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ABSTRACT

Bio-Inspired Adhesion, Friction and Lubrication
by
Saurabh Basudeb Das

Biological systems have developed elegant adaptations during its evolution to survive
and perform its functions efficiently under specific environmental constrains with enormous
physical demands. In this dissertation, | make an effort to understand tribological phenomena
in biology and translate them into a synthetic system for engineering applications. |
emphasize on adhesion, friction and lubrication in three different biologically inspired soft
condensed matter as described below.

Dopa (3,4-dihydroxyphenylalanine), a post-translational modification from tyrosine
(Tyr), features prominently in the mussel foot proteins (mfps), ranging from less than 5 mol
% in mfp-4 to 30 mol % in mfp-5. The binding ability of the mfps to different substrates has
been mostly attributed to the Dopa functionality in the protein and the role of the other
peptide residues in the adhesive properties of the protein remains elusive. Here we have
discovered that the adhesion between mfp-1 decapeptide films ([AKPSYPPTYK],) and mica
remained unchanged with or without the Dopa residue. This is a paradigm shift in our
understanding of the molecular mechanisms underlying adhesive properties of the mfps and
calls for further inquiry into the effects of peptide residues beyond Dopa chemistry. We also
developed a systematic body of work linking the adhesive performance to lengths and
architectures of peptides. Dopa in a peptide sequence does not necessarily lead to the
formation of cross-links between peptide films through metal chelation, and the length of the

peptide is a crucial parameter for enabling metal ion mediated bridging between surfaces.



More recently, we have been working on designing and characterizing small molecules that
mimic the properties of the adhesive mussel foot proteins. The wet adhesion and
coacervation of an adhesive protein (mfp-5) was recapitulated in an order of magnitude
smaller length scale which shows cohesive properties superior to the mfps. We believe that
the resulting insights into the molecular structure-function relationships will enable rational
design of synthetic bio-inspired adhesives that would enable de novo (suture less) sealants for
injuries and surgeries and nano-scale-adhesive applications in the semiconductor industry.
Geckos can attach and detach their toes reversible in matters of milliseconds from
most surfaces regardless of its roughness due to the hierarchical structure of their foot-pads.
Micro-flaps mimicking the function of the micron sized setae on the gecko foot pad were
fabricated and investigated for its adhesion and frictional properties in a modified surface
forces apparatus (SFA). A Johnson-Kendall-Roberts (JKR) model with an effective stiffness
and adhesion energy parameters quantitatively described the ‘contact mechanics’ of the tilted
micro-flaps against a smooth silica surface at the macro and micro-scales. Constant
attachments and detachments occurred between the surfaces during shearing and were
described by an Avalanche mechanism. These results demonstrate the significance of
preload, shearing velocity, shearing distances, commensurability, and shearing direction of
gecko-mimetic adhesives and provide a simple model for analyzing and/or designing such
systems.
Biolubrication systems show ultralow friction coefficients, remarkable wear
resistance properties and are far superior to any artificial system designed to date. In this
work, the role of proteins (e.g., Lubricin, Lub) and polysaccharides (e.g., Hyaluronic acid,

HA) found in articular joints, and mfp-1 inspired coacervates were investigated to determine

Xi



the lubrication and wear protection mechanisms conferred by the naturally occurring
polymers to a mica surface. We find that Lub penetrates into a chemically bound HA on mica
to form a visco-elastic gel that reduces the coefficient of friction as well as boosts the
strength of the surface against abrasive wear, however, physically adsorbed HA-Lub complex
were poor at conferring wear protection to mica even though it showed low friction
coefficients. Similarly, coacervated mfp-1/HA rescues mica from shear induced damage only
when the protein is modified with Dopa, which is responsible for attaching the coacervate to
the surface. Absence of Dopa resulted in severe abrasive wear to the surfaces even under low
loads (< 10 mN) during shearing. These results show that strong anchoring of polymers is
crucial to protect surfaces from shear induced damage. We also demonstrate that friction

coefficient is not correlated to wear.
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1. INTRODUCTION

Since the very beginning, humankind has been constantly struggling to improve its
quality of life through Engineering and developing new technologies. The word Engineering
is derived from the Latin word ‘Ingenium’ which means ‘to device craft-fully’. The very first
known ‘Engineering’ marvel dates back to the early Neolithic age (~9500 B.C.) when cereals
were first farmed and Beer was brewed. Another wonder that changed human civilization for
good was during 3500 B.C. when the Mesopotamian civilization first invented ‘wheel and
the axel’ to mobilized heavy objects and reduce friction during translationary motion. This
was followed by the evolution of the lubrication technology at around 1800 B.C. when the
Egyptians used water and oil to reduce the frictional stress between surfaces to move heavy
sledges. Today, we have the tools and capabilities to manipulate and perceive scientific
phenomena from the nanoscopic (~10° m) to megascopic scales and further beyond. The
human civilization has been constantly struggling to explore more and learn from biology
and nature to enhance his luxury of life and live a utopian dream. He has indeed succeeded
partially in achieving his goal and the curiosity to learn allows him to uncover the many
unknown mysteries of life and science. Engineering developments in chemistry, physics,
biology and material science has indeed led man to determine the origin of time, space, life

and invent devices to make daily life pleasant and comfortable.



A branch of engineering that is a star alliance in uniting all the different fields of
engineering viz., mechanical, civil, electrical, materials etc. is Chemical engineering. They
pioneer valuable materials and techniques which plays a crucial role in related fields such as
biotechnology, nanotechnology, bioengineering and biomaterials. This dissertation is no
different and will apply the principles of chemical engineering to interpret the area of surface
sciences with the key goal of understanding biologically inspired adhesion, friction and
lubrication. Based on the interpretations, design rules will be suggested to build molecules
that can be tailored for different applications.

The 21% century has witnessed the development of many force measuring,
microscopy and material characterization techniques that has played a vital role to help
corroborate theories with experimental observations. These include the surface forces
apparatus (SFA), atomic force microscope (AFM), scanning electron microscope (SEM),
scanning tunneling microscopy (STM), X-ray photoelectron spectroscopy (XPS), infrared
spectroscopy (IR) and many more. These techniques has made it possible to visualize the
dynamics and statics of intermolecular and surface forces which in turn enriched our
fundamental understanding of behavior of elements and hence has led to a rational
development of materials for different applications. The theme of this dissertation will
revolve around the measurement and understanding of interfacial forces in a few bio-inspired
materials and propose design rules for developing molecules for adhesive/lubrication

applications.



1.1 Inspiration from biology

Organisms in nature have adapted to their complex biotic and abiotic environments
for their survival under extreme conditions. For example, marine mussels have evolved both,
an energy-tolerant and dissipative byssus, to manage the significant lift and drag forces
imposed upon them in the harsh intertidal zone. Geckos can run on walls and ceilings of
practically any material and roughnesses. The adhesive foot pads of a gecko exploit
frictional-adhesion to attach and detach quickly from surfaces and we struggle to understand
and mimic this behavior through synthetic analogs. Sand-castle worms deploy their tentacles
to capture and glue sand particles and secure its habitat under deep sea waters. These
organisms thus inspire the fabrication and synthesis of wet and dry adhesive materials that
can work under any environment and will be further discussed in this dissertation in chapters
3106.

Another miracle of biology that we try to understand and mimic is the super-lubricity
and wear protection properties conferred by the complex synergy between the various
proteins, polysaccharides and lipids in the synovial fluid between articular joints in animals.
As with any ‘well oiled” machine, the optimal performance and functionality of
biomechanical systems are contingent upon effectual lubrication of motile surfaces. Nature
has developed surprisingly varied, and, at times, rather ingenious lubrication strategies for
controlling and regulating the interaction forces, friction, and wear at sheared interfaces.
Chapter 7 and 8 in this dissertation will we narrow our focus to the area of biolubrication and
discuss a few probable mechanisms of the many solutions nature has devised for controlling
friction and preventing wear. It will also demonstrate the use of mussel inspired complex

coacervation as a strategy to provide enhanced wear protection to surfaces.



1.1.1 Biomimetic wet adhesion: The marine mussels

Marine mussels are experts at ‘wet’ adhesion, achieving strong and durable
attachment to a variety of surfaces in their marine habitat. Adhesion is mediated by a byssus,
essentially a bundle of leathery threads that emerge from living mussel tissue at one end and
tipped by flat adhesive plaques at the other (Fig. 1.1). The byssal plaques consist of a
complex array of proteins (mostly mussel foot proteins, mfps), each of which has a distinct

localization and function in the structure, but all share the unusual modified amino acid 3,4-

dihydroxyphenylalanine (Dopa).

Force

Figure 1.1 A colleague, Dr. Nadine Martinez, picking up mussel from the wave sept beach
shore at UCSB campus point during low tide (Left, Photo credits: Saurabh Das). A mussel
secured to a mineral surface (Right inset). Adhesive mfps such as mfp-3 (blue circles) and
mfp-5 (green circles) binds the plague to a mineral surface. In mussel byssal threads,
collagens known as preCOLs mediate the transfer of load between the mussel plaque and the
thread. PreCOLs come within a few nm of the mica surface, thus may bind directly to

adhesive mfps such as mfp-3 and mfp-5. The preCOLs are protected by a coating protein,



mfp-1, that can accommodate high strains while simultaneously contributing to its disparate
stiffness.

The mussel foot proteins, mfp-1, mfp-3, and mfp-5, have been shown to exhibit
remarkable binding to mineral surfaces such as mica and TiO; (1, 2). The versatility of
mussel adhesion to surfaces with wide-ranging chemical and physical properties has inspired
much research dedicated to understanding the mechanism of mussel adhesion as well as
developing biomimetic coatings and adhesives for wide-ranging industrial and biomedical
applications, the latter including paints for coronary arteries (3), fetal membrane sealants (4),
cell encapsulants (5), and for securing transplants for diabetics (6).

Several studies with Dopa functionalized polymers have demonstrated a strong
positive linear correlation between Dopa content and adhesion to different surfaces (7-11).
The binding ability of the mfps to different substrates thus has been mostly attributed to the
Dopa functionality in the protein and the role of the other peptide residues in the adhesive
properties of the protein remains elusive. The goal of this research was to understand the
adhesion capabilities of the mfps beyond Dopa chemistry. The surface forces apparatus
(SFA) was used to measure the adhesive properties of mfp-1, a natural coating protein that
forms the major constituent of the protective cuticle covering all exposed portions of the
byssus including the plaques. Partial recombinant constructs of mfp-1 (rmfp-1, mass~14
kDa) and short decapeptides dimers, with and without Dopa were also assessed for its
adhesive and cohesive properties. A systematic body of work linking the adhesive
performance to lengths and architectures of peptides was also developed. This work

recapitulated the wet adhesion and coacervation of an adhesive protein (mfp-5) in an order of



magnitude smaller length scale (small zwitterionic molecules) which shows adhesive

properties superior to the mfps.

1.1.2 Biomimetic dry adhesion: Geckos

The supreme ability of the gecko to attach and detach quickly to any surface has been
fascinating man for over two millennia. They are super climbers with impeccable dexterity of
attaching and detaching their toes in matters of milliseconds (12) while running with
wantonness on surfaces, be it vertical or inverted. This exceptional feature of the species of
quick attachment and equally quick detachment to any surface is still a challenge that no
conventional adhesive is capable of meeting. The bottom up design of the hierarchical gecko
foot structure (Fig. 1.2) (13) helps in an adhesive mechanism robust enough to maneuver on

unknown rough surfaces irrespective of its inclination.

Lamella Foot Tokay gecko

Spatula

Figure 1.2 Hierarchical structures of a Tokay gecko. (a) Optical image of a Tokay gecko at
rest. (b) A gecko foot. (c) A gecko toe. (d) Scanning electron microscope images of a setal

array, (e) the spatula pads, and (f) a magnified view of a spatula pad.



Each gecko foot has 5 toes; each toe has about 20 arrays (lamellae) of micron-scale
hair (setae), with each seta being ~5 pm in diameter and approximately 110 pm in length on
average. Each seta splits into 100-1000 nano-scale spatula, of 200 nm length and width at the
tip, forming the fine structure of the gecko adhesive system (14). The setae are formed out of
B-keratin (15). The setae further branches out into spatulae. These spatulae, by conforming to
both micro- and nano-scale asperities, achieve a large true area of contact, so that geckos can
adhere to different surfaces via the weak van der Waals force together with other types of
non-covalent forces such as capillary forces (16, 17). Conventional pressure sensitive
adhesives (PSAs) are good in adhering to different surfaces since they are soft and sticky but
they do not have the control over issues such as fouling, self-adhering, degradation and
accidental attachment to inappropriate surfaces. They both stick too strongly to surfaces and
are difficult to remove (e.g. Duct tapes) or adhere weakly to surfaces and peel of easily (e.g.
Sticky notes). The gecko setae, however, shows directional adhesion, quick attachment and
detachment (16) irrespective of the surface profile and strong adhesion with a small preload,
self-cleaning property, non-sticky and does not self-adhere. The properties of the gecko
adhesive system have been known but the basic principles behind these complex behaviors
are still not well understood.

This dissertation will address the ‘frictional-adhesion’ properties of gecko-mimetic
fabricated structures against smooth and rough surfaces. The combined effects of preloads,
shearing speeds and, surface roughness (topography) on adhesion and frictional properties of
adhesives mimicking the functional properties of a gecko foot-pad will be discussed. The
results from these studies will help determine the design and operating principles for gecko-

mimetic adhesives. This work will also suggest a design idea for a prototype ‘robotic foot



placement device’ that can create an actuating mechanism at low energy inputs and enables
high speed and versatile climbing and movement. The gecko-mimetic adhesives can also be
employed for the transportation and manipulation of fragile micro/macro object, especially to

handle delicate wafers in the semiconductor industry.

1.1.3 Bio-lubrication

Nature has managed to create biolubrication systems that shows ultralow friction
coefficients, remarkable wear resistance properties and is far superior to any artificial system
designed to date. The collagen fibril network in the cartilage in animal joints are ‘well’
lubricated through the physical immobilization of polysaccharides via mechanical trapping of
the molecules partially trapped in the cartilage pores (18). Biolubrication systems are
dynamic with the tribological factors such as loads, shear forces, fluid flux, shear rates and
sliding velocities can change quickly with time. Nonetheless, the natural biolubrication
systems are robust and are exceptional in maintaining low shear stresses and protecting
sliding interfaces from damage.

Boundary lubrication and hydrodynamic lubrication mechanisms are thought to be
mainly responsible for the efficient operation of animal joints. Hyaluronic acid (HA), a
polysaccharide that forms the major component of the synovial fluid in the joints acts
synergistically with proteins (e.g., Lubricin), mucopolysaccarides (e.g., GAGs) and lipids to
provide boundary lubrication and wear protection to the cartilage surfaces while maintaining
ultralow friction forces. This dissertation will explore the role of a protein ‘lubricin’ and HA

in protecting surfaces from wear and maintain lubrication.



The lubrication property of mussel inspired complex coacervates has also been
investigated in this thesis. Protein and polymer solubilization in aqueous environments can
be detrimental to the delivery of materials to target surfaces. The marine mussel appears to
overcome this problem via exploiting complex coacervation during delivery of the proteins
onto target surfaces to attach securely. Hence, complex coacervation can serve as a potential
strategy for delivery of adhesive and coating materials to target surfaces through the ability
of mfp-1, a natural coating protein, and hyaluronic acid (HA), a natural lubricant found in
synovial fluid, to coacervate. The interfacial properties of the HA/mfp-1 coacervate have
been investigated with the SFA in order to determine their potential as protective and/or
functional coatings and as a lubricant material. Particularly, the role of Dopa in the wear
protection property conferred by the coacervate to a model mica surface will be addressed

here.

1.2 Organization of this dissertation

| will provide a brief description of the important forces in biology that are relevant to
this work in chapter 2. Additionally, I will describe the main experimental techniques that |
used for measuring forces and characterization of surfaces viz., surface forces apparatus
(SFA), atomic force microscopy (AFM), cyclic voltammetry (CV), X-ray photoelectron
spectroscopy (XPS) and quartz crystal microbalance (QCM). Other solution phase techniques
such as dynamic light scattering (DLS), Infrared Raman techniques etc. will be described in
the later chapters where they were used. Chapter 3 proposes a mechanism of protein- and
Fe* concentration-dependent cohesion and metal chelation in mussel foot protein-1 (mfp-1)

from two homologous mussel species and ferric cation. The role of peptide length and Dopa



content in a peptide sequence in the formation of cross-links, metal chelation and interaction

with hydrophobic silicones has been discussed in chapter 4. Chapter 5 and 6 reviews the

frictional adhesion properties of gecko-mimetic patterned surfaces against smooth and rough

silica surfaces. The role of proteins, polysaccharides and mussel inspired complex coacervate

has been investigated in chapter 7 and 8. In chapter 9, | propose the designing of mussel

protein inspired single molecular zwitterionic molecules that surpasses the adhesive

properties of mussel foot proteins (mfps) and recently developed adhesive protein amyloids

(19). In this chapter, I also explain the challenges to develop gecko-mimetic robotic devices

and show a simple mechanism that can be exploited to integrate gecko-mimetic flaps for

robotic applications.

1.3

References

Lin Q, et al. (2007) Adhesion mechanisms of the mussel foot proteins mfp-1 and
mfp-3. Proceedings of the National Academy of Sciences of the United States of
America 104(10):3782-3786.

Yu J, et al. (2013) Adhesion of Mussel Foot Protein-3 to TiO2 Surfaces: the Effect of
pH. Biomacromolecules 14(4):1072-1077.

Kastrup CJ, et al. (2012) Painting blood vessels and atherosclerotic plaques with an
adhesive drug depot. Proceedings of the National Academy of Sciences
109(52):21444-21449.

