.[54] GIWAXS data were collected on pristine and
annealed pDA deposited onto TiOy substrates. A 2D detector recorded images of scatter-
ing along ¢, (out-of-plane film normal direction) and ¢, (in-plane-film horizontal direction)
(Supplementary Fig. S5) which were converted into ¢, and ¢, (total in-plane momentum
transfer) to account for the curvature of the Ewald sphere (Fig. 4a and b). To further
unravel the structural changes of pDA coatings prior to and after annealing, 1D intensity
along the radial axis were plotted from the converted GIWAXS images (Figure 4c). To the
best of our knowledge, no phase transformation occurs during thermal annealing of TiO, at
130°C,[55] and thus, any changes observed can be attributed to the pDA structure.

The GIWAXS pattern of pristine pDA coating exhibits a broad amorphous halo at q~1.4
A~1 which corresponds to a d-spacing of ~4.4 A. Upon annealing, the halo shifts to a higher
q (~1.6 A1), indicating a decrease in the pDA layer spacing (d=3.9 A), which is more
consistent with m-7 stacked structures. The removal of adsorbed water during thermal
annealing in pDA can lead to a decrease in the d-spacing of the layers. Upon dehydration,
pDA chains can reorganize and come closer together leading to an increase in ordering
and change in physical properties such as electrical conductivity.[56] Moreover, a broad ring
observed at q=~0.84 A~! corresponding to a spacing of ~7.5 A appears in the annealed sample.
A similar observation has been made in annealed bulk amorphous polymers, attributed to
enhanced ordering of the amorphous domains.[57] This feature can be readily identified in the
1D radial reduction (Fig. 4c) of the annealed sample as a shoulder at q~0.84 A1 which is
consistent with peak changes observed during thermal annealing of eumelanin.[48, 56] Earlier
studies have suggested the presence of extended layer stacking with a separation of ~3.7-3.8
A~"in pDA and DHI-based eumelanin, considering them as para-crystalline units with short
and medium range order.[48, 49, 58, 59], Therefore, the d-spacing of 7.5 Ain annealed pDA
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Figure 4.4: GIWAXS scattering patterns. 2D GIWAXS images of pristine pDA (a) and
annealed pDA (b) coatings after conversion to ¢, (in-plane) and ¢, (out-of-plane) scattering
vectors, which results for a "missing wedge” that accounts for curvature of the Ewald sphere.
1D radial reductions obtained from the 2D images are shown in (c).

might be ascribed to stacking of three layers of aromatic building blocks. In our case, we
observed an intensification in the three-layer stacking signal, which we attributed to better
ordering of pDA building block domains.[60] The results obtained indicate a clear difference
in molecular structure of pristine and annealed pDA samples and are in a good agreement
with previous X-ray diffraction (XRD) studies of melanin-like materials.[56]

One of the main shortcomings of pDA coatings that limits their use in some practical
applications is weak mechanical properties. Thus, it was critical to assess whether thermal
annealing can improve the mechanical performance of the coatings. Towards this goal, we
investigated scratch resistance of pristine and thermally annealed pDA coatings. Scratch
testing is one of the most widely used quality assurance techniques for evaluating shear
strength and mechanical robustness of coatings and thin films.[61] A typical scratch experi-
ment involves translation of a geometrically precise indenter across the sample surface while
subjecting the indenter to a constant or progressive normal load.[62] During the scratch cy-
cle, height profiles for the trace and retrace segments are recorded and can later be analyzed
to extract penetration and residual depth values. Penetration depth corresponds to the
deformation occurred during trace profile (e.g. mixture of elastic and plastic deformation)
while the residual depth is calculated using the retrace profile and can be attributed to the
permanent deformation of the sample after the load is removed. Scratch experiments were
performed on the pristine and annealed pDA coatings to evaluate the influence of thermal
annealing on the mechanical performance of the films and the results are shown in Fig.
5. The average penetration depth during the scratch was determined to be 31.44+3.0 nm
and 21.443.2 nm for the pristine and annealed PDA films, respectively, representing a 32%
decrease in the scratch depth after thermal annealing. Furthermore, the average residual
scratch depth was measured to be -18.24+4 nm and -4.7+1.7 nm for the pristine and heat-
treated samples, respectively, representing a significant 74% reduction in the scratch depth
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after thermal treatment. Roughness, especially for thin polymeric coatings, is a significant
contributor affecting deformation; however, even though pDA coatings are relatively rough,
in our case, both pristine and annealed samples exhibited comparable roughness. For the
bare TiO, substrates, the average scratch depth was negligible for the normal load values
used during the measurements, and thus, the scratch depths extracted in the experiments
on the coated substrates can be confidently assigned to deformation of the coating. More
importantly, annealed pDA coatings displayed improved recovery capability after removal of
the load as evident in the decreased residual depth. These results are in accordance with
previous investigations on pristine and annealed polymer films, where enhanced scratch re-
sistance was attributed to the higher degree of crosslinking in the molecular structure of
the annealed polymeric coatings.[63] In our case a similar explanation is possible, as thermal
annealing can enhance crosslinking and increase entanglements among pDA chains, resulting
in mechanical interlocks that restrict segmental motion of the polymeric chains leading to
an interconnected polymeric network with improved cohesive interactions, benefitting the
ultimate mechanical performance of the coating.[62] Interestingly, the improvements in the
mechanical performance did not come at the expense of multifunctionality and versatility
of the pDA coatings. As a proof of concept, we have been able to show that transforma-
tions during thermal annealing process does not result in diminishing the ability of the pDA
coatings to reduce metal ions into metallic form (Supplementary Fig. S9), as pDA-assisted
electroless metallization has been widely utilized to form adherent conductive films onto a
variety of substrates.[10]
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Figure 4.5: Scratch resistance measurements on pristine and annealed pDA coat-
ings using a constant load of 50 uN. Representative penetration-lateral displacement
and residual depth-lateral displacement curves are shown in (a) and (b), respectively. Im-
proved scratch resistance of the pDA coatings after thermal annealing is shown in (c).

To complement the scratch resistance measurements and to further evaluate the effects
of thermal annealing on the molecular mechanics of pDA coatings, we performed force spec-
troscopy experiments on annealed pDA. AFM-assisted force spectroscopy has been recog-
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nized as a powerful technique enabling nano-mechanical characterization of protein and poly-
mer coatings at a molecular level.[16, 64] The technique has been employed extensively in
investigation of mechanical properties of nanoscale thin coatings including, but not limited
to, evaluation of Young’s modulus, adhesion to substrate, and friction coefficient.[65, 66] We
recently utilized this technique to study structure and molecular mechanics of pDA coatings
and to confirm its polymeric nature as revealed by the presence of step-wise plateaus of
constant force in the force-displacement (F-D) curves, indicating detachment and peeling
of a bundle of polymer chains from the pDA-coated cantilever due to weak, non-covalent
intermolecular interactions among the chains.[16] These characteristic features of pDA F-D
curves serve as a useful baseline that we can use to determine if the observed enhancements
in the mechanical properties are indeed linked to changes in the molecular structure of pDA
coatings.

Pristine and thermally annealed pDA coated AFM cantilevers were brought into contact
with TiOq substrates and deflection of the cantilever was monitored during retraction (Fig.
6). In clear contrast to the step-like plateau behavior exhibited by pristine pDA,[16] the
probability of observing plateaus was extremely low for the annealed samples. Among the
tens of thousands of F-D curves collected on annealed pDA using different cantilevers, most
were featureless- only ~0.2-0.4% of F-D curves showed the characteristic step-wise plateau
behavior (as compared to ~5% for the pristine pDA[16]). We attribute this observation to
significant enhancement in the intermolecular and cohesive interactions between the chains in
the pDA structure after annealing, possibly due to cross-linking and increased entanglements,
thus preventing desorption and detachment of the chains from the coating. Unexpectedly,
1-2% of F-D curves obtained from annealed pDA were characterized by a saw-tooth pattern
of non-equilibrium stretching events in the form of spikes (Fig. 6). Force curves of this type
can found during force-induced extension of biomacromolecules, where the sawtooth features
represent rupture of non-covalent bonds or unfolding of secondary structures.[67] Whereas the
plateaus can be interpreted as molecular desorption from the top layer of the pDA coating or
the underlying substrate, the saw-tooth features in our F-D curves can be caused by rupture
of intermolecular bonds or by release of mechanical interlocks and entanglements between the
chains that are topologically trapped in the pDA network.[65, 68] These features might be
interpreted as successive release of intermolecular bonds holding a cross-linked multi-chain
matrix together, translating into enhanced toughness of the material.[69]
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Figure 4.6: Single molecule force spectroscopy of annealed pDA. Schematic of the
AFMe-assisted force spectroscopy experiments is shown in (a), and representative F-D curves
collected during approach of an annealed pDA-coated cantilever against TiO, substrate are
shown in (b). Most of the F-D curves (~98%) were featureless as shown in the top curve
(black). Only 0.2-0.4% of F-D curves showed stepwise plateau behavior (blue) representative
of pristine pDA and corresponding to equilibrium desorption of the polymer chains from
the coating. 1-2% of F-D curves (red) showed features (spikes) corresponding to the non-
equilibrium desorption of the polymer chains from the coating.

4.4 Conclusions

In summary, we demonstrated that a simple thermal post treatment process can be used to
improve the mechanical performance of pDA coatings. XPS and UV-Vis results showed that
thermal annealing led to observable changes in the chemical signature of pDA, consistent
with a model in which thermal annealing induces chemical transformations in the structure
of pDA that include further polymerization of uncyclized and partially polymerized oligo-
dopamine (0DA) species. Thermal annealing also led to increased ordering as suggested by
GIWAXS measurements. Thermally induced chemical transformations were accompanied
by changes in physical properties such as resistance to coating dissolution under solvent
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conditions that normally dissolve pDA and enhanced mechanical performance as measured by
scratch resistance. Molecular mechanical analysis of thermally annealed pDA was performed
by SMF'S, revealing significant changes in the mechanical signature of the annealed pDA that
are suggestive of enhanced intermolecular interactions and physical entanglements in the
pDA structure. Altogether these results suggest that thermal annealing produces chemical
and structural changes in the bulk pDA coating adhesion that likely enhance the coating
mechanical performance. Importantly, these mechanical improvements were achieved with
only a mild thermal treatment and preserved the ability of pDA to undergo secondary coating
reactions for specific applications.
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Figure S4.1: Atomic concentration of functional groups in pDA and annealed pDA coatings
obtained from the XPS measurements.
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Contact Angle Measurements

The increase in the contact angle after thermal treatment may be ascribed to the disap-
pearance and transformation of polar groups in the pDA structure. XPS spectra show
transformation of phenolic hydroxyls to quinones (~25% increase in content) as well as a
significant reduction in the primary amine content. The increase in the carbonyl content

after thermal treatment has been previously utilized to increase the bioconjugation capacity
of the pDA coatings.[70, 71]

120

I DA
1004 [l Annealed pDA

Contact Angle (°)

Figure S4.2: Water contact angle of the pristine pDA and annealed pDA coatings, show-
ing a drastic increase in the surface hydrophobicity after annealing. Error bars represent
standard deviation of 15 independent measurements.
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UV-Vis Absorbance Spectrum
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Figure S4.3: UV-Vis spectra of the pDA-coated quartz slides before and after thermal
annealing at 130°C. The peak at 280 nm and the shoulder at 420 nm in the blue curve
correspond to the fraction of monomeric and oligomeric species present in the pristine pDA
coating. After annealing, the intensity of these features decreases significantly, indicating the
conversion and further oxidation of partially polymerized species resulting in a monotonous
absorption behavior. Inset shows a zoom-in of the spectrum from 250 to 500 nm.
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Thickness Evaluation after Sonication

One the main drawbacks of pDA coatings is their weak stability under sonification. Pristine
pDA and annealed pDA coated on TiO, were sonicated in an aqueous environment (pH~6.9)
at high power for 10 minutes. After sonication, the thickness of pDA dropped by ~35% (n=9,
p<0.05) whereas the thickness of the annealed pDA did not show any statistically significant
reduction. After thermal annealing the stability of pDA against sonication was enhanced
possibly due to the enhancement in the intermolecular and cohesive interactions between

pDA chains.
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Figure S4.4: Ellipsometry measurements showing changes in thickness of the pristine and
annealed pDA coatings prior to and after sonication in Milli-QQ water for 10 minutes.
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GIWAXS on pDA-Coated and Bare TiO, Substrates
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Figure S4.5: Raw 2D GIWAXS detector images of pristine pDA coatings on TiO, (a) and
annealed pDA coatings on TiO, (b). 2D GIWAXS image of bare TiO, after missing wedge
correction (c). No phase transformational changes occur during thermal annealing of TiOy

at 130°C.[72, 73]
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Scratch Resistance

Constant Load — 50 uN

Figure S4.6: Images of scratches on the pristine pDA (a) and annealed pDA (b) using a
50 uN constant load. An improvement in the scratch resistance is noted for the annealed
pDA, indicating the enhanced ability of the coating to withstand the load resulting in smaller
surface deformation.

Progressive Load — 100 uN

The influence of the scratch load on the mechanical response of the pDA coatings prior to
and after annealing was investigated by carrying out progressive load scratch measurements.
This second set of the scratch tests, where the normal force was ramped from 0 to 100 uN
during the scratch, were performed in order to induce failure of the film to compare critical
loads at failure between the two sets of films. The normal displacement during the scratch
segment as well as that during the retrace segments for the ramp load scratch test is shown
in Supplementary Fig. S7. No evidence of cracking or delamination failure was observed in
either set of films up to 100 uN normal force. However, the scratch depth was equal to or
greater than the film thickness for most tests on all pristine samples tested. The penetration
depth was lower while the recovery after load removal was higher for the annealed pDA
coatings compared to pristine coatings evidence of the higher penetration resistance. After
thermal annealing, pDA films show higher resistance to scratch as compared to pristine pDA
films, consistent with the expectation that the annealing process increases the cross-linking
of the polymeric chains and cohesion of pDA films, resulting in a robust coating with superior
mechanical properties.
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Figure S4.7: Scratch resistance measurements on the pristine and annealed pDA coatings
using a progressive load up to 100 uN. Representative penetration-lateral displacement and
residual depth-lateral displacement curves during scratching shown in (a) and (b), respec-
tively. Images of the scratches on the pristine pDA (c¢) and annealed pDA (d) during the
100 puN progressive load.
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Elastic Modulus

The elastic modulus of pristine pDA was measured ~2.8+0.8 GPa whereas after thermal an-
nealing the modulus increased to ~7.44+1.2 GPa. Thermal annealing resulted in a significant
increase on the elastic modulus due to the enhancement in the intermolecular and cohesive
interactions between the chains which resulted in mechanical interlocks that enhanced the
resistance to elastic deformation. Similar increase in the elastic modulus of pDA films has
been observed before and attributed to the enhanced cross-linking. For instance, Klosterman
et al. demonstrated that chemical cross-linking of the pDA films using Genipin molecules
can result in almost 5 times increase in the modulus from 1.540.4 to 7.94+1.7 GPa.[74] More
recently Li et al. showed that heat treatment of pDA films at elevated temperatures (300
to 600°C) can result in enhancing the Young’s modulus of the films from 2.3+£0.84 GPa to
~T7GPa after treatment at 300°C and ~14GPa when treated at 600°C.[75]
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Figure S4.8: Elastic modulus determined by nanoindentation on pristine and annealed
pDA.
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pDA-Assisted Electroless Metallization

The metal binding ability of catechols in the pDA coating is known to assist the deposition
of an adherent and uniform metal film onto substrates by electroless metallization. Here
the electroless silver metal film deposition via dip coating of pDA and annealed pDA coated
TiOs substrates into silver nitrate solution was investigated. As Supplementary Fig. S9
shows after thermal annealing the apparent reductive capacity of pDA layer was sufficient
to eliminate the need for addition of a reducing agent implying the ability of the annealed
pDA layer to reduce metal ions comparable to that of the pristine pDA.
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Figure S4.9: XPS spectra on (a) pDA- and (b) annealed pDA-assisted electroless metal-
lization of pDA coated TiO, substrates. Representative images of pDA and annealed pDA
coated TiOy substrates prior to (left) and after (right) the electroless metallization (c).
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Chapter 5

Enhanced Adhesion and Cohesion of
Bioinspired Adhesives

* This chapter is adapted based on the research originally appeared as a peer-reviewed article
co-authored by me published in ACS Applied Materials & Interfaces.