Haller C, et al. (2011) Mussel-mimetic tissue adhesive for fetal membrane repair: a
standardized ex vivo evaluation using elastomeric membranes. Prenatal diagnosis

31(7):654-660.

10



10.

11.

12.

Yang SH, et al. (2011) Mussel-inspired encapsulation and functionalization of
individual yeast cells. Journal of the American Chemical Society 133(9):2795-2797.
Brubaker CE, Kissler H, Wang L-J, Kaufman DB, & Messersmith PB (2010)
Biological performance of mussel-inspired adhesive in extrahepatic islet
transplantation. Biomaterials 31(3):420-427.

Anderson TH, et al. (2010) The Contribution of DOPA to Substrate-Peptide
Adhesion and Internal Cohesion of Mussel-Inspired Synthetic Peptide Films.
Advanced Functional Materials 20(23):4196-4205.

Heo J, et al. (2012) Improved Performance of Protected Catecholic Polysiloxanes for
Bioinspired Wet Adhesion to Surface Oxides. Journal of the American Chemical
Society 134(49):20139-20145.

Chung HY & Grubbs RH (2012) Rapidly Cross-Linkable DOPA Containing
Terpolymer Adhesives and PEG-Based Cross-Linkers for Biomedical Applications.
Macromolecules 45(24):9666-9673.

Liu B, Burdine L, & Kodadek T (2006) Chemistry of periodate-mediated cross-
linking of 3,4-dihydroxylphenylalanine-containing molecules to proteins. Journal of
the American Chemical Society 128(47):15228-15235.

Saxer S, et al. (2010) Surface Assembly of Catechol-Functionalized Poly(L-lysine)-
graft-poly(ethylene glycol) Copolymer on Titanium Exploiting Combined
Electrostatically Driven Self-Organization and Blomimetic Strong Adhesion.
Macromolecules 43(2):1050-1060.

Autumn K, et al. (2006) Dynamics of geckos running vertically. Journal of

Experimental Biology 209(2):260-272.

11



13.

14.

15.

16.

17.

18.

19.

Tian Y, et al. (2006) Adhesion and friction in gecko toe attachment and detachment.
Proceedings of the National Academy of Sciences of the United States of America
103(51):19320-19325.

Ruibal R & Ernst V (1965) Structure of Digital Setae of Lizards. Journal of
Morphology 117(3):271-&.

Russell LD (1982) Morphological Evaluation of the Effects of Environmental Agents
on Testicular Function in Experimental-Animals. Archives of Andrology 9(1):45-46.
Autumn K, et al. (2002) Evidence for van der Waals adhesion in gecko setae.
Proceedings of the National Academy of Sciences of the United States of America
99(19):12252-12256.

Huber G, et al. (2005) Evidence for capillarity contributions to gecko adhesion from
single spatula nanomechanical measurements. Proceedings of the National Academy
of Sciences of the United States of America 102(45):16293-16296.

Greene GW, et al. (2011) Adaptive mechanically controlled lubrication mechanism
found in articular joints. Proceedings of the National Academy of Sciences
108(13):5255-5259.

Zhong C, et al. (2014) Strong underwater adhesives made by self-assembling multi-

protein nanofibres. Nature nanotechnology.

12



2. SURFACE INTERACTIONS IN BIOLOGY

2.1  Overview of important interactions

In the macroscopic world, the forces between matter is mainly governed by gravity
for big separation distances, i.e., in the range of several meters to light years. However, as the
size scale of an object becomes small, i.e., in the order of several nano-meters and less, the
surface area to volume ratio increases and surface forces play a dominant role in determining
the interactions between the molecules and role of gravity becomes negligible. This is due to
the fact that the mass of the molecules gets smaller and the surface area for interaction
increases for the interfacial forces to act upon as the objects start getting smaller. These
interfacial surface forces that determine the intermolecular interactions are classified as
dispersion forces, van der Waals (VDW) forces, London forces, charge fluctuation forces,
electro-dynamic forces and induced dipole—induced—dipole forces. The basic origin of all
these forces is electrostatics and it manifests itself into the so called dispersion forces (1).
When we refer to the strength of interaction between two surfaces or molecules, we often
tend to confuse between interaction forces (F) and energies (W). The two are related by F = -
dw/dD where D is the separation distance between the surfaces under consideration. It
should be noted that even if the energy of interaction between two surfaces is the same, the

force required to separate them could be completely different and depends on the rate of
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separation and the path taken to separate the surfaces apart. This has important implications
in peeling process that a gecko employs to quickly release its foot-pads from a surface.
Interactions in biological systems are very complicated and involve the interplay of
many different forces such as the van der Waals force, electrostatic force, hydrogen bonding,
steric forces, hydration and hydrophobic forces. Since the theme of this dissertation revolves
around measuring interaction forces, a few of the relevant ones will be described briefly in
this chapter. I will also describe a few experimental techniques that were used for measuring
interfacial forces between protein and polymer surfaces and surface characterization

techniques.

2.1.1 Van der Waals (VDW) interactions

VDW forces occur between all bodies and originate due to fluctuations in the electric
dipole moment and are also known as dispersion force. They occur regardless of the
properties of the molecule and are quantum mechanical in origin. It can be intuitively
understood by considering two neutral atoms or molecules interacting in vacuum, e.g.,
helium atoms. For non-polar helium atoms, the time averaged dipole moment is zero,
however, at any given instant of time, the dipole moment of one of the atoms will be non-
zero due to the instantaneous position of its electrons with respect to its nucleus. This
instantaneous dipole moment creates an electric field that induces a similar dipole moment in
the nearby helium atom and gives rise to a net attractive force of interaction between the two
atoms when averaged over time. These forces are long-ranged and can be either attractive or

repulsive depending on the system but are always attractive between similar materials.
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The van der Waals forces are non-additive and are influenced by other nearby bodies.
The Lifshitz theory circumvented this complexity by assuming a continuum approach and
derived the equation in terms of measurable bulk properties of the material. Thus, Lifshitz
proposed a simple equation for to determine the VDW force between spheres of the same
material and it takes the form

AR
D)= 2.1

where r is the radius of the spheres, D is the distance at the point of smallest separation
between the spheres, and A is the Hamaker constant which depends on the electric and
optical properties of the materials and medium of the system.

The Hamaker constant A is given by the Lifzhitz theory and has been described by
Israelachvili in Ref. (1). The Hamaker constant for medium 1 interacting with medium 2

across medium 3, As3p, is given by

A132 =§kT [‘91_83)[‘92 _‘93j+ 3hve (nl2 —n;)(nf _nii) (22)
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where 1, &2 and ny, n, are the static dielectric constant and refractive index of the interacting
surfaces, g3 and nz are the static dielectric constant and refractive index of the medium
between the surfaces, v is the absorption frequency, kg is the Boltzmann constant and T is
the temperature. A, the Hamaker constant is typically 10™° for materials interacting in dry air.
The value of A can be one half to one third of this value for polymer-polymer interaction or
may get reduced by an order of magnitude in presence of water. The VDW forces are long-
ranged (and can extend upto D ~ 10 nm) and can be either attractive or repulsive depending

on the system but are always attractive between similar materials. A qualitative magnitude

15



of VDW forces compared to the other interfacial forces is shown in Fig. 2.1. VDW forces
can get quite strong at small separation distances between molecules and surfaces. VDW
plays an important role in play a role in a number of phenomena such as adhesion, surface
tension, wetting, structure of condensed macromolecules, the properties of gases and liquids,
the strength of solids, and the flocculation of particles.
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Figure 2.1 Illustration of the common surface interactions in aqueous solution, plotted as a

function of distance D. Figure adapted from Leckband and Israelachvili (2)..

2.1.2 Electrostatic interactions

The electrostatic force of interaction (Fes) between two charged bodies is given by
Coulomb’s inverse square law and can be mathematically written as

Fog(D) = — 2% 2.3)

47se,D?

where Q;, Q are the charges on the bodies, g is the permittivity of free space, ¢ is the
dielectric constant of the medium between the bodies and D is the distance of separation.
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When a surface is immersed in an electrolytic solution, adsorption of ions charges the surface
and gives rise to an electric double layer near its vicinity. Thus two charged surfaces in a
solution will electrostatically interact with each other according to eq. (2.3). The charging
mechanism of the surfaces were first proposed by Helmholtz in his ‘Electric Double’ theory
and proposed that charged interfaces behave as a molecular dielectric and stores energy.
Later Louis Guoy and David Chapman introduced the ‘Guoy-Chapman’ model of electric
double layer and used the Poisson-Boltzmann (PB) equation to calculate the charge
distribution near an electrode interface. The force of interaction between two charged double
layers can be obtained by solving the PB equation and applying constant charge or constant
potential boundary conditions (3, 4). For dissimilar surfaces, an analytical solution to the PB
equation is not available and the equation needs to be solved numerically to calculate the
interaction energy between the surfaces. In an aqueous solution the surface potential sets up a
diffuse layer of counter-ions in solution, distributed close to the charged surface to balance

out the surface charges. The double-layer extends from each surface with a characteristic

decay length called the Debye length % that is given by

1/2
1| egokgT 0.304
K= = ——— nm (for NaCl at 25°C

[ZNAIeZJ JINaCI] ( : @4)

where ¢ is the dielectric constant of water, gy IS the permittivity of free space, Na is
Avogadro’s number, | is the ionic strength of the electrolyte (in mole per liter), e is the
fundamental electric charge, and [NaCl] the concentration given in units of mole per liter (1).

Electrostatic double layer interactions between surfaces are similar to VDW
interaction but longer ranged depending on the solution conditions (1, 5). The sum of the

double-layer and VDW interactions together make up DLVO interactions (Fig. 2.1) and is
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named after Derjaguin & Landau (1941) and Verwey & Overbeek (1948) who developed it
independently while working on colloidal stability. Biological interfaces such as proteins,
membranes and tissues are mostly submerged in an aqueous environment and electrostatic

forces regulate many different biological processes (6-8).

2.1.3 Hydrogen bonding and hydrophobic forces

Hydrogen bonds are a particular case of strong dipole-dipole interactions. It is an
outcome of an electrostatic attraction between polar molecules due to partial charging of
hydrogen atom bound to a highly electronegative atom such as oxygen, nitrogen or halogens
that result in the formations of molecular dipoles. Hydrogen bonding interactions are stronger
than VDW interactions, but weaker than a covalent bond. In fact the bond length of a
hydrogen bond in water (H---O) is 0.176 nm, which is much less than a VDW radii but larger
than a covalent bond. The average strength of a hydrogen bond is about 5-10 kT per bond.
Water, the most important biological molecule shows extensive hydrogen bonding network
and this explains the high boiling/melting points and accounts for its anomalous behavior.
Hydrogen bonds play an important role in giving the DNA its helical structure (1), protein
folding (9, 10), enzymatic catalytic activities (11) and adhesive interaction of proteins to
surfaces (12, 13) and interaction of collagen with mussel foot proteins (Martinez, Das et al.,
submitted, Fig. 1.1).

The hydrogen bonding capability of water is compromised in presence of a vapor
cavity or non-polar molecules or hydrophobic surfaces. It is no longer able to form its
hydrogen bonding network around the vicinity of such surfaces or molecules. In case of a

small hydrophobic moiety (< 1nm size), water can still form its hydrogen bonding cage
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around the molecule at the cost of entropy, but favorable energetically. However the
hydrogen bond network of water completely fails around a big hydrophobic interface and the
exact mechanism for the same is still not understood. Some workers claim that hydrophobic
surfaces increase the fluctuation of the water density around the interface whereas some other
proposes the formation of excluded volume where the water density fades out (14-17).
Hydrophobic interactions play a crucial role in biological processes like protein folding,

stability of the DNA(1), mussel foot coating protein cohesion, self-assemble processes.

2.1.4 Polymer mediated interactions

Proteins or polymers can adsorb to surfaces through VDW and electrostatic
interactions or could be chemically grafted to a surface through the formation of covalent
bonds between the polymer and the surface. Surface adsorbed polymer can rearrange to form
a mushroom like structure, polymer brushes, and random coils or may simply lay down flat
on the surface. When such polymer decorated surfaces are brought close to another surface,
the molecules experience entropic loss due to the compression of the polymer chains. This
causes a repulsive steric force of interaction between the polymer decorated surface and the
approaching surface. The magnitude of the steric repulsion depends on the molecular weight
of polymer, surface grafting density, temperature and solution conditions. The repulsive
steric interaction between polymer chains showing brush and mushroom like configurations
has been proposed by Alexander De Gennes (18) and Edward-Dolan (19) respectively.

When two polymer coated surfaces or blobs are brought into a compressive contact,
they may interact physically through the through VDW interaction or specific coulombic

interactions. Coulombic (or electrostatic) interactions might involve the formation of
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hydrogen bonds, pi-pi stacking (20) between aromatic residues in the polymer, cation-pi (21)
interactions between the aromatic residues and charged cations residues or hydrophobic
interactions. An example of such interactions between collagen and a mussel foot protein-3
(mfp-3) is shown in Fig. 2.2. Bridging interactions between polymer chains can also be
induced externally through metal chelation and will be discussed in details with regards to

the bridging between mfp-1 films in chapter 3.
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Figure 2.2 Hydrogen bonding and cation-pi interactions between collagen and mfp-3 appear
to mediate the strong but reversible binding between these molecules (Martinez, Das et al.,

Submitted).
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2.2 Measuring surface interactions: The Surface Forces Apparatus (SFA)

Surface forces Apparatus (SFA)
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Figure 2.3 A schematic diagram of the side view of the SFA 2000.

Measuring surface interactions in biologically relevant systems and bio-inspired
surfaces is fundamental to this dissertation. Hence | used the surface forces apparatus (SFA,
SurForce LLC, Santa Barbara) (Fig. 2.3) for directly measuring forces as a function of
distance between two surfaces. The SFA technique was first developed in the late 1960s by
Tabor and Winterton (22) to directly measure the VDW forces between mica surfaces. It was
later modified by Israelachvili and Tabor (23, 24) to measure normal and shear forces
between molecularly thin films. In fact, the first report on the direct measurement of the
hydrophobic forces was made using the SFA by lIsraelachvili and Pashley (25). SFA can be
used to control and measure distances between two surfaces with sub-nanometer accuracy

and resolution independently of the force while simultaneously record the shape of the
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contact interface. It can also measure the refractive index of the material of interest and its
tribological properties. In this dissertation, | used the SFA to measure normal and shear
forces using both, optical technique and strain gauges (digital signal). 1 will describe both in
this section.

In a SFA, the surfaces that are to be studied are mounted opposite each other in the
main chamber (Fig. 2.3). The upper surface is mounted on the upper disk holder that consists
of a piezo-electric tube for very fine distance control for the movement of the upper surface.
The other surface is mounted on the lower disk holder which is coupled directly to a double
cantilever spring that upon deflection bends normally. The double cantilever spring is held by
the attachment base as shown in fig. 2.3 and allows for three levels of controlling the position
of the lower surface. A differential micrometer that is directly coupled to the attachment base
can be used for coarse and medium distance control. Fine control for the movement of the
lower surface can be achieved by a spring gear mechanism. This mechanism involves a
motor driven micro-meter that pushes a weak spring which in turn forces a stiffer spring
(single cantilever spring) to deflect. The ratio of the spring constant between the stiff and the
weak spring is in the order of 10° and that allows for the movement and fine distance control
of the lower surface to approximately 1 nm. The distance between the surfaces is determined
by multiple beam interferometry (MBI) (26) technique and will be discussed later in this
section. This technique requires white light to pass normally through the surfaces and this is
allowed for by a window at the bottom of the main chamber and in each holder which is

passed through a microscope and directed into a spectrometer for light wavelength analysis.
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2.2.1 Measuring normal forces
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Figure 2.4 Schematic of the multiple beam interferometry (MBI) technique used in the SFA
showing the fringes of equal chromatic order (FECO).

In a typical SFA experiment, the distance and the force between the surfaces are
measured simultaneously. To begin with, the instrument is calibrated at large separation
distances. When the two surfaces are not interacting, i.e., they are separated by large
distances, the change in the separation between them is equal to the distance through which
the motor moves the lower surface towards or away from the upper surface (or the upper
surface driven by the piezo-tube moves towards the lower surface). However, once the
surfaces are close enough to start interacting with each other, the measured separation
distance deviates from the expected separation calibrated when there is no force between the
surfaces. This deviation is due to the deflection of the double cantilever spring and is directly
proportional to the force acting normally between the two opposing surfaces. Thus the

normal force can be measured using Hooke’s law, F =KkAx, where k is the spring constant of
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D

the double-cantilever spring and Ax=D - oplied

 ctial — is the deflection of the spring,
determined by taking the difference between the applied change in position of one of the
surfaces Dappiied @nd the actual change in distance measured between the surfaces Dacwal. The

actual distance, Dacwa, between the surfaces can be measured by multiple beam

interferometry (MBI) and will be discussed below.

2.2.2 Measuring distance: Multiple beam interferometry (MBI)

The distance between the surfaces, shape of the interface and the refractive index of
the media between the surfaces can be accurately determined by MBI technique (27). In this
technique, white light is directed through two back silvered mica surfaces (or uniform and
same thickness). As a white light passes between the mica surfaces, it undergoes interference
due to the optical trap set up by the back silver on each of these surfaces giving rise to
discrete wavelengths of light (Fig. 2.4). These wavelengths of light are resolve in a
spectrometer creating interference fringes known as ‘fringes of equal chromatic order’
(FECO). Since mica is birefringent, the FECO appears as doublets and termed as B and 7.
Alternate fringes are termed as odd and even fringes with odd fringes having nodes at the
center and even fringes with anti-nodes in the center. The FECO is then recorded on a
camera and analyzed to determine the distance between the surfaces using the following
equations:

271sin 1= 1Ay P
S ERVLYPL

2mu,D
tan( 2D J: 1-2°/ 4P
) (e ﬁz)cos(Mﬂji(ﬁz )

(2.5)
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T=n/4y (2.6)

A
n= m (2.7)

n

where D is the separation distance between the surfaces, n is the fringe order (n = 1,2,3,...)