B. D. B. Tiu, P. Delparastan, M. R. Ney, M. Gerst, and P. B. Messersmith, Enhanced
Adhesion and Cohesion of Bioinspired Dry/Wet Pressure-Sensitive Adhesives. ACS Appl.
Mater. Interfaces 2019, 11, 31, 28296-28306

Abstract

The byssus-mediated adhesion of marine mussels is a widely mimicked system for robust
adhesion in both dry and wet conditions. Mussel holdfasts are fabricated from proteins that
contain a significant amount of the unique catecholic amino acid dihydroxyphenylalanine
(DOPA), which plays a key role in enhancing interfacial adhesion to organic and inorganic
marine surfaces, and contributes to cohesive strength of the holdfast. In this work, pressure
sensitive adhesives (PSAs) were synthesized by copolymerization of dopamine methacry-
lamide (DMA) with common PSA monomers, butyl acrylate (BA) and acrylic acid (AA),
with careful attention paid to the effects of catechol on adhesive and cohesive properties. A
combination of microscopic and macroscopic adhesion assays were used to study the effect
of catechol on adhesion performance of acrylic PSAs. Addition of only 5% DMA to a con-
ventional PSA copolymer containing butyl acrylate and acrylic acid resulted in a 6-fold and
2.5-fold increase in work required to separate the PSA from silica and polystyrene, respec-
tively, and a large increase in 180° peel adhesion against stainless steel after 24 h storage
in both ambient and underwater conditions. Moreover, the holding power of the catechol
PSAs on both steel and high density polyethylene (HDPE) under shear load continuously
increased as a function of catechol concentration, up to a maximum of 10% DMA. We also
observed stark increases in shear and peel adhesion for the catecholic adhesives over PSAs
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with noncatecholic aromatic motifs, further underlining the benefits of catechols in PSAs.
Overall, catechol PSAs perform extremely well on polar and metallic surfaces. The advan-
tage of incorporating catechols in PSA formulations, however, is less straightforward for peel
adhesion in nonpolar, organic substrates and tackiness of the PSAs.

5.1 Introduction

PSAs are ubiquitous industrial and consumer products that are an integral part of every-
day life. Common examples include adhesive tapes, sticky notes, hanging strips, and medical
bandages. PSAs commonly take the form of viscoelastic polymeric adhesive thin films coated
on a backing material, ideally adhering to substrates with only light pressure.[1] For tempo-
rary adhesion applications such as sticky notes, the PSA with backing should have the ability
to be removed without transfer of adhesive residue to the adherend. Optimizing PSAs for
specific target applications is a multifaceted problem involving balancing the adhesive and
cohesive properties of the material, as improving one property often comes at the expense of
the other. For example, the PSA polymer must either flow or have a sufficiently low modu-
lus to allow for maximal contact with the substrate, but also be stiff enough to resist flow
and dissipate energy when stress is applied to the system. Fine tuning of PSA properties is
typically accomplished through control of molecular weight, polydispersity, branching and
crosslinking of the polymer, or by introducing tackifiers, plasticizers or other additives into
the PSA formulation.[2]

One general requirement of a polymer PSA is that it has a low glass transition tempera-
ture (T,), which in the case of the (meth)acrylic polymer family of PSAs is often achieved
by linear or slightly cross-linked polymers with a high content of butyl acrylate, 2-ethylhexyl
acrylate, or other monomers that contribute low T,. However, PSA composition varies
widely by manufacturer and the intended application, and other monomers are often in-
cluded for functionality. For example, a few percent of a hydrophilic monomer such as
acrylic acid can be added to enhance adhesion of poly(butyl acrylate) PSAs onto polar sub-
strates such as glass, steel or aluminum.[3] Common strategies to improve PSA adhesion
onto low surface energy substrates like polyethylene and polypropylene include introduction
of nonpolar hydrophobic monomers, and physical or chemical treatment of the surface,[4] or
applying solvent-based adhesion promoters.[5] Adhesive performance of PSAs under water
is generally poor compared to that in air, with the magnitude of the decrease depending on
several factors including the effects of water on bulk viscoelastic properties, wettability of the
contact surface, and whether water is present during contact formation.[6] Repositionable
PSA sticky notes designed for use under difficult conditions (hot/cold, humid/wet), are now
commercially available. Interestingly, the manufacturer’s marketing guidance specifies the
product to be used on (initially) dry surfaces for holding under wet conditions.[7]

A fascinating observation about mussel adhesion is that two situations historically chal-
lenging for PSAs, namely adhesion to low surface energy substrates and adhesion under
water, apparently do not pose significant problems for mussels, which are known to ad-
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here to a wide range of substrates including rocks, wood, animal skins, painted surfaces,
fluorinated polymers and paraffin wax.[8] The byssal threads of the mussel are each ter-
minally glued onto surfaces by specialized adhesive proteins that permanently anchor the
threads onto substrates. Mussel foot proteins (Mfps) contain the catecholic amino acid 3,4-
dihydroxyphenylalanine (DOPA) at concentrations ranging from 3-27%, with the highest
catechol concentration found in the proteins located near the plaque-substrate interface.[9-
11] Molecular adhesion studies performed on Mfps, small molecule catechols and catechol
containing macromolecules have shown that catechols can enhance adhesive interactions to
inorganic and organic surfaces.[12-16] Even though the DOPA content of proteins found in
the interior of the byssal plaque and in the byssal cuticle is lower than at the interface, DOPA
still contributes to the overall cohesive strength by participating in metal coordination and
covalent protein cross-links.[10, 11]

As summarized in several excellent reviews,[10, 17, 18] incorporating catechol motifs
into polymers has been shown to improve adhesive performance in dry and wet conditions.
Applications proposed for catechol-polymers include structural adhesives,[19-21] biomedical
adhesives for tissues,[22-25] denture adhesives,[26] self-healing materials,[27, 28] adhesives
with stimuli-responsive behavior,[29] surface modification of nanomaterials,[30] antibacterial
and corrosion-resistant coatings,[31, 32| and adhesion-promoting hydrogel-based electron-
ics.[33]

Although a number of studies have reported catechol-containing (meth)acrylate poly-
mers,[33-36] reports on the use of catechol polymers in developing PSAs have been somewhat
limited. In 2003, our group first synthesized catechol-functionalized acrylic polymers via the
free radical copolymerization of a monomer modified with an unprotected catechol group for
bioadhesive hydrogel applications.[37] Subsequently, we used the same strategy and copoly-
merized dopamine methacrylamide (DMA) with methoxyethyl acrylate (MEA) to make a
catechol copolymer that was adsorbed as a molecular film on a gecko-inspired structured
PDMS tape, resulting in significant increases in wet adhesion.[38] Since then, several studies
on bioinspired poly(dopamine methacrylamide-co-alkyl (meth)acrylate) adhesives have been
reported,[34, 35] often using only one adhesion test such as lap-shear (most common)[19-21,
39] or probe-tack/indentation.[35, 40] Although these studies were successful in highlighting
the potential of catechols in improving an aspect of adhesion, a more comprehensive evalua-
tion of PSA performance should include industry-standard tests such as 180° peel adhesion,
loop tack/quickstick and static shear tests. Furthermore, most catechol-based adhesives have
primarily focused on adhering onto polar surfaces such as glass or steel because low surface
energy adhesion is less straightforward.[35] It would be interesting to investigate whether
mussel-inspired chemistry can translate into robust pressure sensitive adhesive systems for
hydrophobic and polyolefin-based adherends.

In this work we report a comprehensive evaluation of the ability of DOPA-mimicking
motifs to improve the adhesive and cohesive properties of PSAs as applied onto low and high
surface energy surfaces in both dry and wet conditions. Interfacial adhesion was characterized
at the microscale by colloidal probe spectroscopy, and at the macroscale by several industry-
standard adhesion tests (static shear, 180° peel, and loop tack/quickstick). This multifaceted
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approach allowed us to decouple the adhesive and cohesive contributions of catechol to PSA
performance.

5.2 Methods

Synthesis & Characterization

A detailed description of materials used and steps undertaken to synthesize and characterize
monomers and polymers is provided in the published article in ACS Applied Materials &
Interfaces journal.

Colloidal Probe Spectroscopy

Colloidal probe spectroscopy experiments were performed using the JPK ForceRobot 300
atomic force microscope (JPK Instruments AG, Berlin, Germany). Colloidal AFM probes
with nominal spring constant of 0.2 N/m and diameters of 3.5 ym (SiO;) and 14.45 pm
(Polystyrene) were obtained from sQube (Bickenbach, Germany). Polyethylene colloidal
probes with nominal spring constant of 0.24 N/m and diameter of 10 pm were acquired
from Novascan Technologies (Iowa, US). For the sample preparation, the polymers were
dissolved at a concentration of 1 wt% in ethanol and drop casted on mica substrates (Ted
Pella, Inc, Redding, CA) that were freshly cleaved using scotch tape in order to provide a
pristine surface. The polymer-coated mica substrates were then directly used for AFM force
spectroscopy experiments in the presence of ethanol. The sensitivity and spring constant
of the cantilevers were calibrated using the equipartition theorem.[41] The cantilever was
approached to the surface with a piezo speed of 1000 nm/s, hold for a dwell time (time of
contact between probe and surface) of 1 s with a contact force of 25 nN and then retracted at
a piezo speed of 1000 nm/s. Thousands of F-D curves were recorded on more than 5 samples
in each group to achieve statistically representative results. The area under the retraction
curve in F-D traces were calculated using the JPK data processing software.

Pressure Sensitive Adhesive (PSA) Testing
Fabrication of Pressure Sensitive Adhesive (PSA) Tape Samples

The synthesized PSAs were dissolved in methyl ethyl ketone (MEK) in 1:1 (wv) ratio and
coated onto Hostaphan RN36 polyethylene terephthalate films (thickness = 36 pum) with a
wet coating thickness of 120 um using a wire-round K-bar hand coater (Testing Machines,
Inc., New Castle, DE) to target a final coating thickness of 60 gsm (g/m?) (Supplementary
Fig. S1). The PET films coated with PSAs were heated at 100°C for 5 min to remove
the solvent and stored in ambient conditions for 24 h prior to use. In order to temporarily
protect the adhesive layer, the PSA-coated PET films were adhered onto silicone release
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layers. Then, 1 in-wide strips of PSA-coated films were cut for PSA evaluation tests (shear,
180° peel, and loop tack).

Preparation of Test Panels

PSA performance was tested against stainless steel and high-density polyethylene (HDPE)
test plates. Based on the FINAT Technical Handbook, the substrates were cleaned prior to
testing by dispensing ethyl acetate onto the surface and wiping it dry with Kimwipes. The
process was repeated at least three times. Acetone was used in the last rinse. The cleaned
substrates were placed in a vacuum desiccator for at least an hour before testing.

Static Shear Test

The shear holding power of the PSA was measured using the Room Temperature 10 Bank
Shear Tester (Chemlnstruments, Fairfield, OH) according to FINAT Test Method no. 8.
The silicone-release layer was removed from the prepared 1 in-wide strip, which was then
adhered on a clean test plate in such a way that a 25 mmx25 mm area of the PSA-coated
PET film was attached onto the substrate. Initially, contact was made using light finger
pressure. To standardize the applied pressure, the standard 2 kg-hand roller was rolled
twice in each direction at approximately 10 mm/sec. The other end of the tape was looped
through a Shear Test Clip (part STC-100, ChemInstruments) and carefully attached back
on itself. The test sample (test plate with attached PSA strip and Shear Test Clip) was
mounted onto the substrate holder of the shear tester. Then, a 500 g weight was carefully
inserted into the Shear Test Clip. The static shear test was performed in both dry and
wet conditions, which means that the contact between the PSA and the test panel and the
'roll-down’ methodology to standardize the applied pressure were done either in dry/ambient
condition or while submerged under water. For the wet condition, the PSA attached to the
test panel was patted dry with a Kimwipe and were placed in the Shear tester. Shear test
results of 5 samples per condition were averaged and reported.

180° Peel Adhesion

The peeling resistance of the PSA samples were measured by the conventional 180° peel
adhesion test as defined by FINAT Test Method no. 1. The PSA tape was cut into 25
mmx 175 mm strips and, after removing the release layer, was adhered onto the test sub-
strates using light finger pressure. To achieve similar contact between the adhesive layer and
the substrate, a standard FINAT 2 kg-hand roller was rolled twice in each direction at ap-
proximately 10 mm/sec. The test samples were stored in ambient conditions for 24 h before
testing. The end of the tape was pulled back at 180°, mounted in an Instron 3345 single
column universal testing system, and pulled at 300 mm/min. Peel tests were repeated 5
times and the results averaged. In addition to the dry 180° peel test, the peel adhesion after
immersion in deionized water for 24 h was also measured. The setup for the wet 180° peel
test is similar to the dry test except that the test samples were assembled and stored under
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water for 24 h before measuring the peel adhesion. First, the test substrate was submerged
in water. The silicone release layer of the pressure-sensitive tape was removed and the PSA
was adhered onto the test substrate while still submerged under water. Contact between the
adhesive and the substrate was standardized by rolling the FINAT hand roller twice in each
direction at 10 mm/sec. The test samples were then incubated in water for 24 h, dried with
lint free wipe and then mounted in the Instron tensile testing system for the peel adhesion
test.

Loop Tack Test (Quickstick)

Tack, or the ability of the PSA to immediately wet and adhere onto surfaces under low
external pressure, was characterized using the loop tack test as explained in the FINAT test
method no. 8 or PSTC-16. To perform this test, 25 mmx175 mm-sized PSA strips were
folded into a loop in such a way that the adhesive layer was in the outer side. The ends
of the PSA tape were then clamped onto the upper jaw of the Instron Tensile tester. The
test panel (30 mmx200 mm) was then mounted onto a Loop Tack Fixture (TT-LTF-100,
ChemlInstruments, Fairfield, OH), which was clamped onto the lower jaw of the Instron
Tensile Tester. The longer axis of the looped PSA tape should be at a right angle to the
long axis of the test substrate. Then, the looped tape sample was made to approach a test
substrate at 300 mm/min to form a contact area of 25 mmx30 mm. Once the contact area
was fully covered by the PSA, the motion was reversed immediately also at 300 mm/min. The
maximum force measured to completely remove the tape from the substrate was recorded,
as specified in the test method. Five PSA strips were tested and the results averaged.