2° is the wavelength of the n™ order fringe (O refers to the distance between the mica, D = 0,

n

or mica-mica contact reference), T is the thickness of each of the mica surfaces, |, is the

refractive index of mica, M is the refractive index of the medium, z =4,/ 1,, and the - is

used for odd fringes and the + is used for the even fringes, F, is a correction factor that
depends on the phase changes at the mica-silver interface and dispersion effects that can be

estimated as F, =1.024+1/n for odd fringes measured near A ~ 550 nm (27).

For small separation distance (D < 30 nm) between the surfaces, eq. 2.5 can be approximated

as

n

A (A= 47)
21 (401 = A7)

, for n odd (2.8)

w2 (22 -%)
"2 (2, -2)

, for n even (2.9)

It should be noted that the distance calculated with the equation for the odd fringes (eq. 2.8)
is independent of the refractive index between the two surfaces whereas that calculated with
even (eqg. 2.9) is not. This allows for simultaneous measurement of refractive index along

with the force and separation distance between the surfaces.
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Figure 2.5 Schematic of the experimental set-up showing the main features of the 3D force-

displacement-sensor attachment to the SFA 2000. This attachment allows 3D translation and

(independent) force sensing.

2.2.3 Measuring normal and lateral force using strain gauges

In order to quantify the adhesion (normal forces) and friction (lateral forces)
properties of surfaces, a 3D displacement and force sensing probe attachment for the surface
forces apparatus (SFA) 2000 was developed (Fig. 2.5). The new attachment can generate
both normal and lateral movement of surfaces, and measures the resulting normal and lateral
forces independently (26). It was designed to do both, load/pull and load/drag/pull tests on
fabricated micro-structures or polymer coated surfaces on a small scale with a contact area of
around 0.1~1 mm?. The actual contact area depends on the applied normal load. The bottom

disk is mounted in a normal load sensor in the SFA 2000 (Fig. 2.5). The sensor has 4 foil
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strain gauges (Vishay Micro- Measurements) glued symmetrically to the bending arms of the
double cantilever spring, forming a Wheatstone bridge strain gauge system. When a normal
force is applied to the surfaces, the strain gauges are used to measure the deflection of the
spring with a signal conditioning amplifier (Vishay Measurements, 2300), which outputs the
signal to either a computer data acquisition system or a chart recorder. The voltage signal is
then calibrated against known weights. The top surface is held by a friction device that can
move laterally with a sliding distance of between 200 and 500 um. Driven by a reversible dc
motor, the friction device can slide the upper disk back and forth smoothly with respect to the
lower disk at different constant or variable speeds (1-10 pm/s) using a function generator.
With the same force sensing mechanism as the normal load sensor, the friction device can
measure the lateral shearing force (friction) during the sliding of the top surface (Fig. 2.5).
The surfaces can also be sheared with a bimorph device that can slide laterally over a
distance of 1-700 pm at different sliding speeds (0.01-200 pm/s). The bimorph device
provides superior distance and velocity control over several orders of magnitude over the

friction device.

2.3 Other experimental techniques

A number of other surface sensitive and solution phase techniques were used in this
dissertation to complement the SFA experiments and investigate the physicochemical
interactions in biological systems. I will describe few of the major techniques that were used

in this section.
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2.3.1  Atomic force microscope (AFM)

Atomic force microscope (AFM) is microscopy technique that can produce very high
resolution three dimensional images of surfaces while simultaneously measuring the forces
with nano-Newton resolution. The forces are measured by monitoring the deflection of a
cantilever beam with a sharp tip or colloidal probe attached on the force measuring end of the
beam. AFM was developed by Gerd Binnig and Heinrich Rohrer who shared the Nobel Prize
in physics in 1986 for the scanning tunneling microscope (STM). While STM requires an
electrically conductive surface, AFM can operate on all types of surfaces regardless of its
conductivity. In this dissertation, AFM technique was used to investigate and characterize the

properties of surfaces with adsorbed proteins and for determining the roughness of surfaces.

2.3.2 X-Ray Photoelectron Spectroscopy (XPS)

X-Ray Photoelectron Spectroscopy (XPS) is a surface sensitive spectroscopic
technique that can be used to measure quantitatively the elemental composition of surfaces
upto a depth of ~ 20 nm from the external interface. It can be used to determine the
composition, empirical formula, chemical state and electronic state of the atoms in a material.
XPS spectra are obtained by irradiating a sample with high energy X-rays at different grazing
angles while simultaneously measuring the number and the kinetic energy of the electrons
that are emitted. This data can be translated into the binding energy of the electrons in the
molecules that make the material and used to determine the elemental compositions and the
bonding states of the constituent elements. In this dissertation, XPS was used to characterize

the chemistry of the surfaces used for SFA experiments.
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2.3.3 Cyclic voltammetry (CV)

Cyclic voltammetry (CV) is an electrochemical technique that used electric potential
energy to investigate the oxidation-reduction behavior of molecules in a solution. It is a
potentiodynamic technique and many workers refer to it as linear sweep voltammetry (LSV).
A CV set up consists of a three electrode system: Working electrode (WE), counter electrode
(CE) and a reference electrode (RE). WE can be made of a carbon paste material or could be
a gold electrode. In a typical CV experiment, the potential of the working electrode is cycled
between two set potentials boundaries in a triangular wave fashion at different rates
(typically 1 mV/s to 1 V/s) and the resulting current at the working electrode is measured
with time. These experiments have proven to be very useful in obtaining useful information
about complicated reactions at an electrode surface. Here, | used CV measurements to

determine the redox stability of proteins and synthetic molecules.

2.3.4 Quartz crystal microbalance with dissipation (QCM-D)

Quartz crystal microbalance (QCM) is a surface sensitive technique that measures the
change in resonant frequency of a vibrating quartz crystal upon adsorption of material to a
surface. The quartz crystal is vibrated by applying a voltage across it at its resonant
frequency. The resonant frequency of the crystal decreases when the mass of the chip
increases (due to adsorption of molecules on its surface), which can be converted to adsorbed

mass Am using the Sauerbrey equation:

At/
Am——M 2.10

- 212
where A is the area of the crystal, Af is the change in frequency, pq is the density of quartz

(2.648 g/lcm®), Y is the shear modulus of quartz (2.947 x 10* g/em-s?) and f, is the resonant
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frequency of the crystal. The Sauerbrey equation assumes the adsorbed mass is rigid,
uniformly distributed across the crystal and the frequency shift is less than 2% of the
resonant frequency. Quartz crystal microbalance with dissipation (QCM-D) is an extension to
the QCM technique developed by Q-Sense® and can be used to determine the
rigidity/softness and the viscoelastic properties of the adsorbed material. The QCM quartz
crystal can be coated with different rigid materials (e.g., metals, polymers, dielectrics) and
the adsorption kinetics can be monitored on these materials in liquid environment. Modeling
of the Af and AD at different overtones also allows for the calculation of thin film viscosities,
shear modulus, thicknesses, hydrations etc. of the adsorbed layers. In this dissertation, QCM-
D was used to measure the adsorption of proteins, peptides and synthetic molecules onto

titania and silica surfaces.
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3. TouGH COATING PROTEINS: SUBTLE
SEQUENCE VARIATION MODULATES
COHESION

3.1  Abstract

Mussel foot protein-1 (mfp-1) is an essential constituent of the protective cuticle
covering all exposed portions of the byssus (plaque and the thread) that marine mussels use
to attach to intertidal rocks. The reversible complexation of Fe** by the 3, 4-
dihydroxyphenylalanine (Dopa) side-chains in mfp-1 in Mytilus californianus cuticle is
speculated to be responsible for its high extensibility (120%) as well as its stiffness (2 GPa).
We have investigated the interactions between Fe** and mfp-1 from two mussel species, M.
californianus (Mc) and M. edulis (Me), using both surface sensitive and solution phase
techniques. Our results show that although mfp-1 homologs from both species bind Fe*",
mfp-1 (Mc) contains Dopa with two distinct Fe**-binding tendencies and prefers to form
intramolecular complexes with Fe**. In contrast, mfp-1 (Me) is better adapted to
intermolecular Fe** binding by Dopa. Addition of Fe** did not significantly increase the
cohesion energy between the mfp-1 (Mc) films at pH 5.5. However, iron appears to stabilize
the cohesive bridging of mfp-1 (Mc) films at the physiologically relevant pH of 7.5, where
most other mfps lose their ability to adhere reversibly. Understanding the molecular

mechanisms underpinning the capacity of M. californianus cuticle to withstand twice the
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strain of M. edulis cuticle is important for engineering of tunable strain tolerant composite

coatings for biomedical applications.

3.2 Introduction: Mussel foot coating protein

Protective coatings are used in manufacturing to improve the abrasion, scratch,
corrosion, and ultraviolet-light resistance of target surfaces and thereby adds significantly to
product performance and value. Current coating applications based on polymers are limited
by the high modulus/low strain (epoxies) or low modulus/high strain (polyurethanes) of
available polymers (1, 2) but could be significantly diversified with polymers that were both
stiff and extensible. The naturally occurring polymeric coatings of mussel byssus have a
modulus of 2 GPa and strains of about 75% and 120 % in Mytilus galloprovincialis (Mg) (3)
and Mytilus californianus (Mc) (4), respectively, making them among the most energy
tolerant coatings known. Previous characterizations of byssal coatings have detected Fe** and
a 3, 4-dihydroxyphenylalanine (Dopa) -containing protein known as mussel foot protein 1
(mfp-1) (5, 6). Resonance Raman microscopy indicates that Fe** and Dopa are coupled as
tris-catecholato-Fe®" complexes in the coatings and are proposed to provide reversible protein
cross-links between mfp-1 proteins (7). This cross-linking has been recapitulated in vitro in
mixtures of isolated mfp-1 and Fe** (8) and increases the stiffness of mfp-1 gels (9). Similar
results were obtained with synthetic and natural catechol-functionalized polymers and Fe®*
(10-12) and metal cations (13). More recently, Dopa -Fe** complexes were proposed to
contribute to the strong and reversible iron-dependent cohesion energy (~4 mJ/m?) between

two monolayers of mfp-1 from M. edulis (14).
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Homologous proteins from closely related species often provide unique opportunities
for gaining mechanistic insights into structure-function relationships (15, 16). In this spirit,
we investigated the cohesive and adhesive properties of an mfp-1 homolog from a related
mussel, M. californianus (Mc), whose byssal coating has an ultimate strain in excess of 120%
(3, 4) and also contains Dopa -Fe** complexes. Mfp-1 from both species consists of tandem
decapeptide repeats: the consensus decapeptide PKISYP**P*TY*K (where P*, P** and Y*
denote trans-4-hydroxyproline, dihydroxyproline, and Dopa, respectively) in Mc is highly
similar to AKPSYP**P*TY*K in Me and Mg (17, 18); indeed, apart from the inverted order
of the first three amino acids, the only net change is an A— | substitution. A preliminary
study of cohesion in two symmetric Mc mfp-1 monolayers using the surfaces forces
apparatus (SFA) showed significantly greater intrinsic cohesion than its homolog from Me
(cohesion energy, W, ~ 1.7-3.4 mJ/m? in Mc vs W, ~ 0 in Me) (19). Given the prominence of
mfp-1 and iron in the composite structure of byssal cuticle, we investigated the protein- and
Fe** concentration-dependent cohesion of mfp-1 at different pH values. Despite their similar
sequences, mfp-1 (Mc) and mfp-1 (Me) films exhibit strikingly different cohesive properties
with and without Fe** in the surface forces apparatus. Understanding these differences will
help inspire the design of future biomimetic polymers or recombinant mfp-1 proteins for bio-

medical and functional coatings (20).

3.3 Materials and Methods
3.3.1 Purification of mfp-1
Mfp-1 (Mc) was purified as described previously (21) with some modifications.

Breifly, mussels were harvested off Goleta Pier, (Santa Barbara, CA), and held in circulation
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tanks. The mussles were shucked and the foot was severed from the body and frozen to -
70°C before fileting off the pigmeted epithelium. Approximately 50 prepared feet were
homoginized in four equivalets (w/v) of 5% acetic acid (v/v), 10 uM leupeptin, 10 uM
pepstatin, and 1mM EDTA in a glass Kontes tissue grinder (Vineland, NJ) on ice and
centrifuged at 20,000 X g, 4°C for 40 min. The supernatant was acidified with 70 %
perchloric acid to a final concentration of 1.5% (v/v). After centrifugation at 20,000 X g, 4°C
for 40 min, the supernatant was dyalized 4 X 4L of 5% acetic acid (v/v) for four hours and
overnight with in Spectrum Industries 1,000 KDa molecular weight cutoff dialysis tubing
(Los Angeles, Ca) before freeze drying. The lyophilized protein was resuspended in 200 ul of
5% acetic acid (v/v) and 50 pl aliquots were run over a Shodex KW-803 size exclusion
column (5 pm, 8 x 300 mm) (New York, NY). Fractions were monitored at 280 nm and those
positive for protein were subjected to acid-urea polyacrylamide gel electrophoresis (7.5%
acrylamide and 0.2% N, N-methylenebisacrylamide) containing 5% acetic acid and 8 M urea
(22). After electrophoresis, gels were stained with Sigma-Aldrich Coomassie Blue R-250
(Brooklyn, NY). Pure mfp-1 (Mc) fractions were pooled and aliquoted before freeze-drying

and stored at -70°C for future use.

3.3.2 Measuring the adhesive/cohesive interactions

The surface forces apparatus (SFA, SurForce LLC) was used to measure the normal
forces between two mica surfaces in a cross-cylindrical geometry as a function of the
separation distance, D, between them and has been described elsewhere (23, 24). Mfp-1 (Mc)
films were made by adsorbing 50 pL of the protein from a Cgy = 10-100 pg/ml in a buffer

solution (0.1 M sodium acetate buffer, pH 5.5, 0.25 M KNOg3, and 1 mM bis-tris) onto the
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mica surfaces for 30 minutes, then rinsing the excess protein with the same buffer. During
the protein adsorption, the discs were kept in a saturated Petri dish to minimize evaporation
of the water from the surfaces. The discs were then mounted in the SFA in one of two
configurations. In an asymmetric configuration, the mussel protein was adsorbed on one
surface in order to measure the interaction (adhesion) between the mfp-1 (Mc) film and the
mica surface.

In a symmetric configuration (Fig. 3.1), the mussel protein film was deposited on
both surfaces in order to measure cohesion between the protein films. Cohesion was tested
with and without iron. Iron solutions 1, 10, 100 uM FeCls in acetate buffer (as above) were
freshly made and added to the symmetrically deposited protein by injection of progressively
higher concentrations of Fe** between the surfaces. The pH of the solution between the
surfaces was increased to 7.5 by rinsing with a phosphate buffer (0.1 M potassium phosphate,
pH 7.5, 0.25 M KNO3).

The protein films were always hydrated (i.e. never allowed to dry) and a droplet of
the acetate buffer was injected between the surfaces immediately after loading in the SFA.
During a typical approach-separation force measurement cycle, the surfaces were first moved
towards each other (approach) until reaching a "hardwall" and then separated. The hardwall
distance is the separation distance between the two mica surfaces upon compression that does
not change with increased compression. The energy of interaction between two crossed-
cylinder geometry, roughly corresponds to a sphere of radius R approaching a flat surface
based on the Derjaguin approximation, W(D) = F(D) / 2n R where, W(D) is the energy of
interaction per unit area between two flat surfaces and F(D) is the measured force of

interaction in the SFA. The measured adhesion (or cohesion) force Faq (or F¢) is related to the
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adhesion (or cohesion) energy per unit area by Waq = Fyq / 27t R for rigid surfaces with weak
adhesive interactions, and by Wag = Fag / 1.5 R (used in this study) for soft deformable

surfaces with strong adhesion or cohesion (25, 26).

3.3.3 AFM imaging proteins at the interface

Images were acquired using MFP-3D-Bio Atomic Force Microscope (AFM, Asylum
Research) using SNL probe (Bruker) in tapping mode at room temperature (22 °C). Mfp-1
(Mc) was deposited on a mica surface (area ~ 1 cm?) by adsorbing 50 pL of the protein from

a 10, 25, 50 and 100 pg/ml in the buffer solution at pH 5.5.

3.3.4 Cyclic Voltammetry (CV)

The CV measurements were performed using a three electrode electrochemical setup
consisting of a carbon paste working electrode (WE), platinum counter electrode (CE) and a
Ag|AgCIl (3N KCI) reference electrode (RE) and has been described elsewhere (27). The
electrochemical potential was controlled using a Gamry potentiostat (Reference 600 Series).
5 pL of 50 pg/ml of the mfp-1 (Mc) (or 10 pL of 20-100 pg/ml mfp-1 (Me) was dissolved in
1 ml buffer solution (10 mM NaCl and pH 3.7) and a triangular wave potential sweep was
applied on the WE between chosen negative and positive limits and the cycle was repeated 3
times form measuring CV profiles. Higher concentrations of mfp-1 (Me) were used for the
measurements to get a Dopa oxidation current peak similar or more than the mfp-1 (Mc). This
strategy provides a better understanding of the Dopa-Fe complexation mechanism in the

proteins and has been discussed in the results and discussion sections. The measurements
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were also done in the buffer solution with 10 uM Fe*" to test the effect of ferric ions on the

oxidation behavior of the proteins.