5.3 Results & Discussion

Synthesis and Characterization of Catechol-PSAs

The PSA polymer platform used for this study is based on a standard PSA composition[42—
44] synthesized by copolymerization of BA (95 wt%) with AA (5 wt%). Catechol PSAs were
synthesized by replacing a portion of the BA monomer with DMA (5 wt% or 10 wt%), an
acrylamide monomer with a tethered catechol motif prepared via a highly scalable one-step
reaction using the starting material dopamine hydrochloride. Despite the radical scavenging
ability of catechols,[35] DMA was successfully copolymerized with other monomers under
anhydrous conditions to make catechol-PSAs, as revealed by 'H NMR analysis. For com-
parison purposes, we also synthesized aromatic PSAs by using phenethyl methacrylamide
(PMA) in place of DMA in order to isolate the effect of phenolic hydroxyls on PSA per-
formance. As shown in Table 1, samples are identified based on the feed wt% and type of
aromatic monomer and the molecular weight of the polymer, using (L) to designate the low
M,, polymers synthesized in ethanol and (H) for the higher molecular weight PSAs prepared
in DMF. For instance, the copolymer synthesized using a monomer feed ratio of 90% BA,
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Table 5.1: Monomer feed composition (wt%), molecular and thermal characterization of
the synthesized pressure sensitive adhesives.

Polymer Polymerization Feed Composition M,, M,, Dispersity T,
Solvent (wt%) (kDa) (kDa) (°C)
BA AA PMA DMA
PSA-L Ethanol 95 5 - - 42 164 3.9 -39
PSA-H DMF 95 5 - - 116 346 3.0 -41
PSA-5PMA-H DMF 90.6 5 4.4 - 289 484 1.7 -30
PSA-10PMA-H DMF 86.2 5.1 87 - 179 406 2.2 -27
PSA-5DMA-L Ethanol 90 5 - 5 98 388 4.0 -36
PSA-5DMA-H DMF 90 5 - 5 289 908 3.1 -31
PSA-10DMA-H DMF 85 5 - 10 485 1018 2.1 -18

5% AA, and 5% DMA in DMF will be denoted as PSA-5DMA-H. Control polymers with-
out DMA or PMA will simply be referred to as either PSA-L or PSA-H corresponding to
copolymerization of 95% BA and 5% AA in ethanol or DMF, respectively. Finally, T, values
of the resulting PSAs ranged from -41°C to -18°C, which should be taken into consideration
when interpreting the mechanical performance of the PSAs.

Monomers Polymers

BA CN
O o0 0P OH Of O "OH O” 'NH

PMA
CN

MA
z?= o
0>0 02 0H 07 NH
;; OH
OH

Scheme 5.1: Structure of PSA monomers and polymers. Structures of monomers and
mussel-inspired pressure-sensitive adhesive polymers (with omitted end groups) synthesized
via free-radical polymerization.
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Colloidal Probe Spectroscopy

AFM-based force spectroscopy has become widely used in the past few years due to its
high sensitivity and ability to study molecular or micro-scale interfacial phenomena on var-
ious substrates.[45] In particular, colloidal probe force spectroscopy technique is a versatile
tool to measure adhesive forces acting between a colloidal particle (i.e., micrometer-sized
spherical particle) and a planar substrate.[46-48] In the present work, colloidal probe force
spectroscopy was used to gain a microscopic view of adhesion performance of the synthe-
sized PSA polymers, in addition to macroscopic bulk adhesion testing. In a typical force
spectroscopy experiment (Fig. 1A), an AFM cantilever with a colloidal probe tip is brought
into contact with a PSA film and retracted at a specified speed while the force of interaction
between the probe and the polymer film is measured. In our experiments we chose three
different colloidal probes to evaluate the effect of catechols on PSA polymer adhesion to
different surfaces; silica (SiO,, diameter=3.5 pm), polystyrene (PS, diameter=14.45 pm),
and polyethylene (PE, diameter=10 pum). Based on Derjaguin-Muller-Toporov (DMT) and
Johnson-Kendall-Roberts (JKR) models for adhesive contact mechanics, both the contact
radius and the adhesive force are dependent on the probe diameter.[45, 49, 50] Since larger
probes will lead to higher values for separation work, comparisons of results obtained using
probes with different diameters should be done with caution.

Shown in Fig. 1B are representative force-distance (F-D) curves for catechol-free (PSA-L)
and catechol-containing (PSA-5DMA-L) PSAs using an SiOy probe, as examples of typical
raw data obtained in our experiments. Representative F-D curves collected using PS and
PE probes are included in Supplementary Fig. S2 in the Supporting Information. The
appearance of multiple spikes in the retraction part of the curve was characteristic of most
F-D curves and is suggestive of the presence of multiple adhesion and detachment points
during the retraction of the AFM cantilever from the polymer film. Presence of these spikes
can be attributed to detachment of multiple polymer chains from either the colloidal probe
or the substrate upon retraction of the cantilever or alternatively to rupture of specific
interactions between the individual polymer chains and the surface. Thus, the maximum
detachment force value obtained from F-D curves is not a reliable measure of the overall
adhesive interaction of the polymer with the probe. Moreover, extracting adhesion values
based on estimating contact radius can itself introduce large errors into calculations due to
the viscoelastic nature of the polymer as well as roughness and asperities on the colloidal
particle. Instead, we chose to integrate the area under the F-D curve as an estimate of
the magnitude of the overall adhesive strength between the polymer and the substrate in
the contact area, which we refer to as “separation work” (W, in Joules) here.[51-53] This
work is the product of thermodynamic work of adhesion (due to surface tension) and a
function describing viscoelastic properties of the adhesive as well as an additional interfacial
component reflecting factors such as probe diameter, surface roughness, and dwell time. The
separation work calculated here is related to the energy that is required to detach the probe
from the substrate.[47]
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Figure 5.1: Colloidal probe spectroscopy on PSA polymers. (A) Schematic illustra-
tion of the colloidal probe spectroscopy technique. (B) Representative F-D curves for PSA-L
and PSA-5DMA-L collected using an SiOy probe (d=3.5 pm).

Histograms and average values of W for the PSA polymers using different probes are
presented in Fig. 2 and Table 2. Results show that incorporating 5 wt% of DMA into
the PSA leads to a 6-fold and 2.5-fold increase in the separation work for SiOy and PS
probes, respectively, but no significant increase in the separation work for the PE colloidal
probe. The large increase in adhesion to silica upon incorporation of 5 wt% DMA may
be attributed to strong binding mechanisms such as bidentate complexation as described
previously.[12, 17] While we cannot invoke such mechanisms on PS; the surface of PS is
nevertheless rich in phenyl rings which can accommodate 7-7 interactions with the catechol
groups on the polymer. This can explain why we observed an increase in the separation work
for catechol-containing PSAs as compared to the catechol-free PSAs when using PS probes.
These observations further highlight the capability of catechols, even when incorporated at
low molar ratios, to improve PSA performance on oxide and certain organic substrates via
bidentate complexes, hydrogen-bonding, and 7-m interactions as compared to polyolefins
such as PE, which cannot accommodate such interactions.[16, 54]
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Figure 5.2: Separation work and adhesion of PSA polymers. Histograms of sep-
aration work on catechol-free and catechol-containing PSAs in contact with silica (A),
polystyrene (B), and polyethylene (C) colloidal probes.

Table 5.2: Colloidal probe spectroscopy measurements for the synthesized pressure sensitive
adhesives using SiO, (d=3.5 pum), PS (d=14.45 um), and PE probes (D=10 pm). The
number of F-D curves analyzed to calculate the average are indicated in the parentheses.

Separation Work (Jx10~17)
Polymer SiO, PS PE
PSA-L 5.5+2.1 (3077)  40.3£26.8 (1266) 3.82+1.24 (1315)
PSA-5DMA-L 31.946.0 (1381) 105.04+59.2 (1218) 4.07£1.68 (1415)

Adhesive and Cohesive Properties of the Catechol-PSAs

Several macroscopic adhesion tests were performed on PSAs cast as thin films onto PET
backing (Fig. 3A). PSA performance was measured against both stainless steel and high-
density polyethylene (HDPE) test substrates. First, we evaluated PSA shear strength, which
is related mostly to the cohesive strength and resistance of the adhesive to flow under shear
(Fig. 3B).[55] As compared to other types of adhesives such as structural adhesives, PSAs
generally experience viscous flow, resulting in very low shear strength when the evaluation
is performed using conventional lap shear tests.[1] Nevertheless, in service PSAs tapes are
often expected to persist for long periods of time under constant shear stress; thus the PSA
industry uses static shear tests (constant load creep test) for determining the shear failure
time as a measure of the cohesive strength or shear holding power of PSAs. For the low M,
polymers tested under both dry and wet conditions, the catechol-free system PSA-L failed
almost immediately whereas the PSA-5DMA-L failed at approximately 12 min on average
for both steel and HDPE. Statistical analysis showed that the shear test results for the low
M,, polymers were not statistically significant (Supplementary Tables S1-S4).
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Synthesis of PSAs in DMF resulted in higher M,, values and significantly improved shear
holding power of the adhesives in ambient (dry) conditions, particularly those containing
catechol motifs. For example, the high molecular weight catechol-free PSA (PSA-H) failed
at an average of 9 minutes on both steel and HDPE, whereas catechol PSA with 5 wt%
DMA (PSA-5DMA-H) survived for over 260 min for both substrates (Fig. 3B and 3C).
Doubling the DMA feed concentration to 10 wt% extended the shear failure time to ~380
min. This may be due at least in part to an increase in T, (-41, -31, and -18°C for PSA-H,
PSA-5DMA-H and PSA-5DMA-H, respectively) but also potentially to noncovalent inter-
molecular interactions among catechol motifs. In order to isolate the contributions of pheno-
lic hydroxyls to adhesion, PSAs containing N-phenethyl methacrylamide (PMA) were also
analyzed. Incorporating PMA into the copolymer increased the shear failure times compared
to aromatic-free PSA-H (9, 62 and 157 min for PSA-H, PSA-5PMA-H and PSA-10PMA-
H, respectively), although these values are much less than those of the catechol polymers.
The increase in shear holding power of PSA-5DMA-H over PSA-5PMA-H was statistically
significant (p<0.05) and cannot be attributed to a T, effect. This enhancement in cohe-
sive strength may have been a result of the non-covalent hydrogen bonding bonds between
catechols in addition to the m-stacking interactions of the aromatic motifs.
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Figure 5.3: Fabrication of PSA tapes and static shear test results.(A) Photograph
of the PSA tapes prepared from catechol-free (left) and catechol-containing (right) polymer.
(B) Schematic of static shear test with 1 inx1 in bonded surface area and 500 g hanging
weight. The experiment measures the elapsed time at which the adhesive bond fails. Shear
failure times for (C) steel and (D) HDPE after 10 min conditioning in ambient and wet
conditions. A vertical dashed line separates the results of the low (left) and high (right) M,,
PSAs. Statistical analysis was performed using a one-way analysis of variance (ANOVA)
and Tukey’s multiple comparisons post-test to verify significant differences (p<0.05). Data
are expressed as meantstandard deviation (N=5 independent test samples). A summary of
statistical test results are presented in Supplementary Tables S1-5S4.
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In the case of PSAs brought into contact with test substrates under water, a general trend
of 20-30% shorter shear failure times in wet versus dry conditions was observed for all PSAs
tested (Fig. 3C-D). Notably, the catechol PSAs exhibited the longest shear failure times of
all PSAs studied, with the difference between conventional PSA-H (4 min) and PSA-5DMA-
H (139 min) being particularly striking. Improvement in wet shear performance can be
attributed in part to enhancement of interfacial interactions by phenolic hydroxyls, although
as described above an increase in T, and intermolecular m-7 stacking interactions between
aromatic side chains likely contribute to strengthening the cohesive properties of the PSA.
Surprisingly, further increasing the DMA content to 10% resulted in a decrease in wet shear
failure time (97 min). Since we typically compensate increases in DMA concentration by
decreasing the more hydrophobic BA monomer, it is possible that at 10% DMA, water had
a plasticizing effect and decreased the shear strength of PSA-10DMA-H.
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Figure 5.4: 180° peel adhesion test on PSA polymers. (A) Schematic of the 180°
peel adhesion test in which 25 mm wide PSA strips are brought into contact with the
adherend, conditioned for 24 h in ambient and wet conditions and then peeled at a rate of
300 mm/min. Peel adhesion results for (B) steel and (C) HDPE adherends (Failure Modes:
C—cohesive, A—adhesive, and AT-adhesive transfer). A vertical dashed line separates the
results of the low (left) and high (right) M, PSAs. Statistical analysis was performed
using a one-way analysis of variance (ANOVA) and Tukey’s multiple comparisons post-test
to verify significant differences (p<0.05). Data are expressed as meanststandard deviation
(N=5 independent test samples). A summary of statistical test results for the peel adhesion
tests are presented in Supplementary Tables S5-S8.

Catechol-PSA adhesion was also evaluated using the 180°C peel adhesion test. This test
measures the average force required to peel a PSA tape from a rigid test substrate (Fig. 4A).
For the low molecular weight PSAs tested in dry conditions, PSA-L achieved a peel force
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of 3.3+0.2 N/25 mm on steel whereas the peel force of PSA-5DMA-L increased to 19.74+0.3
N/25 mm (Fig. 4B); both samples failed cohesively. A similar trend in peel strength was
observed on HDPE, although in this case the failure mode was adhesive rather than cohesive
(Fig. 4C).

For the high molecular weight PSAs the dry peel behavior was more complex, with
different trends observed for stainless steel and HDPE. For steel, the dry peel force in-
creased from 14.47+1.3 N/25 mm for PSA-H to 70£4.3 N/25 mm for PSA-5DMA-H, which
failed via adhesive transfer (AT) wherein the polymer detached from the PET backing ma-
terial and remained adhered onto the stainless steel. This behavior can be attributed to
the strong interactions of catechols toward metals. Further increasing the catechol content
to 10 wt% reduced the dry peel adhesion to 41.6+20.4 N/25 mm. Dry peel adhesion of
phenethyl-containing polymers on stainless steel increased as a function of PMA monomer
concentration, peaking at 55.14+13.0 N/25 mm for PSA-10PMA-H.

The assay for wet peel strength was designed to be challenging and involved bringing the
PSA and test substrate into contact under water and then further conditioning in water for
24 h before testing. For the PSAs investigated here, wet peel strength was almost always
lower than dry peel strength. Notable exceptions were PSA-10PMA-H, which had similar
values for dry and wet performance on both steel and HDPE, and PSA-10DMA-H, which
had significantly higher wet vs dry peel strength. Wet peel strength on steel increased with
catechol content, achieving the highest value of 46.64+3.4 N/25 mm for PSA-10DMA-H. An
interesting finding is that PMA-polymers outperformed DMA-polymers on HDPE in both
dry and wet peel conditions (Fig. 4C). Dry peel adhesion for both catechol PSAs decreased
as compared to the control polymer PSA-H, although the failure mode changed from cohesive
to adhesive failure, which is preferred in applications where no residue should be left on the
substrate after the PSA has been peeled off. The stark difference in peel adhesion results
of the catecholic PSAs on stainless steel as compared to HDPE emphasizes the importance
of strong interactions of catechols toward polar and metallic surfaces as compared to low
surface energy and nonpolar, organic adherends. This observation also agrees with the
colloidal probe spectroscopy results discussed in the previous section.

Lastly, we also measured tack adhesion using the loop tack test (Fig. 5A), which assesses
the ability of a PSA to quickly adhere onto surfaces with minimal applied force. High tack
PSAs are generally soft and viscoelastic materials capable of rapid deformation and wetting
of the surface. Tackifiers and/or plasticizers are often incorporated to lower the storage
modulus of the polymer and optimize the tack of commercial PSA formulations.[1, 44, 56]
As shown in Fig. 5B and Fig. 5C, it can be seen that every PSA exhibited lower tack
adhesion on HDPE than on steel, illustrating the challenges associated with adhesion to
polyolefins. A notable result is that catechol polymer PSA-5DMA-L showed the highest
tack adhesion among all the aromatic PSAs, for both steel and HDPE.
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Figure 5.5: Loop tack test on PSA polymers. (A) Loop tack (quickstick) test with a
pull rate of 300 mm/min, and a bonded surface area of 2.5 cmx3 cm. Tack adhesion test
results for (B) steel and (C) HDPE (Failure Modes: C—cohesive and A—adhesive). A vertical
dashed line separates the results of the low (left) and high (right) M, PSAs. Statistical
analysis was performed using a one-way analysis of variance (ANOVA) and Tukey’s multi-
ple comparisons post-test to verify significant differences (p<0.05). Data are expressed as
mean+tstandard deviation (N=5 independent test samples). A summary of statistical test
results for the loop tack tests are presented in Supplementary Tables S9-S10.
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5.4 Conclusions

Taken together, the colloidal probe (Table 2), shear, peel adhesion and tack results identify
certain circumstances under which PSA performance clearly benefits from the presence of
catechols, and other situations where the benefit is less clear. Colloidal force spectroscopy
revealed that the work required to detach polystyrene and silica colloidal probes from a cate-
chol PSA was 2.5-6 times greater compared to a catechol-free PSA. The adhesion promoting
ability of catechols was also evident in static shear and 180° peel measurements, where both
the shear holding power and peel adhesion of catechol PSAs were dramatically higher than a
conventional PSA in both dry and wet conditions. The DMA concentration, however, should
not exceed 10 wt% in order to keep the T, of the polymers low and maintain the ability
of PSA’s to wet out and adhere onto surfaces. In the case of nonpolar organic substrates,
the potential benefit of catechol PSAs is less obvious as indicated by the good peel perfor-
mance of PSAs containing non-phenolic aromatic groups on both steel and HDPE. This is
suggestive of more general aromatic contributions to PSA performance, possibly arising from
interfacial or bulk m-7 stacking interactions, although further studies will be necessary to
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confirm this. Finally, it is important to note that DOPA does not work in isolation in mussel
adhesive proteins; rather, it functions in concert with many other amino acids.[57] Although
catechols make sense as an initial focus of study, they should be considered a starting point
only. Another unique feature of mussel adhesive proteins that may be worth mimicking in
PSAs is the close proximity of catechols (DOPA) and amines (Lys, His and Arg).[57, 58]
Recent model adhesion studies conducted by surface forces apparatus and single molecule
force spectroscopy suggest an enhancement of catechol adhesion in partnership with nearby
amino functional groups.[14, 40, 59-62] Accordingly, in the future it may be possible to fur-
ther enhance catechol PSA performance through introduction of amine containing monomers
into the polymer structure.[63] Moreover, structurally related derivatives of catechols may
function as well or even better than catechols. For example, the trihydroxyphenyl (gallol)
functional group offers additional possibilities for adhesive building blocks, as gallol contain-
ing biomolecules and synthetic polymers have been reported to be adhesive to surfaces.[22,
64]
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5.5 Supplementary Figures

Fabrication of PSA tapes

(A)

PSA dissolved

in MEK
Backing Material
(36 pm)

Wire-round
, Hand Coater Target adhesive

thickness = 60 g/m?

” = T )g

Release Layer

Figure S5.1: (A) Fabrication of the pressure sensitive adhesives tapes. (B) Draw-down
coating with a target thickness of 60 gsm.
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Colloidal Probe Spectroscopy Data
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Figure S5.2: Representative colloidal probe spectroscopy F-D curves for PSA-L and PSA-
5DMA-L collected using (A) PS (d=14.45 pm) and (B) PE probes (D=10 um).
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Summary of Statistical Differences Between Test Samples via
One-Way ANOVA and Tukey Test (p<0.05)

Table S5.1: Summary of statistical analysis results for the shear test on stainless steel in
dry conditions. 0, not significant; 1, significant with p<0.05.

Shear - Dry - Steel
PSA-L 5PMA-H | 10PMA-H | 5DMA-H
PSA-5DMA-L 0
PSA-H 0
PSA-5PMA-H 1
PSA-10PMA-H 1
PSA-5DMA-H 1
PSA-10DMA-H 1

Table S5.2: Summary of statistical analysis results for the shear test on HDPE in dry
conditions. 0, not significant; 1, significant with p<0.05.

Shear - Dry - HDPE
PSA-L 5PMA-H | 10PMA-H | 5DMA-H
PSA-5DMA-L 0
PSA-H 0
PSA-5PMA-H 1
PSA-10PMA-H 1
PSA-5DMA-H 1
PSA-10DMA-H 1
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Table S5.3: Summary of statistical analysis results for the shear test on stainless steel after
underwater assembly of test samples and 10 min underwater conditioning. 0, not significant;
1, significant with p<0.05.

Shear - Wet - Steel
PSA-L 5PMA-H | 10PMA-H | 5DMA-H
PSA-5DMA-L 0
PSA-H 0
PSA-5PMA-H 0
PSA-10PMA-H 1
PSA-5DMA-H 1
PSA-10DMA-H 1

Table S5.4: Summary of statistical analysis results for the shear test on HDPE after
underwater assembly of test samples and 10 min underwater conditioning. 0, not significant;
1, significant with p<0.05.

Shear - Wet - HDPE
PSA-L 5PMA-H | 10PMA-H | 5DMA-H
PSA-5DMA-L 0
PSA-H 0
PSA-5PMA-H 0
PSA-10PMA-H 1
PSA-5DMA-H 1
PSA-10DMA-H 1




CHAPTER 5. ENHANCED ADHESION AND COHESION OF BIOINSPIRED
ADHESIVES 127

Table S5.5: Summary of statistical analysis results for the 180° peel adhesion test on
stainless steel after 24 hr storage in dry conditions. 0, not significant; 1, significant with
p<0.05.

Peel - Dry - Steel
PSA-L 5PMA-H | 10PMA-H | 5DMA-H
PSA-5DMA-L 0
PSA-H 0
PSA-5PMA-H 1
PSA-10PMA-H 1
PSA-5DMA-H 1
PSA-10DMA-H 1

Table S5.6: Summary of statistical analysis results for the 180° peel adhesion test on HDPE
after 24 hr storage in dry conditions. 0, not significant; 1, significant with p<0.05.

Peel - Dry - HDPE
PSA-
PSA-L 5DMA-L 5PMA-H | 10PMA-H | 5DMA-H
PSA-5DMA-L 1
PSA-H 1
PSA-5PMA-H 1
PSA-10PMA-H 1
PSA-5DMA-H 0
PSA-10DMA-H 1
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Table S5.7: Summary of statistical analysis results for the 180° peel adhesion test on
stainless steel after underwater assembly of test samples and 24 hr underwater conditioning.
0, not significant; 1, significant with p<0.05.

Peel - Wet - Steel
PSA-L 5PMA-H | 10PMA-H | 5DMA-H
PSA-5DMA-L 1
PSA-H 0
PSA-5PMA-H 1
PSA-10PMA-H 1
PSA-5DMA-H 1
PSA-10DMA-H 1

Table S5.8: Summary of statistical analysis results for the 180° peel adhesion test on
HDPE after underwater assembly of test samples and 24 hr underwater conditioning. 0, not
significant; 1, significant with p<0.05.

Peel - Wet - HDPE
PSA-L 5PMA-H | 10PMA-H | 5DMA-H
PSA-5DMA-L 1
PSA-H 1
PSA-5PMA-H 1
PSA-10PMA-H 1
PSA-5DMA-H 0
PSA-10DMA-H 0
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Table S5.9: Summary of statistical analysis results for the loop tack test on stainless steel.
0, not significant; 1, significant with p<0.05.

Loop Tack - Dry - Steel
PSA-L 5PMA-H | 10PMA-H | 5DMA-H
PSA-5DMA-L 1
PSA-H 1
PSA-5PMA-H 1
PSA-10PMA-H 0
PSA-5DMA-H 0
PSA-10DMA-H 0

Table S5.10: Summary of statistical analysis results for the loop tack test on HDPE. 0,
not significant; 1, significant with p<0.05.

Loop Tack - Dry - HDPE
PSALL PSA- PSA-

5DMA-L 5PMA-H | 10PMA-H | 5DMA-H
PSA-5DMA-L 1
PSA-H 1
PSA-5PMA-H 0
PSA-10PMA-H 0
PSA-5DMA-H 0
PSA-10DMA-H 0
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Underwater Mussel-Inspired Sticky Notes

Figure S5.3: Digital image of a piece of water-resistant “Rite in the Rain” paper with
one end coated with PSA-5DMA-H and attached directly to stainless steel under deionized
water. The bottom end of the paper is attached to a piece of PET film also coated with
PSA-5DMA-H and looped into the shear test clip, where the 1 kg weight is hooked into.
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Chapter 6

High Performance Adhesives via
Cooperativity of Catechols and
Amines

* This chapter is adapted based on the research originally appeared as a peer-reviewed article
co-first-authored by me published in Angewandte Chemie.

B. D. B. Tiuf, P. Delparastanf, M. R. Ney, M. Gerst, and P. B. Messersmith, Cooperativity
of Catechols and Amines in High Performance Dry/Wet Adhesives. Angew. Chem. Int. Ed.
2020, 59, 16616

Abstract

The outstanding adhesive performance of mussel byssal threads has been a beacon of inspira-
tion for materials scientists over the past few decades. Historically, presence of a significant
amount of the unique catecholic amino acid dihydroxyphenylalanine (Dopa) has been con-
sidered to play a key role in strong dry and wet adhesive properties of the byssal interfacial
proteins. In recent years, molecular and microscopic level studies using short peptides or
small molecule analogs have investigated the roles of other amino acids in mussel adhesion.
In particular, these studies have highlighted the cohesive role of cation-m interactions as
well as the adhesive synergy between Dopa and flanking lysine residues. Inspired to design
advanced synthetic adhesives that exploit amino-catechol synergy, we synthesized polymeric
pressure sensitive adhesives (PSAs) by copolymerizing traditional PSA monomers, butyl
acrylate and acrylic acid, with mussel-inspired lysine- and aromatic-rich monomers. Of par-
ticular interest was to compare the consequences of decoupling amino and catechol moieties
from each other (i.e. incorporated as separate monomers) versus a monomer architecture in
which the catechol and amine were coupled together in a fixed orientation in the monomer
side chain. Comprehensive multi-scale adhesion assays were used to probe performance at
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the molecular, microscopic and macroscopic levels through a combination of AFM-assisted
force spectroscopy, peel and static shear adhesion. We showed that coupling of catechols and
amines together within the same monomer side chain produced optimal cooperative effects
in improving macroscopic adhesion performance. The findings in this study improve our
understanding of underlying principles of mussel adhesion and provide a solid framework for
rational design of high-performance bioinspired adhesives.

6.1 Introduction

The remarkable wet adhesion of marine mussel byssus has been a major source of bioinspira-
tion for materials scientists during the recent decades.[1-4] These sessile organisms are able to
tenaciously attach to various surfaces in turbulent, wet, and saline habitats using their byssal
threads.[1, 5] Since many man-made adhesives fail in the presence of moisture, surface con-
taminants or salts, incorporation of concepts from mussel adhesives into synthetic materials
has been a long-standing pursuit for researchers.[6, 7] To achieve this goal, many fundamen-
tal studies have been conducted in order to understand the underlying principles of mussel
adhesion. Early investigations attributed the unique adhesive properties of mussel plaques
to the presence of unusually high contents (20-30 mol%) of the post-transitionally modified
3,4-dihydroxyphenylalanine (Dopa) residues in the mussel foot proteins (Mfps-3,5) at the
protein-substrate interface.[1, 8, 9] Fundamental studies later confirmed the critical role of
catechol moiety in adhesive and cohesive properties of these interfacial proteins using surface
forces apparatus (SFA) and single molecule force spectroscopy (SMFS).[10-12] These initial
observations sparked an era of substantial scientific interest in designing catechol-containing
synthetic peptides and polymers to mimic the mussel plaque adhesion.[13-15] Although in-
corporating catechols alone shows great promise in improving adhesive performance,[15-17]
such simplified approaches are unable to capture the complex interplay between different
amino acids in Mfps.

Recently, a few seminal studies have suggested the critical role of other amino acids
beside Dopa on the strong adhesion of Mfps. For instance, a possible synergy between
Dopa and positively charged amino acids such as lysine (Lys) and arginine (Arg) has been
proposed.[18-20] These amino acids are frequently positioned adjacent to Dopa residues in
Mfps.[1] Although still a subject of active investigation, presence of these cationic residues
and their close proximity to Dopa are thought to improve the interfacial adhesion by provid-
ing additional surface binding opportunities as well as repelling the hydration layer and thus
preparing a pristine surface for effective catechol interaction.[18-22] In addition to acting
as surface primer, amine groups are also believed to amplify the cation-7 interactions and
enhance cohesive properties.[23, 24] Cation-7 interactions are among the most important
non-covalent interactions employed in nature to stabilize and tune the structure and func-
tion of many biological molecules.[25, 26] In particular, interactions between hydrophobic
aromatic amino acids such as phenylalanine and tyrosine with cationic residues has been
shown to play an essential role in self-assembly, molecular cohesion and adhesion, as well
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as formation of secondary structures in proteins and peptides.[27-29] Interestingly, a few
recent investigations have suggested that the aromatic-rich nature of Mfps provide a clue
as to the important function of cation-7 interactions in tuning the underwater adhesion of
mussel plaques.[23, 28-31]

Although these recent findings have improved our understanding of the underlying mech-
anisms for the remarkable adhesion of Mfps, many important questions still remain unan-
swered. For instance, it is not clear whether the synergistic effects between catechols and
amines are limited to only enhancing the interfacial adhesion or if cohesive properties are
also affected. More importantly, a controversy still exists on whether the adjacency of the
catecholic and cationic moieties is crucial in establishing the cooperative effects. In addition,
it remains unclear whether catechol groups are inherently essential to observe strong synergy
with amines or if similar properties can be achieved by employing phenyl instead of cate-
chol in the bioinspired molecular designs. Finally, most of the previous investigations have
focused on studying the adhesion of nanometer thin films of small molecules or short pep-
tides using SFA measurements. Although these experiments provide invaluable molecular
mechanistic insights, validity of translating these results across many length scales to design
polymer adhesives for practical applications remains an open question. Here, we examined
the cooperative effects of amine and aromatic groups incorporated into a common pressure
sensitive adhesive polymer based on acrylic acid (AA) and butyl acrylate (BA). The polymers
were subjected to a variety of multi-scale adhesion measurements including AFM-based force
spectroscopy at molecular and microscopic levels as well as macroscopic peel and static shear
adhesion, providing fundamental insights into the mechanism and strength of the interfacial
interactions between the polymers and the surface. The rational approach to polymer design
combined with comprehensive multi-scale adhesion characterizations allowed us to decouple
the interfacial adhesive and intermolecular cohesive contributions of each functional motif
on the overall performance and provided new insights into mussel adhesion principles.

6.2 Materials and Methods

Methods

Polymer Synthesis & Characterization: A detailed description of materials used and
steps undertaken to synthesize and characterize monomers and polymers is provided in the
published article in Angewandte Chemie journal.

Differential scanning calorimetry (DSC): was conducted using the Mettler Toledo DSC1
STARe system under nitrogen to determine the glass transition temperature (T,) of the poly-
mers. The T, was measured during the second heating cycle at a heating rate of 10°C/min
was recorded.