3.4 Results

3.4.1 Cohesive interactions between the mfp-1 (Mc) films
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Figure 3.1 Cohesion between two symmetric mfp-1 (Mc) films. Representative force vs.
distance plots for mfp-1 (Mc) films at three protein concentrations (Cs = 25, 50 and 100

pg/mlin 0.1 M sodium acetate buffer, pH 5.5, 0.25 M KNOs, and 1 mM bis-tris).

Our first challenge in any study involving surface forces between symmetric films
was to optimize protein concentrations for film deposition. The cohesion between two
symmetrically deposited mfp-1 (Mc) films on the mica surfaces was measured using the SFA
(symmetric system, see Fig. 3.1). Protein deposition from a solution concentration of Csy =
10 pg/ml resulted in no attraction between the protein films. Increasing the protein solution
concentration to 25 pg/ml resulted in a cohesion energy of W, = 0.59 + 0.20 mJ/m? between

the films (Fig. 3.2). A further increase to 50 ug/ml doubled the cohesion (W, = 1.24 + 0.40
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mJ/m?). At Ctp1 = 100 pg/ml, cohesion decreased significantly to W, = 0.18 * 0.04 mJ/m?
(Fig. 3.2). The surfaces exhibited poor bridging cohesion (28) at Csy; = 25 and 100 pg/ml

compared with mfp-1 (Mc) bridging at Csy1 ~ 50 pg/ml (Fig. 3.1).
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Figure 3.2 Concentration-dependence of cohesion between two symmetric mfp-1 (Mc) films.
(a) Effect of protein deposition concentration on the cohesion (mfp-1 (Mc) vs. mfp-1 (Mc),
symmetric) energies of interaction between the surfaces. (b) Schematic representations of the
crowding effect for cohesion. For clarity, the protein molecules on the upper and lower mica

surfaces are shown in red and black colors, respectively.

Interestingly, addition of Fe** did not change the cohesion force measured between
the mfp-1 (Mc) films significantly for Cgess = 0-100 uM (Fig. S3.1). These results are in stark
contrast to the behavior of mfp-1 (Me), a homolog from M. edulis, where at pH 5.5, 10 uM
Fe** caused two non-interacting mfp-1 (Me) protein films to bridge (14). In any given
experiment, Fe** expanded the mfp-1 (Mc) film on the mica surface progressively with
increasing Cres+. The thickness of the mfp-1 (Mc) film deposited at 50 pug/ml increased from

8.5 nm to 15 nm between Cres+ = 0 uM and 100 uM, respectively (Fig. S3.1).
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mcfp-1 deposited at 50 pug/ml, effect of high pH
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Figure 3.3 pH dependence of Fe**-mediated cohesion between two symmetric mfp-1 (Mc)
films. Representative force vs. distance plot showing the interaction between two symmetric
mfp-1 (Mc) films deposited at 50 pg/ml in 0.1 M sodium acetate buffer, pH 5.5, 0.25 M
KNO3, and 1 mM bis-tris with Cgez+ = 0 uM (gray), and 100 uM (blue) at pH 5.5. The
cohesion between the mfp-1 (Mc) films was preserved after increasing the pH to 7.5

(magenta).

Addition of Fe** has a peculiar effect on cohesion between the protein films even
after increasing the pH of the solution to 7.5 (Fig. 3.3). Previous studies of a variety of mfps
have reported a short-term cohesion loss that was attributed to the oxidation of Dopa to
Dopa-quinone (29-31) but these were done without added Fe**. With mfp-1 (Mc) alone,
cohesion at pH 5.5 was robust (W, ~ 1.4 mJ/m?) with a gradually increasing separation force.
Addition of Fe** at pH 5.5 expanded the mfp-1 films from 8 to about 15 nm and stiffened
them without changing the cohesion energy. This is consistent with extensive mono-
complexation of Fe** leading to mfp-1 (Mc) film swelling. Switching the pH up to 7.5 will

flush out the unbound iron but increase Dopa complexation to the tris catecholate-Fe** mode
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hence condensing the films back to ~8 nm. There was no correlation between the mfp-1 (Mc)

film thickness and the protein film deposition concentration (Cyy;) for different experiments;

however, the measured trends in the adhesive/cohesive forces of interaction were consistent

between experiments for similar deposition conditions.

3.4.2 Atomic Force Microscopy (AFM) images
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Figure 3.4 Mfp-1 (Mc) films adsorbed to mica. AFM topography images and their respective

cross sections (below) of mfp-1 (Mc) on mica in pH 5.5 acetate buffer at different Csy = (a)

10 pg/ml (b) 50 pg/ml and (c) 100 pg/ml.

AFM was used to investigate the protein coverage on the mica surface for different

Ctp1. Protein film deposited from a solution concentration of 10 pg/ml resulted in a partial

coverage of the mica surface (Fig. 3.4a and a’). At higher Cgy1 of 50 and 100 pg/ml, the mica

surface was completely covered with the protein film (Fig. 3.4b, ¢ and ¢”).
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3.4.3 Cyclic Voltammetry (CV) on mfp-1

CV measurements were performed on mfp-1 to investigate the oxidation behavior of
the coating protein. Mfp-1 (Mc) showed an oxidation peak at Eq = 0.385 V corresponding to
the oxidation of Dopa to Dopa-quinone. Dopa-quinone gets reduced back to Dopa reversibly
at Egr = 0.310 V (Fig. 5). Mfp-1 (Me), in contrast, exhibited Dopa with slightly lower redox
stability at the same conditions (Eo = 0.365 V, Eg = 0.320 V). The differences in current (I)
merely reflect the difference in total Dopa content in the two samples.

The current amplitude (I) of the oxidation peak current of mfp-1 (Mc) was decreased
by approximately 60% when excess Fe** (10 uM) was added (Fig. 3.5). This indicates that
~1/3 of the Dopa in mfp-1 (Mc) does not chelate iron and at pH 3.7 remains unbound in the
protein even with excess Fe**. However, current for the Dopa mfp-1 (Me) decreased by ~90%
following 10 uM Fe®*" addition suggesting that nearly all the Dopa residues in mfp-1 (Me)

chelate Fe** at pH 3.7 (Fig. 3.5).
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0.3 T —— . 0.3 T T T T
g E ! E,=0365V
0.2+ 110.385V 4 02+ ]
1
0.395V L
< oA imfp-1 (Mc), no Fe3* | & 84 imfp-1 (Me), no Fe?* |
2 C
< 00 1 € 00 -
o o -
3 01 13 01t ]
0.2 oAy 02| E =0320V
%[ mfp-1 (Mc), with 10 uM Fe3* | R . R |
I mfp-1 (Me), with 10 uM Fe3*
_03 " 1 1 _03 1 . 1 N
-0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0
Potential vs Ag|AgCl, E (V) Potential vs Ag|AgCl, E (V)

Figure 3.5 Cyclic voltammograms of mfp-1 (Mc) and mfp-1 (Me) with and without 10 uM

ferric nitrate in the buffer solution pH 3.7 at a scan rate of 50 mV/s.
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3.4.4 Insolution Fe** binding by Dynamic Light Scattering (DLS)

In solution, size comparisons of mfp-1 (Me) and mfp-1 (Mc) by DLS (Fig. S3.2)
showed similar size for mfp-1 (Mc) (Diameter, d = 35 nm, Std. Dev. 20 nm) and mfp-1 (Me)
(d = 41 nm, Std. Dev. 22 nm) aggregates in the absence of Fe** (Fig. $3.2). Upon addition of
excess iron, mfp-1 (Me) showed an increase in the peak intensity corresponding to the larger
aggregate size (d ~ 277 nm), whereas mfp-1 (Mc) showed no change in size. However, the
peak intensity corresponding to the smaller aggregate size increased upon the addition of iron
to the mfp-1 (Mc) solution suggesting that mfp-1 (Mc) monomers are stabilized by Fe**. The
increase in the peak intensities of the larger aggregates in mfp-1 (Me)—iron solution is

consistent with its tendency to form intermolecular Fe** bonds.

3.5  Discussion

M. edulis and M. californianus both make byssal threads coated with a hard energy-
tolerant cuticle. That the toughness of M. californianus coating is much greater than that of
M. edulis is due in large part to the former’s greater breaking strain (~120% vs. 75%). The
coatings of both species are particle-filled composites; however, average particle diameters in
M. californianus cuticle are less than a quarter of those in M. edulis. This is important
because strain in both cuticles is enabled by micro-cracking at the interface between the
matrix and particles and, because M. californianus affords 5 times more particle surface area
per unit volume, more interfacial cracks can occur resulting in greater overall strain.
Presented in this light, the overarching engineering question can be reduced to ‘how does M.

californianus make smaller particles’?
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As the particles or granules are enriched in Fe** and mfp-1 relative to the continuous
matrix (7), a reasonable hypothesis is that the assembly of mfp-1 in the two species into small
or large granules is protein-templated. As established in the Introduction, molecular
differences between the two mfp-1s seem slight: both consist of tandemly repeated
decapeptides that are 80% identical and have a net change of only one amino acid side chain,
that is, Ala (in Me) to lle (in Mc). Conformation of the repeat decapeptide sequence has been
investigated only for the Me sequence. A polyproline Il or bent-helix has been proposed (32,
33) in which Dopa-5 is less solvent exposed than Dopa-9 (34). Dopa exposure is important
for forming the mono-, bis-, and tris-catecholate complexes with Fe** (8) with a cumulative
log stability of Ks ~ 10* (35), thereby effectively cross-linking mfp-1 (7, 14).

In contrast to previous SFA studies of mfps, we optimized conditions for mfp-1 (Mc)
deposition from stock solutions (range 0-100 pg/ml) in order to obtain the highest adhesion
or cohesion. Following these regimens, SFA testing of symmetric mfp-1 (Mc) films showed
significant cohesion (up to -1.5 mJ/m?) in contrast to mfp-1 (Me), which had little to no
tendency for self-interaction at similar conditions (14). As with other mfps, cohesion was
compromised at pH 7.5 (due to Dopa oxidation), however, with added Fe**, intrinsic
cohesion was maintained. Notably, the strong Fe**-mediated bridging of symmetric mfp-1
(Mc) films of the type associated with Me (W = 4 mJ/m?) was absent. This absence persisted
at all conditions tested for Fe** (Cres+ = 1-100 pM) and mfp-1 (Mc) Cyy = 50-100 pg/ml (Fig.
S3.1and S3.5).

Effective load bearing and load transfer between the opposing mfp-1 films on mica
require both, strong cohesion between the two mfp-1 films and mfp-1 adhesion to mica.

Generally speaking, at pH 5.5, mfp adhesion to mica is strong and attributed to electrostatic
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attraction between cationic amines (Lys) and surface siloxy anions as well as extensive
bidentate hydrogen bonding between the Dopa and the polysiloxy mica surface (26, 29, 30).
The cohesion typically observed between symmetrically deposited mfp films is attributed to
n-cation interactions between the positively charged Lys residues and the aromatic Dopa and
Tyr groups as well as n— & interactions between the phenyl groups (19, 25, 26, 36), however,
this cohesion is weak in symmetric mfp-1 (Me) (37). Perhaps, mfp-1 (Me) over-recruits Dopa
groups to the mica surface, leaving only the Lys groups to face one another in repulsion (37).
Given the sequence similarity of mfp-1 in the two species this should be a cohesive problem
for both proteins. As mfp-1(Mc) has good cohesion and mfp-1 (Me) does not, the subtle
sequence difference may result from fewer Dopa groups recruited to mica leaving more to

contribute to cohesion in mfp-1 (Mc).

3.5.1 Effect of Fe®* on the cohesive interactions between the mfp-1 (Mc) films

Most notably, Fe®" addition (Cres+ = 1-100 puM) did not affect the cohesive energy
measured between the mfp-1 (Mc) films deposited at Cg; = 50-100 pg/ml (Fig. S3.1 and
S$3.5). This is in stark contrast to the Fe** mediated bridging energy between two mfp-1 (Me)
films at ~2-5 mJ/m? (Fig. S3.6) (14). DLS results (Fig. $3.2) show that Fe** addition
enhances aggregation in mfp-1 (Me), but not in mfp-1 (Mc). Cyclic voltammetry suggests that
only half of the Dopa groups in mfp-1 (Mc) are engaged in forming catecholato-Fe®*-
complexes at pH 3.7. At least 30-40 % of the Dopa in mfp-1 (Mc) remains unbound and
available for oxidation to Dopaquinone or coordinates Fe** only at higher pH. The latter is
more probable. Dopa certainly occurs in two slightly different repeat sequences within mfp-1,

i.e. P*-S-Dopa-P for Dopa-5 and P*-T-Dopa-K for Dopa-9, but these are common to both
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Me and Mc homologs. The only evidence for a functional difference between the two
sequence motifs is that the 9-position is 2-3 times more accessible enzymatic modification
than the 5-position in mfp-1 (Me) (38).

The increased accessibility of Dopa-9, particularly as Dopa-Lys, is likely to be an
important factor in mfp adhesion as measured by the SFA. More than half the Dopa in the
strongly adhesive proteins, mfp-3f and mfp-5, has Lys or Arg groups flanking Dopa on one or
both sides. If the same accessibility that helps Dopa chelate Fe** in mfp-1 (Mc) also helps
binding to the mica crystal lattice, then, when a surface and Fe®* are both present, there will
be competition for accessible Dopa. In pre-adsorbing mfp-1 (Mc) to mica, many of the
accessible Dopa residues are recruited to bind mica. Are the bound and/or unbound Dopa
groups available for coordination to Fe**? According to resonance Raman spectroscopy
(Fig.S8), the shifts associated with Dopa-Fe®*" complexes have similar intensities in mfp-1
films prepared from both Me and Mc. Cyclic voltammetry, however, identifies distinct Dopa
groups in mfp-1 (Mc) that do not bind iron (Fig. 5). The contribution of the non-Fe** binding
Dopa to cohesion between opposing mfp-1 (Mc) films must be significant.

It is now possible to model cohesive interactions with and without Fe®* in mfp-1 for
the two species (Fig. 3.6). Without added Fe®*, mfp-1 (Mc) has fewer Dopa groups recruited
to the mica surface, so Dopa is available for H-bonding, n-cation and n-7 interactions with
the opposing face. With added Fe**, mfp-1 films of both species are endowed with extensive
mono-, bis-, and tris-catecholate-Fe** complexes, however, these are primarily
intermolecular in mfp-1 (Me) and intramolecular in mfp-1 (Mc) (Fig. 6). As a result, only
mfp-1 (Mc) exhibits significant cohesive bridging without Fe**, whereas only mfp-1 (Me) has

Fe**-mediated bridging in the presence of Fe**.
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Taken together, the results suggest that although mfp-1s from both species complex
Fe** (confirmed by resonance Raman analysis), mfp-1 (Mc) is better adapted to accumulate
Fe** as a monomer, whereas mfp-1 (Me) aggregates as it accumulates Fe**. These differences
in Fe** binding predict that symmetric films of mfp-1 (Me) in the SFA should show excellent
bridging cohesion with Fe**, whereas mfp-1 (Mc) should not. The differences might also
predict that granules made from mfp-1 (Me) would grow to a larger size that those from mfp-

1 (Mc). Both predictions are realized.

mfp-1 (Me) mfp-1 (Mc)

Fe3+ medlated bnd' across ﬁlms Fe3+ does not mediate bndm across ﬁlms

A/\ multivalent intermolecular

Fe**-Dopa complex across films Dopa residues

o 0 that causes bridging o} inaccessible to Fe**,
\) v 0 no iron mediated bridging Ho oH4 Fe*-Dopacomplex
(0]

HO OH multivalent intramolecular

g HO H
(-)‘" HO l OH

Dopa residues
accessible to Fe*,

multivalent intermolecular
Fe**-Dopa complex withinafilm 5 ¢y

Figure 3.6 Molecular schematics of mfp-1 (Me) and mfp-1 (Mc) films on mica showing the
interaction of the Dopa side chain with Fe**. The multivalent Fe**-Dopa complex is
indicative of bis and/or tris mode of catecholato-Fe** coordination. The contribution of Lys
and other amino acid residues is not shown for the sake of clarity.

In the presence of Fe**, each mfp-1 (Mc) molecule is inclined to collapse whereas
mfp-1 (Me) reaches out to share Fe®* with other mfp-1 (Me)s. cDNA-deduced protein

sequences of mfp-1 (Mc) (39) and mfp-1 (Me) (40) show that there is a subtle difference in
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the decapeptide repeat in the two proteins (See supporting Fig. S3.9). The Ala— lle
substitution in the consensus decapeptide repeat of mfp-1 (Mc) could be responsible for
limiting the accessibility of Dopa to Fe**. Possibly, the hydrophobic interaction between Ile-3
and Dopa-5 in mfp-1 (Mc) results in a different assembly. An intriguing biological
consequence of this is that the granules in the M. californianus (Mc) byssal cuticle are much
smaller (~80%) than those in M. edulis (Me, and its congener Mg) (4) and able to

withstand almost twice the strain of those in M. edulis (3, 4).

3.6 Conclusions

Cohesive interactions between thin films of mfp-1 (Mc) were shown to depend
strongly on the protein concentrations used for surface deposition and are maximal on mica
at Csp1 ~ 50 pg/ml. Cohesion of mfp-1 revealed striking differences upon Fe** addition. In the
range of Cres+ = 0-100 uM at pH 5.5, mfp-1 (Mc) films seem well adapted for intramolecular
iron binding in contrast to the intermolecular binding of mfp-1 (Me). However, stabilizes the
bridging between the mfp-1 (Mc) films at pH 7.5, where most of the mussel foot proteins lose
adhesion. The Lys residues flanking Dopa in mfp-1 sequences may be critical to determining
the accessibility of Dopa for surface interactions and Fe®*" binding. Also the Alanine (A) —
Isoleucine (I) substitution in the consensus decapeptide repeat may be responsible for
creating two electrochemically distinct Dopa reactivities. Thus, metal chelation, with the
right molecular architecture for a peptide chain can be used as a potential strategy to exploit

mfp-1 mimetic biomacromolecules at physiological pH for wet adhesive applications.
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3.7  Appendix
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Figure S3.1 Representative force vs. distance plot showing cohesion between two symmetric
mfp-1(Mc) films deposited at (a) Csp1 = 50 pg/ml and (b) 100 pg/ml in 0.1 M sodium acetate
buffer, pH 5.5, 0.25 M KNOg3, and 1 mM bis-tris with Crezs = 0 uM (gray), Crez+ = 1uM
(red), 10 uM (green) and 100 uM (blue). In all cases the surfaces were brought into short

contact (1-2 min).

Cohesive interactions between mfp-1 (Mc) films. At low protein deposition concentrations
(Ctp1 < 10 pg/ml), mfp-1 (Mc) forms a patchy film (Fig. 3.4a and a’) on the mica surface with
all or most of the Dopa and Lys e-amino (—NH3") groups bound to the mica crystal lattice
and robustly binding the mfp-1 film to mica. Hence, few of the Dopa and Lys side-chains in
the mfp-1 (Mc) film on one of the mica surfaces are available for adhering the protein to the
opposing surface, resulting in low or no adhesion/cohesion between the surfaces for Cgy1 < 10
ug/ml. At the optimal protein deposition concentration (Cgp1 = 50 ng/ml) for cohesion, some

of the Dopa and Lys residues help to bind the protein film to the mica surface whereas the
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others not bound to mica are available to adhere the film to the opposing mica surface
(asymmetric) or the protein film (symmetric) on the other surface.

The energy of adhesion between the mfp-1 (Mc) film and the opposing mica surface
initially increases (Fig. S3.3, S3.4) from Csy1 = 10 to 50 pg/ml, then levels off for Cgy; > 50
ug/ml presumably because the number of exposed Dopa and Lys side-chains responsible for
the adhesion of the protein film to the mica surface increases with increase in Cgy; and does
not change for higher protein film deposition concentrations (Cg1 > 50 ng/ml). Refractive
index (ng) measurements (Table S3.2) of the confined protein film showed that at high
protein deposition concentrations (Csp1 > 50 pg/ml), the surface gets crowded with the protein
molecules. Thus, the volume fraction of mfp-1 (Mc) in the hydrated protein film increased
progressively from 9 to 71 % as Cgy1 Was increased from 10 to 100 pg/ml, implying that at
higher protein film deposition concentrations, the density of mfp-1 (Mc) in the film increases.

Hence, for two interacting protein films (symmetric), a smaller cohesive force was
measured between the surfaces although the number of Dopa and Lys groups interacting
across interface stays constant due to the steric repulsion induced by the mfp-1 (Mc)
molecules crowding the mica surfaces (Fig. 3.2). Hence for the cohesion measurements, W,

reaches a maximum value as Cyp; is increased.

Adhesive interactions of mfp-1 (Mc) film to mica. A surfaces forces apparatus (SFA) was
used to investigate the adhesive interactions of mfp-1 (Mc) to a mica surface (i.e., asymmetric
configuration, see Fig. S3.3a and S3.4) at various protein deposition concentrations (Csp =
10, 25, 50 and 100 pg/ml). The forces measured on approach of the surfaces were purely

repulsive for protein deposition at Cs1 = 10-100 pg/ml (Fig. S3.3a and S3.4). Negligible
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adhesion was measured between the mfp-1 (Mc) film and the mica surface during separation
for Crp1 = 10 ng/ml (Fig. S3.3b and S3.4).

Increasing the protein film deposition concentration Cgp to 25 pg/ml resulted in a
“jump out” when separating the surfaces (Fig. S3.3a) indicating adhesive contact between the
mfp-1 (Mc) film and the mica surface with an adhesion energy, Wyq = 0.79 £ 0.25 mJ/m? (Fig.
S3.3b). For Csp1 = 50 pg/ml, the protein film adhered to the opposing mica surface with Wyg =
2.5 + 0.74 mJ/m? showing signatures of bridging adhesion (28). The adhesion force between
the protein film and the mica surface did not change significantly for Cg; > 50 pg/ml. A
similar bridging adhesion was measured for Cgy = 100 pg/ml with Wy = 2.61 % 0.31 mJ/m?
between the mfp-1 (Mc) film and the mica surface. Protein films deposited at Cgp; = 25 pg/ml,
however, did not show bridging adhesion against the mica surface and a sharp jump-out

instability was measured during the separation of the surfaces (Fig S3.3a).
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Figure S3.2 Effect of Fe** on aggregate size of mfp-1 (Me) and mfp-1(Mc) by DLS
measurements. In-solution aggregate size comparison of (a) mfp-1(Me) and (b) mfp-1 (Mc) at
70 pg/ml were done in 0.1 M acetic acid, pH 5.5. Measurements were made with

sequential increase in Fe** from 0 (no iron) to 1:1 and 3:1 (excess ratio) of iron to Dopa.
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Interaction of mcfp-1 vs. mica (asymmetric) =~
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Figure S3.3 (a) Representative force vs. distance plot for different protein deposition
concentrations (Csp; = 25, 50 and 100 pg/ml in 0.1 M sodium acetate buffer, pH 5.5, 0.25 M
KNOg, and 1 mM bis-tris) showing adhesion between mfp-1 (Mc) film and mica. (b) Effect
of protein deposition concentration on the adhesion (mfp-1(Mc) vs. mcia, asymmetric)
energies of interaction between the surfaces. (b) Schematic representations of the crowding
effect for adhesion. The quality of the protein coverage (viz., low, optimal and excess) is
based on the cohesion energy measred between protein films deposited at different bulk

concentrations.
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mcfp-1 deposited at 10 ug/ml
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Figure S3.4 Representative force vs. distance plot showing the interaction between a bare
mica surface and mfp-1(Mc) film deposited at 10 pg/ml in 0.1 M sodium acetate buffer, pH

5.5, 0.25 M KNOg, and 1 mM bis-tris with Cgez+ = 0 uM.
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Figure S3.5 Representative force vs. distance plot showing the interaction between two
symmetric mfp-1 (Mc) films deposited at 10 pug/ml in 0.1 M sodium acetate buffer, pH 5.5,
0.25 M KNOg, and 1 mM bis-tris with Crez+ = 0 uM (gray), Cres+ = 1 pM (red), 10 uM

(green) and 100 pM (blue).
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mefp-1 deposited at 20 pg/ml, effect of high pH
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Figure S3.6 (a) Representative force vs. distance plot showing the interaction between two
symmetric mfp-1(Me) films deposited at 20 pg/ml in 0.1 M sodium acetate buffer, pH 5.5,
0.25 M KNOj3, and 1 mM bis-tris with Cgez+ = 0 uM (gray), and 100 uM (blue) at pH 5.5. The
surfaces showed a weak bridging cohesion (W, < 0.2 mJ/m?) after increasing the pH to 7.5

(magenta).
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Figure S3.7 (a) XPS survey spectra on mfp-1(Mc) and mfp-1(Me) films deposited on mica
surfaces at 50 pg/ml and 20 pg/ml respectively with and without preadsorbed Fe®. High

resolution XPS Fe** 2p spectra on mfp-1(Mc) (b) and mfp-1 (Me) (c) films with preadsorbed

50 pL of 10 uM Fe**, with Gaussian fits to the peaks.

X-ray photoelectron spectroscopy (XPS). The interaction of Fe** with the Dopa groups in
mfp-1 (Mc) and mfp-1 (Me) were investigated by XPS (Axis Ultra XPS, Kratos Analytical,
UK) spectrometer. A wide spectrum scan (Binding energy, E = 0 - 800 eV) was obtained
with a pass energy of 160 eV (Fig. S3.7a). The binding energies were corrected to 285 eV for
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the C 1s peak. High resolution elemental analysis of the N 1s and Fe 2p peaks were obtained
at 40 eV pass energy with a step size of 0.1 eV and averaged over 2 scans (Fig. S3.7). The
experimental data was fitted to a Gaussian function.

Full spectrum scans of the mfp-1(Mc) and mfp-1 (Me) films on mica surface are
shown in Fig. S3.7a and no Fe peaks are detected in the protein films without pre adsorbed
iron. High resolution XPS spectrum of the protein films with pre adsorbed Fe*" shows that
the coordination state of Fe** in the two adsorbed protein films is different (41). The
multiplets fitted to the Fe** 2pa, peak (Fig. S3.7b and c) shows higher energy peak fits to the
Fe** coordinated to mfp-1(Me) compared to mfp-1(Mc) film. Decreased coordination will
lower the electron density around ferric ion resulting in a higher energy needed to produce a
photoelectron. Thus, the measurements made in the XPS demonstrate that mfp-1(Me) is

better at wrapping Fe** compared to mfp-1(Mc).

Raman spectroscopy. Prior to testing with Raman spectroscopy, lyophilized protein samples
were resuspended in 5 mM acetic acid to a concentration of 1 mg/ml. 1mM FeCl; was added
to a droplet of the protein solution in a ratio of 3 DOPA residues to 1 Fe** ion and the pH
was raised with NaOH. Raman micro spectroscopy was performed using a confocal Raman
microscope (alpha300; WITec, Ulm, Germany) equipped with a piezoelectric scan stage (P-
500, Physik Instrumente, Karlsruhe, Germany) and a Nikon objective (20X). A green laser (A
= 532 nm) was focused on the solution and Raman scattering was detected using a CCD
camera (DV401-BV; Andor, Belfast, North Ireland) behind a spectrometer (UHTS 300;
WITec) with a spectral resolution of 3 cm™'. The Scan Ctrl Spectroscopy Plus software

(version 1.38, Witec) was used for measurement setup and acquisition. Resonance Raman
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spectra were measured from several different regions in the solution with an integration time

of 0.5 s and 30 accumulations. For each sample, at least 4 spectra were averaged. Averaged

spectra were baseline corrected and smoothed using OPUS software (Bruker, version 7.0).
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Figure $3.8 Resonance Raman microscopy of mfp-1 (Me) and mfp-1 (Mc) with Fe**. Prior to

testing with Raman spectroscopy, samples were resuspended in 5 mM acetic acid to a

concentration of 1 mg/ml. 1mM FeCl; was added to a droplet of the protein solution in a ratio

of 3 Dopa residues to 1 Fe*" ion. The pH was raised with NaOH (although it was possible to

measure similar spectra even before adding the NaOH). Spectra were measured from

different regions in the solution and at least 4 spectra were averaged. Data were background

corrected and smoothed in OPUS.
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Molecular differences in a repeting decapeptide unit of mfp-1

Alanine (A)
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mcfp-1 mefp-1

Figure S3.9 Molecular difference in the consensus decapeptide repeat unit of mfp-1(Mc) and

mfp-1(Me).

Resolving the protein concentration values. The literature reports adhesion (asymmetric
configuration) and cohesion (symmetric configuration) of mfp-1 (Mc) protein films deposited
at 10 pg/ml (14, 19). However, it should be noted that the mfp-1 (Mc) protein concentrations
in the previous works were measured indirectly through Bradford protein assay. This work
used a scalar method. Therefore, Bradford concentration assay standard curves were created
with both bovine serum albumin (BSA) and mfp-1 (Mc) to determine the dye binding
capacity of mfp-1 (Mc) compared to BSA, the standard protein used for making calibration
curves for Bradford concentration assays. Comparing BSA binding to that of mfp-1 (Mc)
shows that mfp-1 (Mc) has a 2.5 fold lower binding capacity than BSA, resulting in a 2.5 fold
lower concentration reading than its BSA counterpart for the same protein concentration.
Therefore, what previous studies indicate as 10 pg/ml, this study would indicate as 25 pg/ml

(Fig. S3.10).

60



Absorbance
o o o
()]

“<—mcfp-1, weighted|
= I

I
|
1 1 v 1
0 5 10 15 20 25 30
Concentration, C (ug/ml)

Figure S3.10 Bradford assay for mfp-1 (Mc) and comparison to Bovine Serum Albumin

(BSA).

Estimation of refractive index (np) of pure non-hydrated mfp-1(Mc)

Table S3.1. Molecular weight (M) and Refractive indices (na) of Amino Acids.

Amino acid  Molecular weight, Ma  Refractive Index, na

(g/mol)
p* 131.1 1.540
K 146.2 1.615
I 131.2 1.568
S 105.1 1.676
Y* 197.2 1.654
p* 147.1 1.599
T 119.1 1.618

Mfp-1(Mc) from M. californianus has a mass of about 108 kDa and consists largely of
tandem repeats of a decapeptide [P*KISY*P**P*TY*K], in which P*, P** and Y* denote
trans-4-hydroxyproline, trans-2,3,cis-3,4-dihydroxyproline, and 3,4-dihydroxyphenylalanine

(Dopa), respectively (4). The refractive index of the pure non-hydrated protein can be
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estimated from equation 1 as the weight average of the contribution from the individual
amino acids refractive indices, na (42).

ZnAMA
__A
2 M,
A

N [S3.1]

Hence, for pure non-hydrated mfp-1(Mc), np = 1.611

Estimation of volume fraction of mfp-1 (Mc) in the protein film from refractive index
(ng) measurements of the film

The refractive index, ng, of the hydrated protein film was measured using Multiple
Beam Interferometry (MBI) technique in the SFA experiments (24). The volume fraction
(Vp) of mfp-1 (Mc) in the hydrated protein film confined between the mica surfaces under

hard compression (F/R > 30 mN/m) was calculated using equation S3.2.

[S3.2]

where ny = 1.333 (refractive index of water)

Table S3.2. Volume fraction (Vp) of mfp-1(Mc) in the hydrated protein film confined

between the mica surfaces.

Crnefp-1 N Volume fraction, Vp
(Hg/ml) (%)

10 1.359 9

25 1.448 41

50 1.468 49

100 1.531 71

62



3.8

References

Jacob GC, Starbuck JM, Fellers JF, Simunovic S, & Boeman RG (2004) Strain rate
effects on the mechanical properties of polymer composite materials. Journal of
Applied Polymer Science 94(1):296-301.

Jayabalan M, Lizymol PP, & Thomas V (2000) Synthesis of hydrolytically stable low
elastic modulus polyurethane-urea for biomedical applications. Polymer International
49(1):88-92.

Holten-Andersen N & Waite JH (2008) Mussel-designed protective coatings for
compliant substrates. Journal of Dental Research 87(8):701-7009.

Holten-Andersen N, Zhao H, & Waite JH (2009) Stiff Coatings on Compliant
Biofibers: The Cuticle of Mytilus californianus Byssal Threads. Biochemistry
48(12):2752-2759.

Sever MJ, Weisser JT, Monahan J, Srinivasan S, & Wilker JJ (2004) Metal-mediated
cross-linking in the generation of a marine-mussel adhesive. Angewandte Chemie-
International Edition 43(4):448-450.

Sun CJ & Waite JH (2005) Mapping chemical gradients within and along a fibrous
structural tissue, mussel byssal threads. Journal of Biological Chemistry
280(47):39332-39336.

Harrington MJ, Masic A, Holten-Andersen N, Waite JH, & Fratzl P (2010) Iron-Clad
Fibers: A Metal-Based Biological Strategy for Hard Flexible Coatings. Science

328(5975):216-220.

63



10.

11.

12.

13.

14.

15.

Taylor SW, Chase DB, Emptage MH, Nelson MJ, & Waite JH (1996) Ferric ion
complexes of a DOPA-containing adhesive protein from Mytilus edulis. Inorganic
Chemistry 35(26):7572-7577.

Monahan J & Wilker JJ (2003) Specificity of metal ion cross-linking in marine
mussel adhesives. Chemical Communications (14):1672-1673.

Holten-Andersen N, et al. (2011) pH-induced metal-ligand cross-links inspired by
mussel vyield self-healing polymer networks with near-covalent elastic moduli.
Proceedings of the National Academy of Sciences of the United States of America
108(7):2651-2655.

Ejima H, et al. (2013) One-Step Assembly of Coordination Complexes for Versatile
Film and Particle Engineering. Science 341(6142):154-157.

Smith JJ, Thomson AJ, Proudfoot AEI, & Wells TNC (1997) ldentification of an
Fe(l11)-dihydroxyphenylalanine site in recombinant phosphomannose isomerase from
Candida albicans. European Journal of Biochemistry 244(2):325-333.

Stewart RJ, Ransom TC, & Hlady V (2011) Natural Underwater Adhesives. Journal
of Polymer Science Part B-Polymer Physics 49(11):757-771.

Zeng HB, Hwang DS, Israelachvili JN, & Waite JH (2010) Strong reversible Fe**-
mediated bridging between dopa-containing protein films in water. Proceedings of
the National Academy of Sciences of the United States of America 107(29):12850-
12853.

Tooney NM (1980) Biophysical chemistry - part I: The conformation of biological,

macromolecules, Cantor and Schimmel, W. H. Freeman and Company, San

64



16.

17.

18.

19.

20.

21.

22.

23.

Francisco, 1980, 341 pp. Journal of Polymer Science: Polymer Letters Edition
18(9):643-644.

Berglin M, Hedlund J, Fant C, & Elwing H (2005) Use of surface-sensitive methods
for the study of adsorption and cross-linking of marine bioadhesives. Journal of
Adhesion 81(7-8):805-822.

Inoue K & Odo S (1994) The Adhesive Protein Cdna of Mytilus-Galloprovincialis
Encodes Decapeptide Repeats but No Hexapeptide Motif. Biological Bulletin
186(3):349-355.

Waite JH & Tanzer ML (1981) Polyphenolic Substance of Mytilus-Edulis - Novel
Adhesive Containing L-Dopa and Hydroxyproline. Science 212(4498):1038-1040.