Fabrication of pressure-sensitive adhesive (PSA) tape samples: The synthesized



CHAPTER 6. HIGH PERFORMANCE ADHESIVES VIA COOPERATIVITY OF
CATECHOLS AND AMINES 139

PSAs were dissolved in methyl ethyl ketone (MEK) in a 1:1 (w/v) ratio and coated onto
Hostaphan RN36 poly(ethylene terephthalate) films (thickness=36 pm) with a wet coating
thickness of 120 pum using a wire-round K-bar hand coater (Testing Machines, Inc., New
Castle, DE) to target a final coating thickness of 60 gsm (g/m?) (Supplementary Fig. S1).
The PET films coated with PSAs were heated at 100°C for 5 min to remove the solvent and
stored in ambient conditions for 24 h prior to use. To temporarily protect the adhesive layer,
the PSA-coated PET films were adhered onto silicone release layers. Then, 1 in.-wide strips
of PSA-coated films were cut for PSA evaluation tests (static shear and 180° peel).

Preparation of test panels: Performance of PSA tapes was tested against stainless steel
test plates. 4 cmx20 cm test panels for 180° peel were generously provided by BASEF SE
(Ludwigshafen, Germany) while 5 cmx7.5 cm test panels for static shear tests were pur-
chased from ChemlInstruments (Fairfield, OH). Based on the FINAT Technical Handbook,
the substrates were cleaned prior to testing by dispensing ethyl acetate onto the surface and
wiping it dry with Kimwipes. The process was repeated at least three times. Acetone was
used in the last rinse. The cleaned substrates were placed in a vacuum desiccator for at least
an hour before testing.

Static shear test: The shear holding power of the PSA tapes was measured using a Room
Temperature 10 Bank shear tester (ChemlInstruments, Fairfield, OH) according to FINAT
Test Method no. 8. The silicone release layer was removed from the prepared 1 in.-wide
strip, which was then adhered on a clean test plate in such a way that a 25 mmx25 mm
area of the PSA-coated PET film was attached onto the substrate. Initially, contact was
made using light finger pressure. To standardize the applied pressure, the standard 2 kg
hand roller was rolled twice in each direction at approximately 10 mm/s. The other end
of the tape was looped through a shear test clip (part STC-100, ChemInstruments) and
carefully attached back on itself. The test sample (test plate with attached PSA strip and
shear test clip) was mounted onto the substrate holder of the shear tester. Then, a 500 g
weight was carefully inserted into the shear test clip. The static shear test was performed
in both dry and wet conditions, which means that the contact between the PSA and the
test panel and the 'roll-down’ methodology to standardize the applied pressure were done
either in a dry/ambient condition or while submerged under water. For the wet condition,
the PSA attached to the test panel was patted dry with a sheet of Kimwipes and was placed
in a shear tester. Shear test results of five samples per condition were averaged and reported.

180° Peel Adhesion: The peeling resistance of the PSA samples was measured by the
conventional 180° peel adhesion test as defined by FINAT Test Method no. 1. The PSA
tape was cut into 25 mmx175 mm strips and, after removing the release layer, was adhered
onto the test substrates using light finger pressure. To achieve similar contact between the
adhesive layer and the substrate, a standard FINAT 2 kg hand roller was rolled twice in each
direction at approximately 10 mm/s. The test samples were stored in ambient conditions for
24 h before testing. The end of the tape was pulled back at 180°, mounted in an Instron 3345



CHAPTER 6. HIGH PERFORMANCE ADHESIVES VIA COOPERATIVITY OF
CATECHOLS AND AMINES 140

single column universal testing system, and pulled at 300 mm/min. Peel tests were repeated
five times, and the results averaged. In addition to the dry 180° peel test, the peel adhesion
after immersion in deionized water for 24 h was also measured. The setup for the ”wet”
180° peel test is similar to the dry test except that the test samples were assembled and
stored under water for 24 h before measuring the peel adhesion. First, the test substrate was
submerged in water. The silicone release layer of the pressure-sensitive tape was removed,
and the PSA was adhered onto the test substrate while still submerged under water. Contact
between the adhesive and the substrate was standardized by rolling the FINAT hand roller
twice in each direction at 10 mm/s. The test samples were then incubated in water for 24 h,
dried with a lint-free wipe, and then mounted in the Instron tensile testing system for the
peel adhesion test.

Colloidal Probe and Single Molecule Force Spectroscopy: Colloidal probe and sin-
gle molecule force spectroscopy experiments were performed using a JPK ForceRobot 300
Atomic Force Microscope (JPK Instruments AG, Berlin, Germany). For CPS experiments,
AFM probes with colloidal SiO, particles of 3.5 pym in diameter and nominal spring con-
stant of ~0.2 N/m were obtained from sQube (Bickenbach, Germany). For SMFS experi-
ments, soft silicon nitride cantilevers (MLCT from Bruker Nano Inc., USA) of typical spring
constant of 50-60 pN/nm were used. The experiments were performed after allowing the
cantilever to equilibrate in solution and calibrating the sensitivity and spring constant of
all the cantilevers using the equipartition theorem.[32] Samples were prepared by drop cast-
ing a solution of polymers in ethanol at a concentration of 1 wt% on mica substrates (Ted
Pella, Inc, Redding, CA) that were previously mechanically cleaved in order to provide with
a clean and pristine surface. After evaporation of solvent, the polymer-coated mica sub-
strates were rinsed with ethanol and placed in AFM sample holder. Since the AFM-assisted
force spectroscopy experiments require a good-solvent condition to enable stretching of sin-
gle polymer chains, the sample chamber was filled with 95% ethanol:5% H,O (v/v). In this
solvent mixture ethanol satisfies the good-solvent requirement while addition of 5% water
ensures hydration of the substrate surface. In a typical measurement, the cantilever was
approached to the surface with a piezo velocity of 1000 nm/s and a dwelling time (contact
time between probe and surface) of 1s over a z-piezo range of 1 pm. For either of CPS or
SMF'S experiments more than thousands of F-D curves were collected on multiple samples
(n=3-5) to achieve statistically representative datasets. For the analysis of data obtained in
CPS experiments, the area under the retraction trace in F-D curves were calculated using
the JPK data processing software and histograms of the values were plotted using the Origin
Pro software. Data obtained in the SMFS experiments were analyzed using the JPK data
processing software and a home-written procedure in IgorPro (Wavemetrics) for fitting the
spikes in the F-D curves with the Worm-like Chain (WLC) model to measure the corre-
sponding rupture force. Histograms of the rupture forces were plotted using the OriginPro
software.
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6.3 Results & Discussion

Pressure-sensitive adhesives (PSAs) have become an integral component in many consumer
products with widespread applications including adhesive tapes, labels, protective coatings,
and medical bandages.[33-36] Among different classes of PSAs, linear or slightly cross-linked
acrylic based polymers with a high content of BA or other monomers with low glass transition
temperature (T,) are extensively used in these contexts.[35, 37] Although the conventional
PSA formulations show satisfactory performance for non-demanding applications there are
a few challenges associated these compositions.[34, 36] For instance, the adhesive proper-
ties of PSAs in wet conditions are generally significantly inferior to their performance in
ambient.[36] In a previous effort to improve their wet adhesion, we applied the mussel inspi-
ration principles to the base PSA polymers and showed that catechol PSAs outperformed
conventional benchmarks in different industry standard tests even at a low ~3mol% catechol
content.[14] In addition to the inferior under water performance, another major shortcoming
of conventional PSAs is their poor cohesive strength and low toughness. PSAs commonly
take the form of viscoelastic polymers with a sufficiently low modulus to allow for good
contact with the substrate upon application of light pressure.[37, 38] However, the low mod-
ulus can lead to poor cohesive strength which can substantially limit the use of PSAs to
low stress applications.[35, 38] Although a few strategies have been previously proposed to
improve the cohesive strength of PSAs, optimizing the adhesive and cohesive properties of
PSAs has proven to be a challenging task, as improving one property often comes at the
expense of another.[14, 36, 38]

The promising results of our earlier study motivated us to take a step further and apply
the recently highlighted mussel adhesion propositions to our PSA design in order to tackle the
above challenges. To examine the synergy between catechols and cationic amine groups in
PSAs, we designed and synthesized several mussel-inspired Lys- and aromatic-rich monomers
(Fig. 1). The monomer designs were inspired by the high Dopa and Lys content and com-
mon appearance of adjacent Lys-Dopa pairs in Mfps, as well as recent findings regarding
the potential of cation-m interactions between cationic and aromatic residues in tuning the
adhesive performance.[18, 20, 23] Acrylic-based PSAs can be considered an ideal platform
for studying the effects of mussel-inspired monomers in improving the adhesive performance
owing to their widespread practical use and their synthetic modularity in monomer compo-
sition. Thus, we proceeded to polymerize our mussel-inspired monomers with AA and BA
co-monomers using conventional free-radical polymerization to yield high molecular weight
PSAs (Fig. 1). Full synthetic schemes and experimental details for monomer and polymer
preparation are provided in the published article. The library of the synthesized polymers
along with the selective deprotection of the amine and catechol moieties (Supplementary
Scheme S1) allowed us to effectively decouple the adhesive and cohesive contributions of
each functional group on the overall adhesive performance and investigate possible cooper-
ative effects.
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Figure 6.1: Structure of PSA monomers and polymers. Structure of conventional
and various mussel-inspired monomers used to synthesize a library of PSAs via free-radical
polymerization.

In order to isolate the effect of composition on adhesion, we chose to keep the func-
tional monomer feed ratio fixed at 2.85 mol% (Table 1), as this concentration of catechol
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Table 6.1: Monomer feed composition (mol%), molecular weight values, dispersity index,
and T, of synthesized PSAs.

Polymer Feed Composition (mol%) M, M,, D T,

BA  AA Dipeptide Monomer DAc ABA (kDa) (kDa) (°C)

PSA 91.40 8.60 - - - 116 346 3.0 41
PSA-DAc 88.40 8.74 - 2.85 - 280 999 2,14 -32
PSA-Lys(Boc)-DA(ac) 88.40 8.74 2.85 S - 157 37T 24 30
PSA-Lys(Boc)-DA 88.40 8.74 2.85 - - 204 413 2.03 -32
PSA-Lys-DA 88.40 8.74 2.85 - - 233 827 3.54 -28
PSA-Lys-PEA 88.40 8.74 2.85 - - 153 352 2.3  -30
PSA-DAc-ABA 85.60 8.74 - 2.85 2.85 193 044 2.82 -23

was demonstrated to be sufficient for boosting the adhesive performance of acrylic PSAs.[14]
Molecular weight and T values of polymers were measured using gel permeation chromatog-
raphy (GPC) and differential scanning calorimetry (DSC) and are listed in Table 1 (also
Supplementary Table S1). Compared to the control PSA polymer (BA91.4%:AA8.6%), the
functional polymers had higher M,, which can be attributed to the enhanced non-covalent
and covalent interactions between the polymer chains owing to the presence of catechol
groups, as described previously in more detail.[14] The small variations observed between
the molecular weight and T, of the functional polymers can further underline that physical
properties of PSAs are not expected to be a major contributor to the differences noticed in
their adhesive performance.[39]

After a thorough physical and chemical characterization of PSAs, we proceeded to eval-
uate their interfacial adhesion using an Atomic Force Microscope (AFM). Owing to its high
force resolution and displacement sensitivity, AFM-assisted force spectroscopy has been rec-
ognized as a versatile technique in studying physical behavior and mechanical properties
of polymeric films.[40-44] Depending on the cantilever probe used in the measurements, a
range of molecular or micro-scale interfacial phenomena can be investigated using this tech-
nique. For example, colloidal probe spectroscopy (CPS) is a widely employed method to
measure adhesive forces acting between a colloidal particle (i.e., micrometer-sized spherical
particle) attached to a cantilever beam and a planar substrate.[45-48] Single molecule force
spectroscopy (SMFS) is another powerful AFM-based characterization method which is well
suited to investigate and quantitively measure the strength of chemical bonds as well as
adhesive interactions acting between molecules and surfaces.[49, 50] This technique has been
widely used in the past for studying the adhesion of mussel-inspired peptides and polymers
and advances have been summarized in a recent review by Li et al.[10] SMFS measurements
are complementary to the CPS experiments and when combined together can provide a more
comprehensive picture of the molecular basis underlying adhesive and cohesive properties of
materials. In the present work, we utilized both SMFS and CPS techniques to study adhesive
performance of PSA polymers in order to decouple cohesive contributions from interfacial
adhesive interactions acting between polymer chains and the surface.
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SMEF'S experiments were performed initially to gain a fundamental insight into the molec-
ular phenomena underlying the interfacial adhesive properties of PSAs. In our experiments
a sharp AFM cantilever (tip radius ~10-20 nm) was brought into contact with PSA films on
mica substrate and retracted at a specified speed while the force of interaction between the
probe and the polymer film was measured. A schematic of the experimental setup as well
as a representative F-D curve for PSA-Lys-DA is shown in Fig. 2a. The sequential rupture
of polymer-surface interactions during retraction of the cantilever lead to the appearance
of sawtooth-like peaks in the F-D curves (Fig. 2a), reminiscent of what is observed during
unfolding of globular polyproteins during stretching.[43, 51] These rupture events can then
be fitted using polymer elasticity models to confirm single molecule behavior and extract the
strength of polymer-surface interactions. Histograms and average values of rupture force for
PSAs are presented in Fig. 2 and Table 2, respectively (also Supplementary Table S2 and
Supplementary Fig. S3). We first tested the control PSA polymer where an average rupture
force of 118 pN was measured (Fig. 2b). This value is in the range of weak non-covalent
interactions such as hydrogen bonding and charge-charge interactions and can be attributed
to the presence of AA in the polymer which can accommodate these interactions with the
substrate.[52] Results of measurements on PSA-DAc indicated that incorporation of catechol
groups into the polymer can lead to a notable increase in the average rupture force to ~236
pN, possibly owing to the myriad of interfacial interactions that catechol can form with the
mica surface including strong hydrogen bonding and bidentate complexation.
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Figure 6.2: SMFS characterization of PSA polymers. (a) experimental schematic and
a representative F-D curve for PSA-Lys-DA are shown. Histograms of the rupture forces are
shown in (b) PSA, (¢) PSA-DAc, (d) PSA-Lys-DA, (e) PSA-Lys-PEA, (f) PSA-DAc-ABA.

We observed a stark increase in the average rupture force for PSA-Lys-DA compared
to PSA and PSA-DAc polymers, confirming the cooperative effects between catechols and
positively charged amines at the single molecule level. The elevated rupture forces for PSA-
Lys-DA can be attributed to the potential role of positive charges of Lys in removal of
solvation layer from the surface for a more effective catechol interaction as well as possible
cooperative surface binding leading to an increased interaction strength and lifetime as sug-
gested previously by Cao and colleagues.[18-20] Next, we proceeded to study the interfacial
adhesion of PSA-Lys-PEA to evaluate the effects of cation-7 interactions in improving the
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polymer-surface interactions. Interestingly, we observed an average rupture force of 125 pN
for PSA-Lys-PEA. The sharp contrast in the rupture forces detected for PSA-Lys-DA and
PSA-Lys-PEA clearly highlights the advantages of catechols over unsubstituted phenyl rings
for improving interfacial interactions with substrates.