Lu QY, Hwang DS, Liu Y, & Zeng HB (2012) Molecular interactions of mussel
protective coating protein, mcfp-1, from Mytilus californianus. Biomaterials
33(6):1903-1911.

Pogula SD, et al. (2007) Continuous silica coatings on glass fibers via bioinspired
approaches. Langmuir 23(12):6677-6683.

Zhao H & Waite JH (2006) Linking adhesive and structural proteins in the attachment
plaque of Mytilus californianus. Journal of Biological Chemistry 281(36):26150-
26158.

Waite JH & Benedict CV (1984) Assay of Dihydroxyphenylalanine (Dopa) in
Invertebrate Structural Proteins. Methods in Enzymology 107:397-413.

Das S, et al. (2013) Synergistic Interactions between Grafted Hyaluronic Acid and
Lubricin Provide Enhanced Wear Protection and Lubrication. Biomacromolecules

14(5):1669-1677.

65



24,

25.

26.

27.

28.

29.

30.

31.

32.

Israelachvili J, et al. (2010) Recent advances in the surface forces apparatus (SFA)
technique. Reports on Progress in Physics 73(3).

Israelachvili JN (2011) Intermolecular and Surface Forces, 3rd Edition.
Intermolecular and Surface Forces, 3rd Edition:1-674.

Nicklisch SCT, Das S, Rodriguez NRM, Waite JH, & Israelachvili JN (2013)
Antioxidant Efficacy and Adhesion Rescue by a Recombinant Mussel Foot Protein-6.
Biotechnology Progress 29(6):1587-1593.

Israelachvili JN, et al. (2013) The Intersection of Interfacial Forces and
Electrochemical Reactions. Journal of Physical Chemistry B 117(51):16369-16387.
Yu J, et al. (2013) Adaptive hydrophobic and hydrophilic interactions of mussel foot
proteins with organic thin films. Proceedings of the National Academy of Sciences of
the United States of America 110(39):15680-15685.

Anderson TH, et al. (2010) The Contribution of DOPA to Substrate-Peptide
Adhesion and Internal Cohesion of Mussel-Inspired Synthetic Peptide Films.
Advanced Functional Materials 20(23):4196-4205.

Anderson T & Israelachvili J (2010) Adhesion Mechanisms of the Mussel Foot
Proteins mfp-1 and mfp-3. Biophysical Journal 98(3):594a-594a.

Gieseg SP, Simpson JA, Charlton TS, Duncan MW, & Dean RT (1993) Protein-
Bound 3,4-Dihydroxyphenylalanine Is a Major Reductant Formed during Hydroxyl
Radical Damage to Proteins. Biochemistry 32(18):4780-4786.

Kanyalkar M, Srivastava S, & Coutinho E (2002) Conformation of a model peptide of
the tandem repeat decapeptide in mussel adhesive protein by NMR and MD

simulations. Biomaterials 23(2):389-396.

66



33.

34.

35.

36.

37.

38.

39.

40.

Haemers S, van der Leeden MC, & Frens G (2005) Coil dimensions of the mussel
adhesive protein Mefp-1. Biomaterials 26(11):1231-1236.

Williams T, Marumo K, Waite JH, & Henkens RW (1989) Mussel Glue Protein Has
an Open Conformation. Archives of Biochemistry and Biophysics 269(2):415-422.
Taylor SW, Luther GW, & Waite JH (1994) Polarographic and Spectrophotometric
Investigation of Iron(l1l) Complexation to 3,4-Dihydroxyphenylalanine-Containing
Peptides and Proteins from Mytilus-Edulis. Inorganic Chemistry 33(25):5819-5824.
Greene GW, et al. (2013) Lubrication and Wear Protection of Natural (Bio)Systems.
Polymer Adhesion, Friction, and Lubrication, (John Wiley & Sons, Inc.), pp 83-133.
Lin Q, et al. (2007) Adhesion mechanisms of the mussel foot proteins mfp-1 and
mfp-3. Proceedings of the National Academy of Sciences of the United States of
America 104(10):3782-3786.

Marumo K & Waite JH (1986) Optimization of Hydroxylation of Tyrosine and
Tyrosine-Containing Peptides by Mushroom Tyrosinase. Biochimica Et Biophysica
Acta 872(1-2):98-103.

Waite JH (1986) Mussel Glue from Mytilus-Californianus Conrad - a Comparative-
Study. Journal of Comparative Physiology B-Biochemical Systemic and
Environmental Physiology 156(4):491-496.

Filpula DR, Lee SM, Link RP, Strausberg SL, & Strausberg RL (1990) Structural and
Functional Repetition in a Marine Mussel Adhesive Protein. Biotechnology Progress

6(3):171-177.

67



41.

42.

Grosvenor AP, Kobe BA, Biesinger MC, & Mclintyre NS (2004) Investigation of
multiplet splitting of Fe 2p XPS spectra and bonding in iron compounds. Surface and
Interface Analysis 36(12):1564-1574.

Mcmeekin TL, Groves ML, & Wilensky M (1962) Refractive Indices of Proteins in
Relation to Amino Acid Composition and Specific Volume. Biochemical and

Biophysical Research Communications 7(2):151-156.

68



4. PEPTIDE LENGTH AND DOPA DETERMINE
IRON MEDIATED COHESION OF MUSSEL
FOOT PROTEINS

41  Abstract

Mussel adhesion to mineral surfaces is widely attributed to 3, 4-
dihydroxyphenylalanine (Dopa) functionalities in the mussel foot proteins (mfps). For
example, Dopa is proposed to bind mica and titania surfaces through bidentate hydrogen and
coordination bonds. Many mfps, however, show a broad range (30-100%) of Tyrosine (Tyr)
to Dopa conversion suggesting that Dopa is not the only desirable outcome for adhesion.
Here, we used a partial recombinant construct of mussel foot protein-1 (rmfp-1, mass~14
kDa) and a short decapeptide dimer with and without Dopa and assessed both its cohesive
and adhesive properties on mica using a surface forces apparatus (SFA). Our results
demonstrate that at low pH (pH = 3.7), both the unmodified and Dopa-containing rmfp-1s
show similar adhesion energies to mica (Wag ~ 9 mJ/m?) and a cohesion or self-interaction
energy of W, = 4.9 + 0.6 mJ/m?. Cohesion between two Dopa-containing rmfp-1 surfaces can
be doubled by Fe** chelation (W, ~ 10 mJ/m?), but remains unchanged with unmodified
rmfp-1. At the same low pH, the Dopa modified short decapeptide dimer showed superior
cohesion compared to rmfp-1 and did not show any change in the cohesive interaction (W, =

9.4 + 1.2 mJ/m? even with ferric ions. Strong adhesion was also observed between

69



unmodified rmfp-1 and silicone surfaces (Wag = 15 + 7 mJ/m?), compared with the Dopa-
containing rmfp-1 (W = 7.9 + 0.9 mJ/m?). In contrast, at physiological pH 7.5, the Dopa
modified rmfp-1 showed significant adhesion (Waq = 3.6 + 0.8 mJ/m?) to the silicone surface,
whereas the unmodified rmfp-1 (W.q = 0.5 + 0.1 mJ/m?) did not. It has been previously
proposed that mfp adhesion to surfaces is mainly due to bidentate hydrogen bonding. Our
results suggest that the bonding interactions are more due to electrostatic and hydrophobic
interactions. We also show that Dopa in a peptide sequence does not necessarily lead to the
formation of cross-links between peptide films through metal chelation, and the length of the

peptide is a crucial parameter for enabling metal ion mediated bridging between surfaces.

4.2 Introduction

Mussels assemble a battery of proteins known as mussel foot proteins (mfp) into a
byssus (plaque and the thread) to adhere to solid surfaces in the high-energy intertidal zone.
Dopa (3,4-dihydroxyphenylalanine), a post-translational modification from tyrosine (Tyr),
features prominently in mfps, ranging from less than 5 mol % in mfp-4 to 30 mol % in mfp-5
(1-6). Single molecule tensile tests using an atomic force microscope (AFM) where Dopa
was tethered to a cantilever tip showed Dopa contributes to nano-Newton adhesion on iron
oxide, titania, and amine-functionalized surfaces (7). Moreover, several studies with Dopa
functionalized polymers have demonstrated a strong positive linear correlation between Dopa
content and adhesion to different surfaces (8-13). Notwithstanding these trends, much debate
persists regarding two critical issues of mfp-mediated adhesion: (1) the actual interfacial
chemistry of Dopa side-chains on model surfaces, and (2) the contribution of residues other

than Dopa to adhesion. The first issue has seen significant progress by the application of

70



resonance Raman microscopy to detect the pH-dependent formation of bidentate binuclear
Ti" coordination complexes between Dopa-containing mfp-1 (14) and mfp-3 (15) on titania
surfaces. The adhesive and cohesive contributions of residues in addition to Dopa are
addressed here.

A significant challenge to assessing the adhesive contributions of other amino acids is
the complexity of most native mfp sequences, which are polar with high charge density and
little to no 2° structure in solution (16). The sequences are further complicated by the highly
variable post-translational modification by enzymes. In purified native mfp-1, for example,
Tyr—Dopa and Pro—Hyp conversion can range from 50 to 80%. To reduce sequence
complexity, we used a recombinant mfp-1 (rmfp-1) analog that contains 12 tandem repeats of
the decapeptide sequence AKPSYPPTYK. This is less than a sixth of the 75 decapeptide
repeats in native mfp-1 from Mytilus edulis (17), has no post-translational modifications, and
limits Tyr to a simple repeating consensus sequence P-T/S-Y-X, where X is P or K. More
than 80% of the Tyr in rmfp-1 can be converted to Dopa by tyrosinase (18), enabling a
separate assessment of contributions by Dopa. In this work, rmfp-1 with and without Dopa
were tested for the adhesion and cohesion on mica and silicone surfaces using a surface
forces apparatus (SFA). We also tested short decapeptide dimers (two repeats of the
decapeptide sequence, monomer = AKPSYPPTYK) with and without the hydroxylation of
Tyrosine (Y) to Dopa (Y*) and Proline (P) to Hydroxyproline (P*) for its cohesive properties
in metal ion (Fe*") environments to assess the role of peptide length in the formation of
metal-protein complexes.

Our results are remarkable in showing that rmfp-1 without Dopa achieves adhesion

comparable to Dopa-modified rmfp-1 on mica and silicone surfaces. Cohesive interactions
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are also comparable except when Fe** is added to symmetric surfaces of rmfp-1 with Dopa.
However, the cohesive interactions between short decapeptide dimers remained the same
regardless of presence or absence of Dopa. The results stress the importance of understanding

the molecular parameters beyond Dopa that contribute to mussel adhesion.

4.3  Materials and Methods
4.3.1 Modification of rmfp-1

Rmfp-1 used in this work is a shorter synthetic analogue of the natural mussel foot
protein mfp-1 from Mytius edulis with 12 tandem repeat units of the mefp-1 consensus
decapeptide AKPSYPPTYK. The protein was obtained from DS Hwang (POSTECH) and
had a M+H" of 13,619 Da by MALDI TOF mass spectrometry. Tyr in rmfp-1 was converted
to Dopa by mushroom tyrosinase (Sigma-Aldrich) using the borate capture method (18) and
then purified by C-8 HPLC and Shodex (Bruker Microflex LRF). Tyr in rmfp-1 was
converted to Dopa by mushroom tyrosinase (Sigma-Aldrich) using the borate capture method
(18) and then purified by C-18 reverse phase HPLC column, eluted with a linear gradient of
aqueous acetonitrile. Eluent was monitored continuously at 230 and 280 nm, and 0.33 ml
fractions containing peptides were pooled and freeze-dried. Sample purity and hydroxylation

were assessed by MALDI-TOF. M+H" was 13,939 Da with > 83% conversion efficiency.

4.3.2 Measuring the adhesive/cohesive interactions
The surface forces apparatus (SFA, SurForce LLC®) was used to measure the normal
forces between two mica surfaces in a cross-cylindrical geometry as a function of the

separation distance, D, between them and has been described elsewhere (19, 20). The protein
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films were made by adsorbing 50 pL of the protein from a 50 pug/ml in a buffer solution (10
mM sodium acetate buffer, pH 3.7) onto the mica surfaces for 15 minutes, then rinsing the
excess protein with the same buffer. During the protein adsorption, the discs were kept in a
saturated Petri dish to minimize evaporation of the water from the surfaces. The discs were
then mounted in the SFA in one of two configurations. In a symmetric configuration (Fig.
4.1a), the mussel protein film was deposited on both surfaces in order to measure cohesion
between the protein films. Cohesion was tested with and without iron. To test the effect of
Fe**, a 10 uM FeCls in acetate buffer (as above) was freshly made and added to the reservoir
between the symmetrically deposited protein films on mica.

In an asymmetric configuration (Fig. 4.1b), the mussel protein was adsorbed on one
surface in order to measure the interaction (adhesion) between the rmfp-1 film and a model
silicone surface (21) or mica. In a separate experiment, the pH of the solution between the
surfaces was increased to 7.5 by rinsing with a phosphate buffer saline (0.1 M potassium
phosphate, pH 7.5, 0.25 M KNO3) to investigate the effect of physiological conditions on the
cohesive and adhesive force of interaction of the protein film with different surfaces.

The protein films were always hydrated (i.e. never allowed to dry) and a droplet of
the acetate buffer was injected between the surfaces immediately after loading in the SFA.
During a typical approach-separation force measurement cycle, the surfaces were first moved
towards each other (approach) until reaching a "hardwall" and then separated. The hardwall
distance, Dy, is the separation distance between the two mica surfaces upon compression that
does not change with increased compression. The energy of interaction between two crossed-
cylinder geometry, roughly corresponds to a sphere of radius R approaching a flat surface

based on the Derjaguin approximation, W= F / 2z R where, W(D) is the energy of interaction
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per unit area between two flat surfaces and F(D) is the measured force of interaction in the
SFA. The measured adhesion (or cohesion) force Fyq (or F¢) is related to the adhesion (or
cohesion) energy per unit area by W,y = Fag / 21 R for rigid surfaces with weak adhesive
interactions, and by Wag = Faq / 1.5 R (used in this study) for soft deformable surfaces with

strong adhesion or cohesion.

4.3.3 Protein adsorption experiments
Quartz Crystal Microbalance (QCM) experiments were done with a Q-Sense E4 open

module to characterize the adsorption of rmfp-1 (Dopa modified and unmodified) to TiO»

surfaces independently of the SFA experiments. The QCM crystals were cleaned in 3% SDS
solution, rinsed in distilled water, cleaned with ethanol and then treated with UV-Ozone for
10 min. Frequency and dissipation baselines were established in 100 uL of acetate buffer

solution on the crystal followed by injection of 25 uL of 50 pg/ml rmfp-1.

4.4  Results and Discussion
4.4.1 Cohesion between the protein films and interaction with mica

The cohesive force of interaction between two symmetric rmfp-1 films, Dopa
modified and unmodified, was measured in a SFA (Fig. 4.1a) at two different pH values, pH
3.7 and 7.5 (Fig. 4.2). The effect of Fe* on the cohesive force between the protein films was

also investigated (Fig. 4.3).
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(a) Cohesion between the protein films (b) Adhesion of the protein film to PDMS
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Figure 4.1 Scheme of the surfaces analyzed by the surface forces apparatus. (a) rmfp-1 with
or without Dopa is adsorbed as a thin film on one or both mica surfaces; (b) PDMS is grafted
to an amino functionalized SAM layer on one mica surface and rmfp-1 with or without Dopa
is adsorbed to the other mica surface; (c) Schematics of the bidentate H-bonds, electrostatic

and hydrophobic interactions between the protein and mica surface.

At pH 3.7, similar cohesive interactions were measured for Dopa-containing and
unmodified rmfp-1 (no Dopa) when surfaces were kept under compressive contact at t > 10
min (W, = 4.9 + 0.6 mJ/m?) (Fig. 4.2a, b). For short contact times, t. ~ 2 min, the Dopa
modified rmfp-1 showed almost 60 % higher cohesion (W, = 2.40 + 0.6 mJ/m?) compared to
the unmodified protein film (W, = 1.5 + 0.8 mJ/m?). This suggests that Dopa may accelerate
the development of cohesion between the protein films; however, given enough interaction
time, Dopa adds little to the magnitude of cohesive strength between the protein films at

equilibrium.
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Figure 4.2 Representative force vs. distance plots showing the effect of contact time, t;, on
the cohesion between two symmetric rmfp-1 films without Dopa (a, ¢) as well as two Dopa-

containing rmfp-1 films (b, d) at pH 3.7 and, pH 7.5, respectively.

The cohesion between the unmodified rmfp-1 films was completely recovered when
the pH of the buffer was switched from 3.7 to 7.5 and back to 3.7 unlike the Dopa modified
rmfp-1 where the protein underwent pH-induced irreversible structural changes and cohesion
could not be recovered. At low pH and low salt concentrations, n—cation (22) and
hydrophobic (21) interactions are strong and these interactions tend to get weaker at higher

pH and high salt conditions. Thus, the reversible cohesive behavior of the unmodified rmfp-1
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film demonstrates that cohesion in rmfp-1 films could be due to electrostatic (e.g., n—cation)
(23-26) and hydrophobic interactions (n—n stacking) and that Dopa is not essential for
cohesion.