After observing the performance of PSA-Lys-DA we were intrigued to study the effects
of the molecular architecture and adjacency of amine and catechol groups on the interfacial
adhesion. Since Lys and Dopa residues are most commonly positioned adjacent to each other
along the backbone in Mfp-3 and 5, it was initially hypothesized that the close proximity of
the cationic Lys residues and catecholic motifs are necessary to establish the synergistic ef-
fects.[18, 20] However, recently it has been suggested that the adjacency of the two functional
motifs might not be required for the synergistic effects and only co-presence of cationic and
catecholic groups might lead to major improvements in adhesive performance.[21] To further
test this notion we studied interfacial adhesion of PSA-DAc-ABA. The average rupture force
for PSA-DAc-ABA was ~351 pN, much higher than that of the of amine-free PSA-DAc and
only modestly less than the values observed for PSA-Lys-DA. Compared to PSA-Lys-DA, in
PSA-DAc-ABA catechol- and amine-containing monomers are located randomly along the
backbone, resulting in a stochastic distribution of spacing between DAc and ABA groups in
the polymer chains. The SMFS results indicate that even when randomly distributed, the
amine groups can possibly be partially effective in desolvating the surface and facilitating the
interaction of catechols with the substrate. More importantly, in SMFS measurements the
polymer chains can be picked up at any random point along their contour length. Owing to
this random attachment to the probe as well as flexibility of the backbone and the presence
of a large number of amine and catechol groups in polymer molecules, the synergistic effect
due to the simultaneous rupture of catechol- and amine-surface interactions might still be
observed, leading to elevated rupture forces as compared to PSA-DAc.

Next, we proceeded to perform CPS experiments on PSAs in order to complement the
SMFS studies and to gain a microscopic view of adhesion performance.[47, 48] In our mea-
surements an AFM cantilever with a colloidal probe of silica (SiOq, diameter=3.5 pum) was
used and brought into contact with a PSA film adsorbed on mica substrate. Schematic of
the experimental setup as well as a representative F-D curve for PSA-Lys-DA are shown in
Fig. 3a. A characteristic feature in most of the collected F-D curves was the appearance
of multiple spikes in the retraction trace. The presence of these spikes can be attributed
to detachment of multiple polymer chains from either the colloidal probe or the substrate
upon retraction of the AFM cantilever, or alternatively to rupture of specific polymer-surface
adhesive interactions between individual chains and the surface. As a result, extracting only
the maximum detachment force from the F-D curves is not a proper measure of the overall
adhesive interactions. More importantly, owing to the viscoelastic nature of the polymer as
well as roughness and asperities on the colloidal particle, accurate determination of the con-
tact geometry and radius can be challenging.[45-47, 53] Hence, the adhesion energy values
calculated based on the contact mechanics models can be subject to large errors introduced
from the estimated contact radius. An alternative approach to estimate the magnitude of the
overall adhesive strength between the polymer film and the substrate in the contact area is to
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integrate the area under the retraction trace in the F-D curves.[54] The calculated quantity
has the units of energy and will be referred to as separation work (W) here.[14, 55-57] The
separation work calculated here is related to the energy that is required to detach the probe
from the substrate.[46]
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Figure 6.3: CPS characterization of PSA polymers. (a) experimental schematic and a
representative F-D curve for PSA-Lys-DA are shown. Histograms of the separation work are
shown in (b) PSA, (c) PSA-DAc, (d) PSA-Lys-DA, (e) PSA-Lys-PEA, (f) PSA-DAc-ABA.

Histograms and average values of W for the PSA polymers are presented in Fig. 3 and
Table 2, respectively (also Supplementary Table S2 and Supplementary Fig. S3). CPS
results show that incorporating catechol as DAc into the polymer backbone can lead to a
20-fold increase in the separation work. A similar trend was observed in our earlier study
where incorporating 5 wt% dopamine methacrylamide into PSAs resulted in a significant
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increase in the separation work for SiOs probes.[14] The large increase in adhesion to sil-
ica upon incorporation of DAc may be attributed to strong binding mechanisms such as
hydrogen bonding and bidentate complexation as described in detail previously.[3, 11, 14]
As expected, incorporating a protected form of the bifunctional monomer Lys-DA into the
polymer backbone did not result in major changes in adhesion compared to the control PSA
polymer (Supplementary Fig. S2). However, upon removal of the protecting groups the
resulting PSA-Lys-DA outperformed all other polymers by showing a remarkable ~36-fold
increase in the separation work compared to the control PSA. This striking increase further
highlights that co-presence of amine and catechol groups can lead to significant improve-
ments in adhesive performance of PSA polymers. The cooperative effects between amines
and catechols can be attributed to the role of positive charges of amines in removing solva-
tion layer and providing an immaculate surface for catechol interaction or resulted from a
better load distribution through synergistic surface binding of the two groups as suggested
in previous molecular studies.[18-21]

To determine if similar adhesive performance can be achieved by substituting phenyl for
catechol groups in the monomer design, we tested the adhesion of PSA-Lys-Phe. Although
the results showed a notable ~10x improvement in the separation work compared to the con-
trol PSA, PSA-Lys-Phe underperformed both PSA-Lys-DA and PSA-DAc. Considering the
results obtained in CPS and SMF'S experiments together, the findings indicate the potential
benefits of cation-7 interactions in improving the cohesive interactions between the macro-
molecules leading to an enhanced adhesion as measured here in the CPS experiments as well
as in previous SFA studies.[23, 28, 29] Nevertheless, the SMFS results imply that Lys-PEA
pairs have minimal effects in strengthening the interfacial adhesive interactions with surfaces.
In other words, due to the nature of the CPS and SFA experiments where detachment of an
ensemble of molecules is studied, cohesive interactions between the molecules can affect the
measured values for separation work or work of adhesion. Thus, possible contributions of
intermolecular cohesive and interfacial adhesive interactions on the improved performance
cannot be equivocally deconvoluted solely based on the results these measurements.

To gauge the possible role of molecular architecture and proximity of catechol and amine
groups on the adhesive performance of PSAs, we performed CPS experiments on PSA-
DAc-ABA. Interestingly, the polymer displayed an average separation work close to that
of PSA-Lys-DA polymer. The trend observed in CPS measurements is similar to what was
noted earlier in SMF'S experiments and can indicate that architecture of the polymer and the
adjacency of catechol- and amine-containing groups might not be necessary in establishing
the cooperative effects to improve the adhesion, at least when measured at the microscopic
or molecular levels. Similar observations have been made recently by Degen et al.,[21] where
results of SFA measurements implied that incorporating glycine residues as spacer between
the cationic and catecholic groups did not lead to significant changes in the force required
to separate peptide-coated mica surfaces.

Despite the wealth of mechanistic information that interfacial adhesion measurements
on thin-films can provide, the bulk behavior still cannot be unambiguously predicted from
CPS and SMFS experiments that probe the microscopic and molecular levels, respectively.
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Thus, we proceeded to perform static shear and 180° peel measurements as industry-standard
macroscale adhesion tests. Combined with the results obtained in the interfacial adhesion
measurements, this holistic multi-scale approach could allow us to decouple the adhesive and
cohesive contributions as well as effects of polymer composition and architecture on the PSA
performance.

For the macroscopic adhesion measurements, the PET films were coated with PSAs, dried
and then cut into 1 inch-wide strips to prepare test samples for the tests (Supplementary Fig.
S1). The shear holding power of the adhesives was evaluated in both dry and wet conditions
by adhering the PSA tapes onto a stainless steel test plate and measuring the time to rupture
under the influence of a constant shear force (Supplementary Fig. S4). This test simulates
a constant load creep condition and can be used for determining the shear failure time, a
measure of the cohesive strength or shear holding power of the adhesive. Similar to the results
obtained in our previous study, incorporation of catechol groups into the polymer backbone
led to a substantial increase in the failure time for PSA-DAc as compared to the control PSA,
from 14 and 8 to 123 and 77 minutes under dry and wet conditions, respectively (Fig. 4a).
While the improved shear holding power of the PSA-DAc can be mostly attributed to the
enhanced cohesive and intermolecular interactions due to the presence of catechol groups,
we should note that in addition to the chemical composition, the shear failure times are also
dependent on additional factors including M,,, Ty, and the degree of physical or chemical
cross-linking of the polymer, all of which can be affected by incorporation of catechols into
the polymer.
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Figure 6.4: Macroscopic characterization of PSA tapes. (a) Shear failure time after
10 min conditioning in ambient (D) and wet (W) conditions. (b) 180° peel adhesion after
24 h conditioning in ambient (D) and wet (W) conditions. The failure modes are denoted
as: C=cohesive, A=adhesive, and AT=adhesive transfer.

The most interesting finding was the remarkably large failure times observed for PSA-
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Lys-DA, which was on the order of 20,000 minutes or more compared to j600 minutes for all
other samples. This outstanding performance can indicate the significant enhancements in
the intermolecular interactions in PSA-Lys-DA, possibly owing to the augmented covalent
and non-covalent interactions such as additional hydrogen bonding due to the presence of
amine groups as well as strong cation-7 interactions between the charged amine and catechol
motifs, in a similar manner to their recently highlighted role in improving cohesive strength
of Mfps.[23, 58]

To understand the effects of the aromatic molecular structure on the strength of the
cohesive cation-m interactions, we tested the shear holding power of PSA-Lys-PEA. Inter-
estingly, the failure time in wet condition was not statistically different from that shown by
PSA-DAc, although PSA-Lys-PEA outperformed other polymers except for PSA-Lys-DA
when considering dry shear holding power. The results underline the key role of cation-r
interactions in boosting the cohesive strength of the adhesive films. However, when com-
pared against PSA-Lys-DA, the catechol-containing polymer displayed significantly larger
failure times, both in ambient and wet conditions. Such a notable difference between failure
times of PSA-Lys-DA and PSA-Lys-PEA polymers can possibly be attributed to the role
of hydroxyl groups of the catechol in providing additional opportunities for intermolecular
hydrogen bonding as well as acting as an anionic site for auxiliary charge interactions with
cationic Lys groups.

To evaluate the possible impact of molecular design on cation-7 interactions and cohesive
strength of catechol-amine containing polymers, we studied shear holding power of PSA-DAc-
ABA. Surprisingly, we did not observe a substantial increase in the dry and wet failure times
as compared to PSA-DAc. Unlike the behavior noted at the molecular level in this study
and recent SFA measurements by others,[21] the static shear test results indicate that close
proximity of cation-aromatic binding pairs can significantly affect the macroscopic cohesive
strength. The results might also explain why marine mussels have evolved to secrete adhesive
proteins with Dopa and Lys pairs located mostly adjacent to each other rather than separated
by spacer amino acids such as glycine. The findings here also motivates further studies to
investigate the effects of proximity of catechol and cationic amine moieties in mussel inspired
adhesives across many length scales.

In addition to shear, conventional 180° peel adhesion tests were performed both in dry
conditions and after immersion in water for 24 hours prior to the measurement (Supple-
mentary Fig. S5). The results of the peel adhesion for PSA-DAc show that both dry and
wet adhesion increase ~4-fold (Fig. 4b and Table 2). More importantly, the failure mode
also changes from cohesive to adhesive transfer in ambient condition as compared to control
PSA. This behavior can be attributed to the strong interactions of catechol with the metal
substrate as compared to the PET backing material which leads to detachment of the poly-
mer from the backing layer. In the case of PSA-Lys-DA polymer, although both dry and
wet performance was improved compared to PSA, the increase in peel adhesion was not as
significant as that observed for PSA-DAc. However, the most interesting observation was
the change in the failure mode from cohesive to adhesive for both dry and wet measure-
ments. This behavior can be ascribed to the magnified intermolecular and cohesive forces
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Table 6.2: Summary of the adhesion characterization results of PSAs measured using
SMF'S, CPS, static shear test, and 180° peel adhesion experiments. The values in parenthesis
for SMFS and CPS results correspond to the total number of events used to calculate the
averages.

Single Molecule Colloidal Probe Shear Failure Time Peel Adhesion
Force Spectroscopy | Spectroscopy (CPS) (min) (N/25mm)

Median Rupture Median Separation
Polymer Force (pN) Work (Joules x 10716) Dry et Dry et
PSA 118 (2862) 0.27 (10996) 10.5+3.3 3.9£1.3 14.5+1.3 8+0.7
PSA-DAc 235.8 (6088) 5.41 (3061) 12294235 767450 | 62.549.3 33.9424
PSA-Lys-DA 430 (4822) 9.72 (6292) >20000 19858.64327.4 | 23.7+£3  12.6£1.8
PSA-Lys-PEA 125 (29728) 3.51 (8850) 531.6£55.6 82.9£15.4 60.8£22  27.3£1.5
PSA-DAc-ABA 350.7 (7568) 8.76 (8020) 182.1+£47.8 55.2£7 4244134 26.9+2.3

between the polymer chains in PSA-Lys-DA owing to the presence of cation-m interactions.
The adhesive and cohesive performance of PSA-Lys-DA, in terms of both force values and
failure mode, may be attractive for many practical applications of PSAs.

Peel adhesion results of PSA-Lys-PEA showed significant improvements in comparison to
the control PSA which can partly be attributed to the increase in the T, and consequently
changes in the mechanical properties at room temperature. In dry condition, adhesive failure
was observed, which can further underline enhancements in the intermolecular interactions
resulting from cation-aromatic pairs in the polymer backbone. The PSA-DAc-ABA polymer
showed average peel adhesion values between those measured for PSA-DAc and PSA-Lys-
DA. However, since the T of this polymer is somewhat different from those of the other two
polymers, interpretation and direct comparison between the peel adhesion values should be
done with caution.

Overall, the results of the static shear and peel adhesion measurements highlight the
importance of balancing adhesive and cohesive properties to achieve optimal performance of
mussel-inspired PSAs. In this sense, the performance shown by PSA-Lys-DA clearly stands
out compared to all other polymers for its remarkable shear strength conferred by strong
cohesive interactions between catechol and amine functional groups. In addition, PSA-Lys-
DA also showed improvements in both dry and wet peel adhesion compared to the control
PSA, and more importantly we observed a change in the failure mode from cohesive to
adhesive which is preferred for many practical applications.

6.4 Conclusions

Altogether, in this work we applied the recently highlighted compositional and structural
aspects of Mfps into our modular PSA designs and investigated the effects of molecular
architecture and aromatic structure on the cooperative adhesive effects of catechols and
amines. An important finding of this work is that comprehensive adhesion measurements
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across different length scales are crucial in decoupling contributions from interfacial adhe-
sive and intermolecular cohesive interactions on overall PSA performance, highlighting the
benefits of a multi-scale approach. Our results from AFM-based molecular and microscopic
force spectroscopy experiments showed significant improvements in interfacial adhesion of
catechol-amine PSAs compared to the amine-free polymers, possibly owing to the syner-
gistic effects between catechols and amines. Macroscopic adhesion results further indicated
that coupling catechol and amine moieties in a hybrid monomer architecture can lead to
optimization of overall performance of the catechol-amine adhesives and developing PSAs
with remarkable resistance to flow under shear. Moreover, by substituting phenyl for cat-
echol in the hybrid monomer structure we showed that incorporating phenyl-amine pairs
into polymer backbone cannot provide a clear benefit in improving interfacial adhesion with
surfaces. However, PSA with phenyl and amine groups coupled together demonstrated a
satisfactory performance in macroscopic shear and peel adhesion tests, underlining the key
role of cation-aromatic pairs as compelling molecular modules in enabling robust cohesion of
mussel-inspired adhesives and hydrogels. Finally, since the precise positioning of catechol and
amine motifs adjacent to each other in a fixed architecture is synthetically demanding, the
intriguing possibility of achieving similar synergistic effects through a random distribution
of these groups motivated us to study adhesive performance of PSA polymer with catechol
and amine moieties incorporated as separate monomers. Interestingly, both SMFS and CPS
results indicated that molecular architecture and adjacency of these groups is not necessary
for establishing the synergistic effects. However, the cooperative effects between catechols
and amines were not observed at macroscopic level in static shear or peel adhesion tests
when amine and catechol groups were decoupled from each other in monomer architecture.
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6.5 Supplementary Figures

Fabrication of the pressure-sensitive adhesive tapes

(A) B)_

PSA dissolved

in MEK
W
- PET Backlng Material
(@6 um)/
Wire-round

Hand Coater

Target adhesive
thickness = 60 g/m?