Another intriguing finding was related to the adhesion of the unmodified (no Dopa)
and the Dopa modified rmfp-1 film to mica. Both the proteins showed similar time
dependence and adhesion energies to mica. Unmodified rmfp-1 adhered to mica with Wy =
8.0 + 0.1 mJ/m? whereas, the Dopa modified rmfp-1 showed similar adhesion energy of Wi
= 9.8 + 1.2 mJm? at t. = 60 min (Fig. S4.1). Protein adsorption experiments in a Quartz
Crystal Microbalance (QCM) further established that presence of Dopa in the protein does
not change the mass of the adsorbed protein (m ~ 80 ng/cm?) to a TiO, surface (Fig. S4.2).
The negligible change in the dissipation of the quartz crystal (Fig. S4.2) upon the adsorption
of the protein at pH 3.7 indicates that rmfp-1, both with and without Dopa, forms a stiff film
on TiO,, and bidentate coordination bond of the Dopa to the crystalline TiO, is not the
dominant mechanism that adheres the protein to the surface. It should be noted that the
thickness of the rmfp-1 film with Dopa was about 4 — 5 nm compared to 0.7 — 1.5 nm for the
rmfp-1 film without Dopa as measured in the SFA (Fig. S4.1). The presence of Dopa might
affect the structure of the adsorbed rmfp-1 film on the surface, however, both films showed
similar adhesive/cohesive properties (SFA studies) and stiffness (QCM measurements).

The similar adhesion energies of Dopa modified and unmodified protein to mica also
suggest that the primary interaction between the protein film and mica could be due to
specific coulombic interactions between the lysine and negatively charged mica or mono-
dentate hydrogen bonding in series with Lysine-mica interactions (Fig. 4.1a). Hydrophobic

interactions between the aromatic residues and the hydrophobic domains in the mica crystal
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(21) could also cause a strong adhesion between protein and the surface. n—cation interaction
between the aromatic residues of the peptides in the protein and the K* in the mica crystal
lattice could also possibly cause enhanced interaction between the protein and the surface
and bidentate bonds between Dopa and the polysiloxane lattice of mica might play a minor
role in the adhesion. Similar n—cation interaction was previously observed between lignin
and gold (27) and bilayers and proteins (28). The work of adhesion between the mica and
rmfp-1 was approximately Waq = 7.8 = 0.6 mJ/m? for both Dopa modified and unmodified
rmfp-1 at short contact times t;. ~ 2 min (Fig. S4.1) which suggests that bidentate Dopa bond
to mica cannot be the primary mode of binding to mica surfaces by rmfp-1.

There was no material transfer between the surfaces during the force measurements
because the approach force run profiles for the very first contact between the surfaces were
similar to the successive runs repeated at least 6 times at the same contact point. The
measured cohesive force also didn’t change significantly (< 1 %) for the successive force
measurements at a given contact point. The failure during the separation of the protein films
was determined to be the protein-protein interface and not the mica-protein interface as the
adhesion measured between rmfp-1 (unmodified or Dopa-containing rmfp-1) and mica was
significantly higher (W,g = 8.4 + 0.8 mJ/m?) than the cohesive energies (W, = 3.9 + 1.7
mJ/m?) of symmetric rmfp-1 films at t. = 2 to 60 min (Fig. 4.2 and S4.1).

Introduction of 10 uM Fe** into the gap between rmfp-1 surfaces did not change the
cohesion between the unmodified rmfp-1 films (W, = 5.9 + 0.8 mJ/m? for t. = 60 mins with
and without Fe®"). However, Fe** doubled the cohesion energy between the Dopa —containing
rmfp-1 after similar contact times (Fig. 4.3) and the forces measured were reversible. Contact

time t;, between the surfaces significantly changed the cohesive energy from W, = 3.3 + 0.4
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mJd/m? for t = 2 min to W, = 10.0 + 2.8 mJ/m? at 60 min for the Dopa-containing rmfp-1
surfaces apparently due to Fe** bridging. This indicates that it takes time for the Fe** to
recruit two or more Dopa and bridge them across the surfaces. These results also show that
Fe** is involved in chelating only the Dopa moieties in the rmfp-1 films by forming
multivalent catecholate-Fe complexes across the surfaces; however, other hard Lewis acid
donors such as the —OH of the Tyrosine or the —NH, of Lysine between rmfp-1 surfaces are
not coordinated. The ligand number of the Fe**-Dopa complex depends on the pH and the
ratio of Dopa to Fe** (29), and the bridging of rmfp-1 surfaces is by bis- and tris-catecholato-
Fe** complex formation. The local pH within the protein film can be different from the bulk
pH (30) (rmfp-1 has a pl of ~10); hence determining the ratio of bis to tris complexes at an
interface is challenging and beyond the scope of this work. The magnitude of Fe** mediated
cohesion between the Dopa modified rmfp-1 films measured in this work is comparable with
biotin-avidin interfacial bond energy (W. ~ 10 mJ/m?) (31), the strongest known non-
covalent interaction between a protein and ligand. Two to three Dopa residues of mfp-1 in
the cuticle of the marine mussels complex with a single Fe** (32), thereby creating a stable
complex that can, in principle, be translated to cross-link other structural proteins. These
iron-protein complexes have a breaking force nearly half that of covalent bonds (as measured
in our experiments), but unlike covalent bonds they can form and break reversibly, making

them ideal for creating sacrificial cross-links to prevent catastrophic failure of a material.
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(a) rmfp-1, no Dopa (b) rmfp-1, with Dopa
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Figure 4.3 Representative force vs. distance plots showing the effect of contact time, t., on
the cohesion between two symmetric (a) unmodified rmfp-1 and (b) Dopa-containing rmfp-1

films at pH 3.7 with 10 uM Fe®" between the surfaces.

4.4.2 Cohesive interactions between mfp-1 short peptide dimers with Dopa

Cohesive interactions between short decapeptide dimers (Pro-pep, [AKPSYPPTYK],)
of the consensus decapeptide repeat unit of mfp-1 were measured to determine the effect of
peptide length on the energy of interaction between the protein films uniformly deposited on
mica surfaces. We investigated the effect of Fe** on the change in cohesive energy between
the short peptide films. Another short decapeptide dimer (Hyp-Pep, [AKP*SYP*P*TYK],,
P* = trans-4-hydroxyproline) with Hydroxyproline modification was also tested for cohesion.
Hyp-pep dimer is a closer mimic of the consensus decapeptide repeat unit of mfp-1 which
has trans-4-hydroxyproline modification at P-1, P-6 and P-7 of the decapeptide (additional
trans-3 modification occurs at P-6, but was not tested here). We also assessed if
hydroxylation of proline has an effect on the cohesive and metal chelating properties between

the protein films.
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At pH 3.7, the cohesive energy of interaction between unmodified mfp-1 Pro-pep
(Proline containing dimer) film was W, = 8.1 + 1.1 mJ/m? at short contact times, t. = 2 min
(Fig. 4.4a), and did not change when the surfaces were kept under compressive contact for t
= 10-60 min unlike rmfp-1 (Fig. 4.2a, b). Dopa-modified Pro-pep dimer showed cohesion
energy similar to the unmodified dimer. The forces measured between unmodified mfp-1
Pro-pep dimer films on approach were purely repulsive due to steric and hydration forces

(33) (Fig. 4.4a).

(a) Pro-pep dimer, no Dopa (b)  Pro-pep dimer, with Dopa
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Figure 4.4 Representative force vs. distance plots of cohesion between two symmetric (a)
unmodified (no Dopa) and (b) Dopa-containing mfp-1 peptide dimer (with proline, Pro-pep)
films at pH 3.7 with (black points) and without (green points) 10 pM Fe®" between the

surfaces.

The cohesion energy between the mfp-1 peptide films did not change on introducing
10 uM Fe*" between the surfaces regardless of the Dopa modification of the decapeptide
dimers (Fig. 4.4). This is contrary to the commonly observed property of ferric ions to
chelate Dopa containing protein films across surfaces as shown in our rmfp-1 films (Fig. 4.3)

experiments and previously seen in natural mussel foot protein films (34). Perhaps the Dopa
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needed to coordinate and form Fe**-mediated bridges between the films is unavailable by

virtue of interacting with the mica surface through various interactions as shown in Fig. 4.1b.
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Figure 4.5 Representative force vs. distance plots of cohesion between two symmetric (a)
unmodified (no Dopa) and (b) Dopa-containing mfp-1 peptide dimer (with trans-4-
hydroxyproline, Hyp-pep) films at pH 3.7 with (black points) and without (green points) 10

UM Fe** between the surfaces.

Interestingly, the peptide dimers with hydroxyproline (Hyp-pep) showed cohesion
energies similar to the Pro-pep dimers (W, = 9.4 + 1.2 mJ/m?) and Dopa did not have an
effect on the interaction energies between the films (Fig. 4.5). Fe** was also unable to
enhance the cohesive interactions between the Hyp-pep films. These results suggest that
peptide length is a critical design parameter for Fe**-mediated cohesive bridging. We showed
that there is a critical number for the repeating decapeptide unit of the monomer between 2
and 12 necessary to trigger metal chelation between the peptide films and that incorporating
Dopa into a peptide sequence does not necessarily guarantee the formation of metal mediated

cross-links between the peptide films.
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4.4.3 Adhesive interaction between rmfp-1 and silicone (PDMS) films

To investigate the effect of Dopa on the adhesive interaction of rmfp-1 to a
hydrophobic surface, forces were measured between rmfp-1 films uniformly deposited on
mica and an uncross-linked silicone surface of thickness Dppms ~ 4 — 7 nm prepared on a
molecularly smooth gold surface (21).

At pH 3.7, the adhesive energy of interaction between unmodified rmfp-1 and PDMS
was Wy = 5.4 + 1.5 mJ/m? at contact time, t < 10 min, and increased to W,g = 15 + 7 mJ/m?
at t = 60 min (Fig. 4.6a). A long-range weak jump-in instability was measured for the
unmodified rmfp-1 at a distance of 30 nm from the hardwall contact due to hydrophobic
interactions and fluctuating silicone and rmfp-1 molecules on the surfaces. Increasing the pH
to 7.5 caused significant loss in adhesion between the unmodified rmfp-1 and PDMS surfaces
(Wag = 0.5 + 0.1 mJ/m?). The forces measured on approach were also purely repulsive (Fig.
4.6¢c) due to steric and hydration forces (33). However, the adhesion was recovered
completely on readjusting the pH to 3.7 indicating that the protein did not undergo any
irreversible structural or chemical change.

It has previously been reported that at low pH, the PDMS surface is weakly charged
and there is a weak hydrophobic attraction between bare mica and PDMS, whereas at high
pH it is negatively charged due to the adsorption of anions from the solution leading to a
weak hydration repulsion between the two surfaces (21). The unmodified rmfp-1 film, at pH
3.7, adheres to PDMS mainly through hydrophobic interactions involving the
alanine/tyrosine/proline residues in rmfp-1 and the silicone chains of the PDMS. The
contribution of electrostatic force to the observed adhesion is minor at low pH since the

silicone film is weakly charged (Surface potential, yppms ~ -3 £ 5 mV) at pH 3.7 and its
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interaction with the positively charged lysine in the protein film is therefore small. At
physiological pH 7.5 (150 mM salt), electrostatic interactions between the silicone and the
unmodified rmfp-1 film are weak due to the screening of the surface charge at such high salt
concentrations (35). Strong hydration of the silicone also results in poor adhesion between

the rmfp-1 and silicone films (21).
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Figure 4.6 Representative force vs. distance plots showing the effect of contact time, tc, on
adhesion between unmodified and Dopa-containing rmfp-1 films and a PDMS monolayer at

pH 3.7 (a, b) and, pH 7.5 (c, d), respectively.

The Dopa-containing rmfp-1 showed an adhesion energy of Wa = 8 + 1 mJ/m? (Fig.

4.6) to the silicone film (PDMS) at pH 3.7 at t; = 2 — 60 min (Fig. 4.6b). The forces measured
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were reversible after multiple approaches and separations of the surfaces at the same contact
point. Unlike the unmodified rmfp-1, a weak repulsive force was measured at about 30 nm
from contact; however, an attractive force caused the surfaces to drift into contact (Fig. 4.6b).
The adhesion energy between the Dopa-containing rmfp-1 and silicone films resembled the
unmodified rmfp-1 at pH 3.7, but under physiological conditions (pH 7.5, 150 mM salt), the
Dopa-containing rmfp-1 film showed significant adhesion to the silicone surface (Wy = 3.6 +
0.8 mJ/m?) (Fig. 4.6d, 4.7) and was weakly dependent on t.. Long range repulsive forces
were measured between the silicone surface and the Dopa-containing rmfp-1 film during
approach at pH 7.5. This is due to the steric repulsion between the cross-linked protein film
(due to pH induced oxidation of Dopa to Dopa quinone) and the silicone surface. However,
once the surfaces are brought into compression (Fig. 4.6d), the uncross-linked silicone chains
entangle and intercalate into the cross-linked protein network and cause the surfaces to
adhere through an entanglement trapping mechanism by the formation of knots (36).

An adhesion energy of Waq = 5.3 + 1.2 mJ/m? was measured between the two surfaces
(~70% recovery of adhesion) on reversing back the pH to 3.7 from 7.5 (Fig. S4.3). A long
ranged repulsive force was recorded ~50 nm from contact (Dy = 10 nm) followed by a jump
in to contact during approach (Fig. S4.3). The long-range repulsion is due to the irreversible
pH-induced swelling and cross-linking of the Dopa-containing rmfp-1 film similar to that
observed during the cohesion measurements (Fig. 4.2d). Nevertheless, once this cross-linked
protein film is pushed into the silicone layer, intercalation and entanglement occurs and this
phenomenon is enhanced by the increased hydrophobicity of the silicone film at pH 3.7

resulting in a higher adhesion compared to that at pH 7.5. These results suggest that silicone
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interacts strongly with Dopa functionalized proteins under physiological conditions and can

be used to design coatings for functional biomaterials.
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Figure 4.7 Effect of contact time (t. = 2, 10, 60 mins), pH and Fe*" on the adhesion
(cohesion) energy, W, of (a) unmodified and (b) Dopa-containing rmfp-1 to different

surfaces.

45  Conclusions

In this work, we demonstrate that bidentate hydrogen bonding by Dopa plays only a
minor role in the adhesion of a protein to mica (or adsorption to titania surface). The
adhesion of the proteins or peptides to a mica surface is more due to specific coulombic
interactions between lysine and the negative mica surface or mono-dentate hydrogen bonding
in series with Lysine-mica interactions. Hydrophobic interaction between the aromatic
residues and the hydrophobic domains in the mica crystal lattice or n—cation between the
aromatic rings in the protein and the ions adsorbed to the mica interface are possibly

responsible for the adhesion. As the catechol group did not influence the cohesive strength
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between the protein films, n—r stacking, hydrophobic and n—cation interactions are more
likely to contribute to the strong cohesion at pH 3.7.

Cohesion between Dopa-containing rmfp-1 surfaces can be doubled through Fe**
mediated chelation resulting in an interfacial energy of W, ~ 10 mJ/m?which is equivalent to
biotin-avidin interfacial adhesion energy, the strongest known non-covalent interaction; but
unlike the protein and ligand interaction, the iron mediated cohesive bond can be broken and
formed reversibly. This interaction is absent without Dopa in the protein. Incorporating Dopa
into a peptide sequence does not guarantee the formation of metal mediated cross-links
between peptide films and the length of the peptide is a crucial parameter that determines the
performance of the materials that involve coordination chemistry.

Unmodified rmfp-1 showed a stronger adhesion (Wag = 15 + 7 mJ/m?) to the silicone
surface at pH 3.7 compared with the Dopa-containing rmfp-1 (Waq = 8 + 1 mJ/m?). Under
physiological conditions (pH = 7.5, 150 mM salt), Dopa-containing rmfp-1 displayed
significant adhesion to silicone film due to entanglement trapping type of interaction between
the cross-linked rmfp-1 and the uncross-linked silicone surfaces, whereas the unmodified
rmfp-1 adhered weakly to the silicone surface, possibly through weak hydrophobic and
electrostatic interactions. We show that Dopa containing proteins can bind strongly to
silicone surfaces under a wide range of pH. Hence, Dopa containing proteins and peptides
with appropriate length could be used as tunable systems for applications in strain resistant

coatings, drug delivery and bio-adhesives.
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4.6  Appendix

(a) rmfp-1, no Dopa (b) rmfp-1, with Dopa
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Figure S4.1 Representative force vs. distance plot showing the effect of contact time, t;, on
the adhesion between (A) non Dopalated and (B) Dopalated rmfp-1 film and a mica surface

respectively.
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Figure S4.2 Frequency and dissipation change in a Quartz Crystal Microbalance (QCM)
upon adsorption of (A) non Dopalated and (B) Dopalated rmfp-1 respectively. In this two-

step adsorption, 25 pL of 50 pg/ml of the protein was adsorbed to a TiO, surface as indicated
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in the figure. The QCM was calibrated to zero with an acetate buffer addition of pH 3.7 used

to dilute the proteins.
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Figure S4.3 Representative force vs. distance plot showing the effect of reversing pH from

7.5 to 3.5 on the adhesion between Dopalated rmfp-1 film and silicone film (PDMS).
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5. STICK-SLIP PEELING AND ADHESION
HYSTERESIS OF GECKO-MIMETIC
PATTERNED SURFACES WITH A SMOOTH
GLASS SURFACE

51  Abstract

Geckos are highly efficient climbers and can run over any kind of surface with
impeccable dexterity due to the typical design of their hierarchical foot structure. We have
fabricated tilted, i.e., asymmetric, poly(dimethylsiloxane) (PDMS) micro-flaps of two
different densities that mimic the function of the micron sized setae on the gecko foot pad.
The adhesive properties of these micro-flaps were investigated in a modified surface forces
apparatus (SFA); both for normal pure loading and unloading (detachment), as well as
unloading after the surfaces were sheared, both along and against the tilt direction. The tilted
micro-flaps showed directional, i.e., anisotropic adhesive behavior when sheared against an
optically smooth (RMS roughness ~ 10£8 nm) SiO, surface. Enhanced adhesion was
measured after shearing the flaps along the tilted (gripping) direction and low adhesion when
sheared against the tilted (releasing) direction. A Johnson-Kendall-Roberts (JKR) theory
using an effective surface energy and modulus of rigidity (stiffness) quantitatively described
the contact mechanics of the tilted micro-flaps against the SiO, surface. We also find an

increasing adhesion and stick-slip of the surfaces during detachment which we explain
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qualitatively in terms of the density of flaps, considering it to increase from 0% (no flaps,
smooth surface) to 100% (close-packed flaps, effectively smooth surface). Large energy
dissipation at the PDMS-silica interface caused by the viscoelastic behavior of the polymer
results in stick-slip peeling and hence an enhanced adhesion energy is observed during the
separation of the micro-flaps surface from the smooth SiO, surface after shearing of the
surfaces. For structured multiple contact surfaces, hysteresis as manifested by different
loading and unloading paths can be due entirely to the elastic JKR micro contacts. These

results have important implications in the design of bio-mimetic adhesives.