Silicone
Release Layer

Figure S6.1: (A) Fabrication of the pressure-sensitive adhesive tapes. (B) Draw-down
coating with a target thickness of 60 gsm.
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Polymer Synthesis and Characterization
Synthesis of Polymers with Protecting Groups

Several PSA samples have been prepared based primarily on a butyl acrylate (95 wt% or
91 mol%)-acrylic acid (5 wt% or 8.6 mol%) copolymer. Catechol or catechol-lysine PSAs
were synthesized by replacing a portion of the butyl acrylate monomer with either the pro-
tected catechol monomer DAc(ac) or the branched-type monomers with adjacent catechol
and lysine motifs with varying protecting groups. The molar feed% of all catechol monomers
was fixed to 2.85 mol%, which is the optimized composition from our previous study. For
PSA-DAc(ac)-ABA(Boc), the molar% of the monofunctional lysine monomer ABA (Boc) was
also set to 2.85% to be comparable with the 1:1 catechol-lysine ratio of the branched-type
monomers.

Table S6.1: Monomer feed composition (mol%), molecular weight values, dispersity index,
and T, of synthesized PSAs.

Polymer Feed Composition (mol%) M, M, D T,

‘ BA AA  Dipeptide Monomer DAc  ABA (kDa) (kDa) (°C)

PSA 91.40% 8.60% - - - 116 346 3 Al
PSA-DAc(ac) 88.40% 8.74% - 2.85% - 102 348 342 -34
PSA-DAc 88.40% 8.74% - 2.85% - 280 599 214 -32
PSA-Lys(Boc)-DA (ac) 88.40% 8.74% 2.85% - - 157 377 24 -30
PSA-Lys(Boc)-DA 88.40% 8.74% 2.85% - - 204 413 2.03 -32
PSA-Lys(Boc)-DA(TBS), 88.40% 8.74% 2.85% - - 132 385 292 -31
PSA-Lys-DA 88.40% 8.74% 2.85% - - 233 827 3.54 -28
PSA-Lys(Boc)-PEA 88.40% 8.74% 2.85% - - 151 361 24 31
PSA-Lys-PEA 88.40% 8.74% 2.85% - - 153 352 23 -30
PSA-DAc(ac)-ABA(Boc)  85.60% 8.74% - 2.85% 2.85% 109 390 358 -29

PSA-DAc-ABA 85.60% 8.74% - 2.85% 2.85% 193 544  2.82 -23
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Acetonide and/or Boc-Deprotection of PSA-DAc(ac),
PSA-DAc(ac)-ABA(Boc), PSA-Lys(Boc)-DA(ac), and
PSA-Lys(Boc)-PEA

Acetonide and Boc protecting groups of PSA-DAc (ac), PSA-DAc(ac)-ABA(Boc), PSA-
Lys(Boc)-DA(ac), and PSA-Lys(Boc)-PEA were cleaved using trifluoroacetic acid (TFA)

and triisopropyl silane (TIPS) to produce PSA-DAc, PSA-DAc-ABA, PSA-Lys-DA, and
PSA-Lys-PEA respectively (Scheme S6).

Polymers w/ Protecting Groups

PSA-DAc(ac) PSA-DAc(ac)-ABA(Boc) PSA-Lys(Boc)-DA(ac) PSA-Lys(Boc)-PEA
z
OH NH o] OH NH Q o} OH NH [¢] NH

Polymers After TFA/TIPS Treatment

PSA-DAc PSA-DAc-ABA PSA-Lys-DA PSA-Lys-PEA

X z w X y z
o o="” ‘o o o o o o ¥ o o= * o={ * oY o
o] OH NH [o] OH NH o] o) OH NH o] OH NH
2 é S S S S 4
NH,
HO OH HO OH 0=2_\_\_® o=2_\—¥ o
NH NH, NH NH,

OH OH

Scheme S6.1: Acetonide and/or Boc deprotection of PSA-DAc(ac), PSA-DAc(ac)-
Lys(Boc), PSA-Lys(Boc)-DA(ac), and PSA-Lys(Boc)-PE via TFA /TIPS treatment.
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Colloidal Probe Force Spectroscopy on Protected
PSA-Lys(Boc)-DA (ac) and PSA-Lys(Boc)-DA

In order to investigate the contribution of each functional group in Lys-DA pairs on the
overall adhesive performance, we analysed PSA-Lys(Boc)-DA(ac), PSA-Lys(Boc)-DA, and
PSA-Lys-DA by CPS measurements. As expected, incorporating bifunctional monomer Lys-
DA into the polymer backbone did not result in major changes in the adhesion compared
to the control PSA polymer when both Lys and DA groups were still protected. Next,
we removed the acetonide protecting group of DA while keeping the Boc protecting group
of Lys intact. Interestingly, although the average value for separation work was almost
doubled after deprotection of catechols, we did not observe a substantial increase similar to
that of PSA-DAc in comparison to control PSA polymer. This might possibly attributed
to the presence of the bulky, hydrophobic Boc protecting groups in close proximity to the
catechols which might hinder the effective interaction of catechol with the surface and lead
to attenuating its potential to improve adhesive performance. However, after removal of the
protecting groups the resulting PSA-Lys-DA outperformed all other polymers by showing
a remarkable ~36-fold increase in the separation work compared to the control PSA. This
meaningful increase further highlights that co-presence of amines and catechols can lead
to major improvements in the interfacial adhesive performance possibly due to synergistic
effects between the two groups.
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Figure S6.2: CPS measurements on Lys-DA incorporated polymers. Histograms of separa-
tion work are shown for (a) PSA-Lys(Boc)-DA(ac) (b) PSA-Lys(Boc)-DA (¢) PSA-Lys-DA.
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Summary and Statistical Analysis of AFM-based SMFS and CPS
Interfacial Adhesion Results
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Figure S6.3: AFM-based SMFS and CPS Interfacial Adhesion Results. Median rupture
force values from SMFS (top) and Median separation work values from CPS (bottom).
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Static Shear Measurements on Protected PSA-Lys(Boc)-DA (ac)
and PSA-Lys(Boc)-DA

Results of static shear measurements showed that incorporation of catechol groups into the
polymer backbone in PSA-DAc can lead to a substantial increase in the failure time compared
to the control PSA polymer. A similar trend was observed for the PSA-Lys(Boc)-DA(ac)
and PSA-Lys(Boc)-DA polymers. While the improved shear holding power of the PSA-DAc
can be mostly attributed to the enhanced cohesive and intermolecular interactions due to
the presence of catechol groups, we should note that in addition to the chemical composition,
the shear failure times are also dependent on additional factors including M,,, T,, and the
degree of physical or chemical cross-linking of the polymer, all of which can be affected by
incorporation of catechols into the polymer. Thus, the increase in the shear holding power
of the PSA-Lys(Boc)-DA(ac) and PSA-Lys(Boc)-DA compared to the PSA polymer can be
attributed to the changes in the above characteristics, for instance an increase in the T, from
-40 to about -29°C.

20000

I PsA

[ PSA-DA

[ PSA-Lys(Boc)-DA(ac)
16000 1 ] PsA-Lys(Boc)-DA
I PSA-Lys-DA

I PSA-Lys-PEA
12000 4 Il PSA-DA-ABA

6007
400 -

200 -+

Shear Failure Time (min)

Figure S6.4: Static shear measurements on PSAs. Shear failure time after 10 min con-
ditioning in ambient (D) and wet (W) conditions. Schematic of the experimental setup is
shown on the right.
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Failure Modes Observed in 180° Peel Measurements

Peel adhesion test measures the average force required to peel a PSA tape from a rigid sub-
strate. It is worth mentioning that although the peel adhesion results can provide valuable
insights into the adhesive properties of the material, a number of other material charac-
teristics such as elastic modulus and toughness can have major influence on the measured
forces. Therefore, in order to properly evaluate the adhesive performance, it is critical to
note the failure modes when interpreting the peel adhesion results. Adhesive tapes typically
leave residues behind as they are removed from a surface. This behavior is generally known
as cohesive failure and can be easily identified in the peel adhesion measurements through
detecting residual material left on both the substrate as well as the PET backing layer after
peeling off the tape. Cohesive failure observed in the peel tests indicates that while the
adhesive interactions with the substrate can endure under stress and remain intact, cohesive
interactions in the material are not strong enough to withstand the applied stress, and as a
result, the failure occurs in the bulk rather than in the interface with the substrate or the
backing layer. Adhesive failure, on the other hand, relates to the condition in which cohesive
intermolecular interactions between the polymer chains are strong enough to withstand the
applied stress, however, the bonding between the surface and the polymer is relatively week
and as a result failure occurs at the polymer-substrate interface. In adhesive transfer mode
the adhesive interactions between the polymer and the substrate are substantially stronger
than those between the polymer and the backing layer, thus, the polymer coating will be
entirely removed from the backing layer and be transferred to the substrate.
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180° Peel Measurements on Protected PSA-Lys(Boc)-DA (ac) and
PSA-Lys(Boc)-DA

The results of the peel adhesion of PSA-DAc show with incorporating catechol into the
backbone both dry and wet adhesion increase compared to PSA. The behavior observed for
the PSA-Lys(Boc)-DA(ac) and PSA-Lys(Boc)-DA polymers was more complex and a differ-
ent trend was observed after removal of acetonide protecting groups. Although the failure
mode observed for PSA-Lys(Boc)-DA was adhesive in both ambient and wet conditions, the
peel adhesion values dropped compared to PSA-Lys(Boc)-DA(ac). As described in the main
text, bulk mechanical properties of polymers such as modulus can affect the force values
measured in the peel adhesion test, and the trend observed for the protected polymers can
be attributed to differences in these characteristics.
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Figure S6.5: 180° peel adhesion measurements on PSAs after 24 h conditioning in ambient
(D) and wet (W) conditions. The failure modes are denoted as: C=cohesive, A=adhesive,
AT=adhesive transfer.
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Overall Summary of the Adhesion Characterization Results of

PSAs

Table S6.2: Summary of values obtained in SMFS, CPS, static shear test, and 180° peel
adhesion experiments for all the PSAs (protected and deprotected) tested. The values in
parenthesis for SMFS and CPS results correspond to the total number of events used to

calculate the averages.

Single Molecule
Force Spectroscopy

Colloidal Probe
Spectroscopy (CPS)

Shear Failure Time

(min)

Peel Adhesion
(N/25mm)

PSA 118 (2862)
PSA-DAc 235.8 (6088)
PSA-Lys(Boc)-DA (ac) N/A
PSA-Lys(Boc)-DA N/A
PSA-Lys-DA 430 (4822)
PSA-Lys-PEA 125 (29728)

PSA-DAc-ABA 350.7 (7568)

0.27 (10996)

5.41 (8061)
0.34 (8602)
0.67 (6587)
9.72 (6292)
3.51 (8850)
8.76 (8020)

10.5+£3.3

3.9£1.3

122.9423.5 76.7+50
216.5+51.7 49.1£7.1

95.9429.5
>20000

42.31+28.6
19858.6+£327.4

531.6455.6 82.9+15.4
182.1£47.8 55.2£7

14.5£1.3
62.54+9.3
38+11.2
16.6+£3.1
23.7+3
60.8422
42.4+13.4

8+0.7
33.94+2.4
31.5+1.9

5.1£1
12.6£1.8
27.3%£1.5
26.94+2.3
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Statistical Analysis of PSA Adhesion Test Results

Results obtained in the macroscopic adhesion experiments, static shear and 180° peel, on
PSA tapes have been subjected to One-Way ANOVA analysis and mean values have been
compared against each other using Tukey Test (p<0.05). Summary of the results for different
experiments are provided below:

Table S6.3: Summary of statistical analysis results for the shear test in dry conditions. 0,
not significant; 1, significant with p<0.05

Polymer PSA | PSA-DAc | PSA-Lys(Boc)-DA(ac) | PSA-Lys(Boc)-DA | PSA-Lys-DA | PSA-Lys-PEA | PSA-DAc-ABA
PSA

PSA-DAc
PSA-Lys(Boc)-DA (ac)
PSA-Lys(Boc)-DA
PSA-Lys-DA
PSA-Lys-PEA
PSA-DAc-ABA

Table S6.4: Summary of statistical analysis results for the shear test in wet conditions. 0,
not significant; 1, significant with p<0.05

Polymer PSA | PSA-DAc
PSA

PSA-DAc
PSA-Lys(Boc)-DA (ac)
PSA-Lys(Boc)-DA
PSA-Lys-DA
PSA Lys PEA
PSA-DAc-ABA

PSA-Lys(Boc)-DA(ac) | PSA-Lys(Boc)-DA | PSA-Lys-DA | PSA-Lys-PEA | PSA-DAc-ABA

Table S6.5: Summary of statistical analysis results for the 180° peel test in dry conditions.
0, not significant; 1, significant with p<0.05

Polymer PSA | PSA-DAc
PSA

PSA-DAc
PSA-Lys(Boc)-DA (ac)
PSA-Lys(Boc)-DA
PSA-Lys-DA
PSA-Lys-PEA
PSA-DAc-ABA

PSA-Lys(Boc)-DA(ac) | PSA-Lys(Boc)-DA | PSA-Lys-DA | PSA-Lys-PEA | PSA-DAc-ABA
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Table S6.6: Summary of statistical analysis results for the 180° peel test in wet conditions.
0, not significant; 1, significant with p<0.05

PSA | PSA-DAc | PSA-Lys(Boc)-DA(ac) | PSA-Lys(Boc)-DA | PSA-Lys-DA | PSA-Lys-PEA | PSA-DAc-ABA

Polymer

PSA

PSA-DAc
PSA-Lys(Boc)-DA (ac)
PSA-Lys(Boc)-DA
PSA-Lys-DA

PSA-Lys PEA
PSA-DAc-ABA




CHAPTER 6. HIGH PERFORMANCE ADHESIVES VIA COOPERATIVITY OF

CATECHOLS AND AMINES 164
References
[1] B. P. Lee et al. “Mussel-Inspired Adhesives and Coatings”. In: Annual Review of

2]

Materials Research, Vol 41 41 (2011), pp. 99-132 (cit. on p. 137).

M. J. Harrington, F. Jehle, and T. Priemel. “Mussel Byssus Structure-Function and
Fabrication as Inspiration for Biotechnological Production of Advanced Materials”.
In: Biotechnology Journal 13.12 (2018) (cit. on p. 137).

Pegah Kord Forooshani and Bruce P. Lee. “Recent approaches in designing bioadhe-
sive materials inspired by mussel adhesive protein”. In: Journal of Polymer Science
Part A: Polymer Chemistry 55.1 (2017), pp. 9-33 (cit. on pp. 137, 148).

H. Lee et al. “Mussel-inspired surface chemistry for multifunctional coatings”. In:
Science 318.5849 (2007), pp. 426430 (cit. on p. 137).

J. H. Waite. “Mussel adhesion - essential footwork”. In: Journal of Fxperimental
Biology 220.4 (2017), pp. 517-530 (cit. on p. 137).

D. W. R. Balkenende, S. M. Winkler, and P. B. Messersmith. “Marine-inspired poly-
mers in medical adhesion”. In: European Polymer Journal 116 (2019), pp. 134-143
(cit. on p. 137).

A. H. Hofman et al. “Bioinspired Underwater Adhesives by Using the Supramolecular
Toolbox”. In: Advanced Materials 30.19 (2018) (cit. on p. 137).

D. G. DeMartini et al. “A cohort of new adhesive proteins identified from transcrip-
tomic analysis of mussel foot glands”. In: Journal of the Royal Society Interface 14.131
(2017) (cit. on p. 137).

J. H. Waite. “Natures Underwater Adhesive Specialist”. In: International Journal of
Adhesion and Adhesives 7.1 (1987), pp. 9-14 (cit. on p. 137).

Y. R. Li and Y. Cao. “The molecular mechanisms underlying mussel adhesion”. In:
Nanoscale Advances 1.11 (2019), pp. 4246-4257 (cit. on pp. 137, 143).

H. Lee, N. F. Scherer, and P. B. Messersmith. “Single-molecule mechanics of mussel
adhesion”. In: Proceedings of the National Academy of Sciences of the United States
of America 103.35 (2006), pp. 12999-13003 (cit. on pp. 137, 148).

Q. Lin et al. “Adhesion mechanisms of the mussel foot proteins mfp-1 and mfp-3”.
In: Proc Natl Acad Sci U S A 104.10 (2007), pp. 37826 (cit. on p. 137).

B. K. Ahn et al. “High-performance mussel-inspired adhesives of reduced complexity”.
In: Nature Communications 6 (2015) (cit. on p. 137).

B. D. B. Tiu et al. “Enhanced Adhesion and Cohesion of Bioinspired Dry/Wet
Pressure-Sensitive Adhesives”. In: Acs Applied Materials Interfaces 11.31 (2019),
pp. 28296-28306 (cit. on pp. 137, 141, 143, 147, 148).

B. K. Ahn. “Perspectives on Mussel-Inspired Wet Adhesion”. In: Journal of the Amer-
ican Chemical Society 139.30 (2017), pp. 10166-10171 (cit. on p. 137).



CHAPTER 6. HIGH PERFORMANCE ADHESIVES VIA COOPERATIVITY OF
CATECHOLS AND AMINES 165

[16] J. H. Waite. “Translational bioadhesion reserach: embracing biology without to-
kenism”. In: Philosophical Transactions of the Royal Society B-Biological Sciences
374.1784 (2019) (cit. on p. 137).

[17] Y. Li et al. “Hidden complexity of synergistic roles of Dopa and lysine for strong
wet adhesion”. In: Materials Chemistry Frontiers 1.12 (2017), pp. 2664-2668 (cit. on
p. 137).

[18] G. P. Maier et al. “Adaptive synergy between catechol and lysine promotes wet adhe-
sion by surface salt displacement”. In: Science 349.6248 (2015), pp. 628-632 (cit. on
pp. 137, 141, 145, 146, 148).

[19] M. V. Rapp et al. “Defining the Catechol-Cation Synergy for Enhanced Wet Adhesion
to Mineral Surfaces”. In: Journal of the American Chemical Society 138.29 (2016),
pp. 9013-9016 (cit. on pp. 137, 145, 148).

[20] Y. R. Liet al. “Single-molecule study of the synergistic effects of positive charges and
Dopa for wet adhesion”. In: Journal of Materials Chemistry B 5.23 (2017), pp. 4416—
4420 (cit. on pp. 137, 141, 145, 146, 148).

[21] G. D. Degen et al. “Impact of Molecular Architecture and Adsorption Density on Ad-
hesion of Mussel-Inspired Surface Primers with Catechol-Cation Synergy”. In: Journal
of the American Chemical Society 141.47 (2019), pp. 1867318681 (cit. on pp. 137,
146, 148, 150).

[22] M. Shin et al. “The position of lysine controls the catechol-mediated surface adhesion
and cohesion in underwater mussel adhesion”. In: Journal of Colloid and Interface
Science 563 (2020), pp. 168-176 (cit. on p. 137).

[23] M. A. Gebbie et al. “Tuning underwater adhesion with cation-pi interactions”. In:
Nat Chem 9.5 (2017), pp. 473-479 (cit. on pp. 137, 138, 141, 148, 150).

[24] Q.Y.Luet al. “‘Nanomechanics of Cation Interactions in Aqueous Solution”. In: Ange-
wandte Chemie-International Edition 52.14 (2013), pp. 3944-3948 (cit. on p. 137).

[25] J. P. Gallivan and D. A. Dougherty. “Cation-pi interactions in structural biology”.
In: Proceedings of the National Academy of Sciences of the United States of America
96.17 (1999), pp. 9459-9464 (cit. on p. 137).

[26] A. S. Mahadevi and G. N. Sastry. “Cation-pi Interaction: Its Role and Relevance
in Chemistry, Biology, and Material Science”. In: Chemical Reviews 113.3 (2013),
pp. 2100-2138 (cit. on p. 137).

[27] P. B. Crowley and A. Golovin. “Cation-pi interactions in protein-protein interfaces”.
In: Proteins-Structure Function and Bioinformatics 59.2 (2005), pp. 231-239 (cit. on
p. 138).

[28] D.S. Hwang et al. “Adhesion mechanism in a DOPA-deficient foot protein from green
mussels”. In: Soft Matter 8.20 (2012), pp. 5640-5648 (cit. on pp. 138, 148).



CHAPTER 6. HIGH PERFORMANCE ADHESIVES VIA COOPERATIVITY OF
CATECHOLS AND AMINES 166

[29] S. Kim et al. “Cation-pi interaction in DOPA-deficient mussel adhesive protein mfp-
17. In: Journal of Materials Chemistry B 3.5 (2015), pp. 738-743 (cit. on pp. 138,
148).

[30] H. Birkedal. “Cation-pi Interactions Mimicking Mussel Mechanics”. In: Nature Chem-
istry 9.5 (2017), pp. 408-409 (cit. on p. 138).

[31] H.L. Fan et al. “Adjacent cationic-aromatic sequences yield strong electrostatic adhe-
sion of hydrogels in seawater”. In: Nature Commaunications 10 (2019) (cit. on p. 138).

[32] N. F. Della Vecchia et al. “Building-Block Diversity in Polydopamine Underpins
a Multifunctional Eumelanin-Type Platform Tunable Through a Quinone Control
Point”. In: Advanced Functional Materials 23.10 (2013), pp. 1331-1340 (cit. on p. 140).

[33] 1. Webster. “Recent developments in pressure-sensitive adhesives for medical appli-
cations”. In: International Journal of Adhesion and Adhesives 17.1 (1997), pp. 69-73
(cit. on p. 141).

[34] Istvan Benedek and Mikhail M. Feldstein. Technology of pressure-sensitive adhesives
and products. a Handbook of pressure-sensitive adhesives and products. Boca Raton,
FL: CRC Press, 2009 (cit. on p. 141).

[35] R. D. Adams. “Adhesive bonding: science, technology and applications”. In: Adhe-
sive bonding: science, technology and applications. Ed. by R. D. Adams. Woodhead
Publishing, 2005 (cit. on p. 141).

[36] Alphonsus V. Pocius. “Adhesion and Adhesives Technology”. In: Adhesion and Adhe-
sives Technology (Third Edition). Ed. by Alphonsus V. Pocius. Hanser, 2012, pp. I-
XVI (cit. on p. 141).

[37] S. M. Sun, M. L. Li, and A. Liu. “A review on mechanical properties of pressure
sensitive adhesives”. In: International Journal of Adhesion and Adhesives 41 (2013),
pp. 98-106 (cit. on p. 141).

[38] Adam L. Dobson, Nicholas J. Bongiardina, and Christopher N. Bowman. “Combined
Dynamic Network and Filler Interface Approach for Improved Adhesion and Tough-
ness in Pressure-Sensitive Adhesives”. In: ACS Applied Polymer Materials 2.3 (2020)
(cit. on p. 141).

[39] Y. J. Cui et al. “Decoupling the roles of the catechol content from those of glass tran-
sition temperature and dynamic mechanical modulus in determining self-healing and
anti-corrosion of mussel-inspired polymers”. In: Polymer 185 (2019) (cit. on p. 143).

[40] Hans-Jiirgen Butt, Brunero Cappella, and Michael Kappl. “Force measurements with
the atomic force microscope: Technique, interpretation and applications”. In: Surface
Science Reports 59.1 (2005), pp. 1-152 (cit. on p. 143).

[41] E. M. Puchner and H. E. Gaub. “Force and function: probing proteins with AFM-
based force spectroscopy”. In: Current Opinion in Structural Biology 19.5 (2009),
pp. 605-614 (cit. on p. 143).



CHAPTER 6. HIGH PERFORMANCE ADHESIVES VIA COOPERATIVITY OF
CATECHOLS AND AMINES 167

[42] X. Zhang, C. J. Liu, and Z. Q. Wang. “Force spectroscopy of polymers: Studying on
intramolecular and intermolecular interactions in single molecular level”. In: Polymer
49.16 (2008), pp. 3353-3361 (cit. on p. 143).

[43] A. Noy. “Force spectroscopy 101: how to design, perform, and analyze an AFM-based
single molecule force spectroscopy experiment”. In: Current Opinion in Chemical
Biology 15.5 (2011), pp. 710-718 (cit. on pp. 143, 144).

[44] C. Friedsam, H. E. Gaub, and R. R. Netz. “Probing surfaces with single-polymer
atomic force microscope experiments”. In: Biointerphases 1.1 (2006), Mr1-Mr21 (cit.
on p. 143).

[45] Johann Erath, Stephan Schmidt, and Andreas Fery. “Characterization of adhesion
phenomena and contact of surfaces by soft colloidal probe AFM”. In: Soft Matter 6.7
(2010), pp. 1432-1437 (cit. on pp. 143, 146).

[46] A. Zosel. “Adhesion and tack of polymers: Influence of mechanical properties and
surface tensions”. In: Colloid and Polymer Science 263.7 (1985), pp. 541-553 (cit. on
pp. 143, 146, 147).

[47] Adriana Paiva et al. “Study of the Surface Adhesion of Pressure-Sensitive Adhesives
by Atomic Force Microscopy and Spherical Indenter Tests”. In: Macromolecules 33.5
(2000), pp. 1878-1881 (cit. on pp. 143, 146).

[48] M. Kappl and H. J. Butt. “The colloidal probe technique and its application to
adhesion force measurements”. In: Particle Particle Systems Characterization 19.3
(2002), pp. 129-143 (cit. on pp. 143, 146).

[49] V.T. Moy, E. L. Florin, and H. E. Gaub. “Intermolecular Forces and Energies between
Ligands and Receptors”. In: Science 266.5183 (1994), pp. 257259 (cit. on p. 143).

[50] L. F. Milles et al. “Molecular mechanism of extreme mechanostability in a pathogen
adhesin”. In: Science 359.6383 (2018), pp. 1527-1532 (cit. on p. 143).

[51] YiCao and Hongbin Li. “Polyprotein of GB1 is an ideal artificial elastomeric protein”.
In: Nat Mater 6.2 (2007), pp. 109-114 (cit. on p. 144).

[52] J.S. Kim et al. “Mechanically Stretching Folded Nano-pi-stacks Reveals Pico-Newton
Attractive Forces”. In: Advanced Materials 21.7 (2009), pp. 786-789 (cit. on p. 144).

[53] R. W. Carpick, D. F. Ogletree, and M. Salmeron. “A general equation for fitting
contact area and friction vs load measurements”. In: Journal of Colloid and Interface
Science 211.2 (1999), pp. 395-400 (cit. on p. 146).

[54] S. Okada et al. “Adhesion properties of polyacrylic block copolymer pressure-sensitive
adhesives and analysis by pulse NMR and AFM force curve”. In: Journal of Applied
Polymer Science 136.29 (2019) (cit. on p. 147).

[55] Kim Hyonchol et al. “Quantification of fibronectin and cell surface interactions by
AFM”. In: Colloids and Surfaces B: Biointerfaces 25.1 (2002), pp. 33-43 (cit. on
p. 147).



CHAPTER 6. HIGH PERFORMANCE ADHESIVES VIA COOPERATIVITY OF
CATECHOLS AND AMINES 168

[56]

[57]

[58]

Bettye L. Smith et al. “Molecular mechanistic origin of the toughness of natural
adhesives, fibres and composites”. In: Nature 399.6738 (1999), pp. 761-763 (cit. on
p. 147).

Eugene Kim et al. “Microbially Synthesized Repeats of Mussel Foot Protein Display
Enhanced Underwater Adhesion”. In: ACS Applied Materials Interfaces 10.49 (2018),
pp. 43003-43012 (cit. on p. 147).

Tobias Priemel et al. “Compartmentalized processing of catechols during mussel
byssus fabrication determines the destiny of DOPA”. In: Proceedings of the National
Academy of Sciences 117.14 (2020), p. 7613 (cit. on p. 150).



169

Conclusions

The preceding chapters in this dissertation should provide a flavor of the mix of the achieve-
ments, expectations, and existing challenges regarding the creation of novel functional mate-
rials utilizing mussel-inspired catechol- and catecholamine-based molecules. The ubiquity of
catecholic compounds in nature and their unique properties and versatile reaction chemistries
have fueled their implementation in a wide range of functional materials. These catecholic
motifs exhibit multiple intrinsic properties such as metal chelation, dynamic complexation
with multitude of ligands, interfacial adhesion to a variety of substrates, redox potential and
radical scavenging as well as broadband light absorbance, which can provide elegant solu-
tions to many multifaceted problems encountered in materials development for a wide range
of applications. However, despite the outstanding progress that has been accomplished in
the design of catecholic functional materials, there are still numerous challenges that must
be met before this research area can become a mature field for translation into technological
platforms. For instance, structure elucidation of many hierarchical catechol-based assemblies
such as pDA and eumelanin remains a subject of ongoing investigations. Unlike the vast ma-
jority of synthetic polymers, structure of pDA and eumelanin can only be portrayed in terms
of a statistical description of a heterogeneous mixture of protomolecules and building blocks
rather than a well-defined chemical structure. The notorious difficulties in the structural
investigation of these functional assemblies, mainly due to the amorphous character and
the marked insolubility in most common solvents have rendered a deeper understanding of
their structure-property-processing relationship extremely challenging. Although pDA and
melanin-mimetic materials satisfy many of the requisite physicochemical properties essential
in design of novel engineering materials, the true potential of these bioinspired materials
cannot be realized unless a unified perspective aiming at elucidating their structure is estab-
lished. Particularly noteworthy is delineating the final steps of assembly in order to develop
rational strategies to improve processability and tailor and fine-tune their properties for
target applications.

Furthermore, despite their overall exemplary properties, relatively weak stability of the
catechol-based molecules has been widely acknowledged as one of their major drawbacks.
For instance, catechols are susceptible to spontaneous oxidation upon exposure to air, which
makes the process of constructing the engineering materials from these catecholic molecules
challenging. Moreover, due to the relatively weak intermolecular interactions present in
their structures, most of the catechol-based assemblies in their current form do not ex-
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hibit great resistance to delamination and wear, limiting their widespread adaptation into
mechanically-demanding applications. Therefore, more efforts should be devoted to improv-
ing their mechanical performance without compromising the inherent chemical versatility of
these molecules to support secondary reactions. It is thus critical to devise new experimental
approaches to conquer these shortcomings in order to facilitate the widespread incorporation
of these building blocks into design of emerging multi-component materials. Finally, I would
like to conclude by acknowledging the ability of catechol-based molecules to form a myr-
iad of strong reversible and irreversible interactions which has long inspired researchers for
creation of unique and versatile platforms for developing complex materials with enhanced
performance. However, it is essential to note that these catechol-based molecules in the
natural systems do not perform in isolation; instead, they often function in parallel, serving
multiple roles and collaborate closely with other available functionalities and structural mo-
tifs to yield unique properties. A better understanding of the fundamental principles and
multifunctionality that these building blocks exhibit in nature will foster further progress in
exploitation and harnessing their full potential as alternative solutions to many outstanding
engineering challenges.