5.2 Introduction

The supreme ability of geckos to attach and detach quickly to any surface has been
fascinating man for over two millennia. They can attach and detach their toes in matters of
milliseconds (1) on surfaces, be they vertical or inverted. This exceptional feature of quick
attachment and equally quick detachment to any surface is attributed to the typical
hierarchical structure of their foot-pad (2) and is still a challenge that no conventional
adhesive is capable of meeting. A considerable number of studies have been performed to
understand the mechanism of the gecko adhesive system (3-8) and mimic the same for
functional surfaces and articulated robotic devices (9-12).

It has been shown that the geckos employ the universal van der Waals force of
adhesion (6, 13) and possibly capillary forces (14-18) to attach to surfaces and a peeling
mechanism for quick detachment (4). It has been demonstrated that the hierarchical structure
of the gecko foot hair not only allows it to conform to micro and nano scale asperities

maintaining high adhesion force on surfaces but also has anisotropic/directional frictional-
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adhesion properties (13, 19, 20). Various types of patterned hierarchical structures mimicking
the gecko foot pad have been fabricated for enhanced adhesion to smooth and rough surfaces
(10, 11, 21-30). Previous works have shown that tilted micro structures perform most closely
to the gecko adhesive system (11, 12, 21, 22, 31, 32). However, little effort has been made to
understand the effect of the geometry and the areal density of the flaps at the micro level

which is crucial in determining the contact mechanics of the arrays of the flaps to a surface.

Here, we report the mechanism of adhesion of the tilted poly(dimethylsiloxane)
PDMS micro flaps to a smooth silica surface with and without prior shearing of the surfaces.
Shearing significantly changes the effective adhesion energy (twice of the theoretical value)
of the flaps to the silica surface and its magnitude is dependent on the sliding direction. The
unloading of the (asymmetric and structured) flaps from the silica surface with multiple
micro contacts is well described by the classic Johnson-Kendall-Roberts (JKR) theory, unlike
the peeling of two smooth PDMS surfaces and, the observed hysteresis and stick-slip has a
different origin to that seen between two smooth (unstructured) single contact geometries
(33). We demonstrate that the effective stiffness of the arrays of the flaps play minor role in
determining the adhesion energy. Stick-slip peeling instabilities during separation after prior
sliding of the flaps along the direction of the tilt could rationalize the measured high adhesion

energies of the PDMS flaps on the silica surface.
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5.3  Materials and Methods
5.3.1 Fabricated patterned surfaces

Large arrays of tilted PDMS flaps of two different densities (Fig. 5.1), were
fabricated using micro fabrication techniques described elsewhere (10). The low (1X) and the
high (3.5X) areal density flaps have 1850 flaps/mm? and 6410 flaps/mm? respectively. The
flaps are tilted at an angle of ¢ =20° from the vertical. Schematic top-view orthographic
diagrams show that the flaps are arranged in a hexagonal packing geometry (Fig. 5.1 b and

d).

3.5 um :
|10 um 2 g/ /4\ #

¥ : (a’=725um)(

Figure 5.1 SEM images of the (a) low areal density (1850 flaps/mm?), 1X tilted PDMS flaps
and (c) high areal density (6410 flaps/mm?), 3.5X tilted PDMS flaps. The flaps are tilted at
an angle of 20° from the vertical. Schematic top-view orthographic diagrams showing the

positions of the flaps relative to each other for both the (b) 1X flaps and (d) 3.5X flaps.
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5.3.2 Normal and lateral force measurements

A modified surface forces apparatus (SFA) (34) was used to measure the normal F;
(adhesion and loads) and the lateral forces F, between the arrays of the fabricated micro-flaps
and a spherical silica disk of radius of curvature, R =2 cm, and RMS roughness ~ 10 = 8 nm.
The full details of the force measurements have been described in previous work (10, 11). As
a summary, the spherical glass disk was mounted to the top friction device, which can slide
laterally over a distance of 100-500 um at different sliding speeds (1-10 um/s). The PDMS
flaps were glued to a flat glass disk, which sits on a double cantilever spring with strain
gauges that can measure the normal forces. A CCD camera was mounted on a microscope to
visualize the contact area during loading, unloading and sliding of the spherical silica disk

against the arrays of the fabricated PDMS micro-flaps (Fig. 5.2).

o 2
Apparent area, Aapp =7 Rapp

]
Figure 5.2 The apparent area, Aqpp Of contact when the arrays of PDMS micro-flaps are

compressed against a spherical silica disk of radius of curvature, R = 2 cm. The bright
circular area” shows the region of flaps that is in the deformed state. *Contrast has been

enhanced for clarity.

In the SFA experiment, the top spherical silica disk was pressed against the PDMS

micro-flaps at a constant speed of ~ 10 pum/s until the desired pre-load, F,F was reached.
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Adhesion tests were performed by separating the two surfaces, without them being sheared
against each other (no prior shearing). Adhesion was also measured after the surfaces were
sheared against each other at a velocity of 10 pum/s along the + y direction (along the
direction of the tilt) and - y direction (against the direction of the tilt). Shearing was stopped
after sliding for ~ 300 um while the surfaces were still under a shear stress (Fig. 5.3). The
flaps did not get damage even after many sliding cycles (50-100) at a given contact point and
the adhesion tests were reproducible at different contact points. Measurements and surface
preparations were performed in a clean dust free environment (sealed SFA or in Laminar
flow hood).
Deformation of the tilted PDMS flaps under pure loading,

shear along/ against tilt, stop shearing and unload
Shear along tilt, +y direction

-@7 iy =
F>0 H=0
Tilted PDMS ‘J} A]} -
App')/ load stop shearing ’
flap —
and shear and unload
I PDMSBASE  + along +y along +z

STAGE

¥ *Y  Shear against tilt, -y direction

(a)

(b) = 4 & Sy
@ /i >0 li <0
Tilted PDMS :
fia Apply load stop shearing
p —> —
+z % and shear, and unload

PDMS BASE
along -y along +z
STAGE
B 4 B/

Figure 5.3 Schematics of a single flap deformation showing the separation of the flap with
the upper silica surface after the flaps are sheared (a) along the direction of the tilt (+y
direction) (b) against the direction of the tilt (-y direction). The adhesion forces, -F;
measured after sliding the top surface in the +y direction are significantly higher than the
values measured after sliding in the -y direction.
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54  Theoretical background

A brief description of the contact mechanics between two bodies in adhesive contact
will be helpful in interpreting the experimental data, since this work investigates the effect of
shear on the change in the adhesion properties of a patterned surface against a smooth silica
disk.

Classical mechanics deals solely with bulk materials whereas contact mechanics takes
into account the bulk properties along with the surface and geometry of contact. Geometric
effects of local elastic deformation was first considered by Hertz (35) and the effect of
adhesive interactions were neglected. An improvement over the Hertzian theory is the
Johnson-Kendall-Roberts (JKR) theory (36) in which the contact surfaces are considered to
be adhesive. The adhesion force (F,q) between a sphere of radius r and a plane in the JKR

model is given by

Fq= g rW,, (5.1)

where W,, =y, + y2 — y12 is the thermodynamic work of adhesion, and y4, y, and y,, are
the surface and interfacial energies of two interacting surfaces.

A JKR experiment involves bringing two surfaces (a sphere and a plane) into contact
by applying an external load followed by retraction until the contact is broken. The
deformation of the surfaces at a specified load F, is described by the contact area a of radius
r as a result of compression (and adhesion). The expression for a is given by (36)

2/3
1/2
a= E{KL{FL +67TW,, + (12er12 F, +(671W, )2) }} (5.2)

eff

1 :§ 1—v12+1—v22)
K 4 F E,

(5.3)
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where K IS the effective stiffness, viand E; are the Young’s modulus and the Poisson’s ratio

of the samples 1 and 2, respectively.

5.5  Results and Discussion
5.5.1 Adhesion force measurement with no prior shearing

The adhesion behavior of the low (1X) and the high (3.5X) areal density PDMS
micro-flaps were tested against a smooth spherical silica disk at different pre-loads of F,F =
1 —40 mN. The 1X flaps showed no measurable adhesion (F,q < 0.1 mN) to the silica surface
which is consistent with our previous work (Fig. 5.4) (11). The graph of apparent area, Aspp
vs. the normal actual load, F, P for the 1X flaps showed no hysteresis between the loading
and unloading curves (Fig. 5.4), which is a characteristic signature of non-adhesive contact.
This observation is attributed to the high surface roughness (RMS roughness ~ 250 nm) of
the top edge of the 1X flaps (as visualized in the SEM) that reduces the real area of contact
between the flaps and the spherical silica surface. The effective stiffness, Kes of the 1X (low
density) PDMS micro-flaps was calculated to be 1 MPa by JKR sphere on flat geometry fit
(Eg. 5.1-5.3) to the experimental data (Fig. 5.4). The calculated value for K is significantly
higher than the expected value for bulk PDMS (~ 300 kPa) and is attributed to the non-linear

strain response to the applied stress for the PDMS material (see supporting Fig. S5.1).
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Adhesion of low density (1X) tilted PDMS flaps against a spherical glass surface
(RMS roughness = 10nm) with/ without prior shearing of the surfaces along +y direction
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Figure 5.4 The apparent area, Ay Vs the normal actual load, F, for the 1X tilted PDMS
micro-flaps as they are separated (unloaded) from the spherical silica surface of radius of
curvature, R = 2 cm. The open squares represent the experimentally observed Az, when
unloading the flaps from the silica surface. The curves show the JKR fits to the experimental

data.

The 3.5X (high density) PDMS micro-flaps showed an adhesion force of F,q = 0.8
mN against the silica disk (Fig. 5.5). SEM images show that these flaps have lower surface
roughness for the top edge of the flaps (RMS roughness ~ 170 nm). The lower surface
roughness and the high areal density result in better commensurability between the surfaces
and hence superior adhesion of the 3.5 X PDMS micro-flaps against the silica surface. The
plot of Ay vs. F, P for the 3.5X flaps was hysteretic with Kes = 6 MPa and an effective value

for the work of adhesion of W = 8 mJ/m?. This effective work of adhesion is an outcome of
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the decreasing energy due to the formation of bonds between the surfaces at the expense of
the elastic deformation energy which reduces the binding energy.

Adhesion of high density (3.5X) tilted PDMS flaps against a spherical glass surface
(RMS roughness = 10nm) with/ without prior shearing of the surfaces along +y direction

v T T T T T T T T T T T
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Figure 5.5 The apparent area, Aypp Vs the normal actual load, F, for the 3.5X tilted PDMS
micro-flaps as they are separated (unloaded) from the spherical silica surfaceof radius of
curvature, R = 2 cm. The open squares represent the experimentally observed A, when
unloading the flaps from the silica surface. The curves show the JKR fits to the experimental
data. As a comparison, the area of the plot occupied by the curves for the 1X tilted PDMS

micro-flaps is also shown by the shaded gray box.

The adhesion force per flap, f,q was calculated to be 1 uN with a real area of contact
per flap of area = 5 um? and the local radius of curvature at pull-off was r = 5 pm (Table 5.1)

for the 3.5X flaps during pure loading and unloading (no shear). The Hamaker constant for
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PDMS and silica interacting across dry air is 5.3 x 102° J (37). Hence, the adhesive pressure,

e A .
P.q between PDMS and silica is, Py =m=6.3><108 N/m? where D = 0.165 nm is the
7T

intermolecular distance. Thus, the theoretically calculated force of interaction between one

flap and the silica surface due to van der Waals force is f*¥ =a__ P, =3mN. This is about

real * ad
3 orders of magnitude bigger than the experimentally observed value for f,y and shows how
roughness can significantly decrease the adhesive force of interaction between two surfaces
(10, 38, 39).

Table 5.1. Sphere on flat JKR model for individual flap deformation

1X tilted PDMS flaps 3.5X tilted PDMS flaps
Per flap JKR parameters (x 15 %) (=15 %)
No +y -y No +y -y shear
shear shear shear shear shear
Calcullated number of flaps at pull - 530 830 640 2040 1870
off, n
Calculated adhesion force, fy - 5 1 1 6 2
(uN) 2
JKR radius of curvature, r (um) ® - 20 4 5 23 9
Calculated real area of contact, a,, - 31 4 5 37 11
(um?) *
Aapp

1. Calculated from the measured apparent area of contact, Aapp Using the equation,n = —
o)

where ¢! = Flap density (1850 flaps/mm? for 1x tilted PDMS flaps and 6410 flaps/mm? for
3.5x tilted PDMS flaps)

2. Calculated from the measured force at pull off (total adhesion force), F,q using the
. Fad
equation, fa = Y

3. Calculated from the JKR sphere on a flat model using equation (1).
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4. Calculated from the JKR sphere on a flat model using equation (2), where,

(Kppms Tk

glass)

Mlw

1_
K

1 _
. lass
NOW, kPDMS =— oW kglass S—
PDMS glass

Since, E,ys(1.8 MPa) << E.. (50 GPa)

glass

1.3 3(1-v? 3(1-0.5?
Hence, — ~ S Keows = —| ——£Ms | ==
K 4 4\ Eppus 4 1.8

— K =3.2 MPa

Therefore, the fitted stiffness, K to the JKR sphere on flat model in equation (2) for the

individual flaps is 3.2 MPa.
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Figure 5.6 (a) Real time normal load and lateral force (friction) measurement of the high
density (3.5X) tilted PDMS flaps against a spherical glass surface (RMS roughness = 1 nm)
with prior shearing of the surfaces along the +y direction. Here, n gives the number of the
tilted micro-flaps in contact with the glass surface just before and after the instability jumps.

(b) Schematics of the contact just before and after the instability jump at 1.
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The measured pull off force depends on the modulus of rigidity of the surfaces as
well as the surface roughness (40), and the length scale, 2 = W / K¢s determines the range
over which the attractive adhesive force dominates the repulsive elastic force (41, 42). The
higher the value for A, the more compliant the surfaces are and the stronger the adhesive
force of interaction is between the surfaces. The effective stiffness of the 3.5X (high density)
PDMS micro-flaps is ~3.5 times larger than that of the 1X (low density) micro-flaps,
however, the former flaps showed adhesion to the silica surface and the later one does not.
This is because, 4 for the 1X and the 3.5X PDMS micro-flaps are ~ 0 and 1.3 nm
respectively, i.e., the elastic strain energy between the 1X PDMS micro-flaps and the silica
surface always dominates over the adhesive energy if the surfaces are separated without prior

sliding.

5.5.2 Adhesion force measurement with prior shearing

Shearing the arrays of the tilted PDMS micro-flaps against the silica sphere
significantly increased the adhesive force of interaction between the two surfaces. For the 1X
(low density) micro-flaps, effective adhesion energies of W = 28 mJ/m? and 9 mJ/m? were
obtained for prior shearing of the flaps against the silica surface along the +y (along the tilted
direction or gripping direction) and the —y directions (against the tilted direction or releasing
direction) respectively (Fig. 5.4). The high density 3.5X micro-flaps exhibited much larger W
of 122 mJ/m? and 45 mJ/m? respectively for prior shearing the flaps against the silica surface
along the +y and —y directions (Fig. 5.5). The experimentally observed W for the 3.5X micro-
flaps is higher than that expected between a smooth PDMS and silica surface calculated by

van der Waals theory (W = 50 mJ/m?) (37). This can be attributed to the bond formation due
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to local molecular adhesion between the siloxane groups of the PDMS with the silica surface
and has been previously observed in rubber sliding on hard surfaces (43).

Slip instabilities were observed at the PDMS flaps-silica interface during unloading
after prior shearing along the +y direction (along the direction of the tilt) for both the flap
densities (Fig. 5.6). The magnitudes of these instabilities were bigger for the 3.5X (high
density) micro-flaps relative to the 1X (low density) micro-flaps (see supporting Fig. S5.2).
This can be attributed to the larger number of flaps detaching from the PDMS-SiO, interface
for the 3.5X micro-flaps compared to the 1X micro-flaps during the separation of the two
surfaces, as illustrated in Fig. 5.7. Theoretically, the stick-slip instability should reach a
maximum value on increasing the flaps coverage, then decrease and eventually disappear for
100% coverage (close-packed flaps) which can be considered to be an effectively smooth
surface, as in the case of zero coverage (Fig. 5.7). No slip instabilities were recorded for
unloading after prior shearing along the —y direction (against the direction of the tilt). Hence,
another possible explanation for the high observed value of W for the 3.5X micro-flaps after
prior shearing along the +y direction could be large energy dissipation at the PDMS-silica
interface close to the crack tip caused by the viscoelastic behavior of the polymer (44). The
later possibility is more probable since the separation of the surfaces causes local elastic
instabilities close to the crack tip and this is evident from the graph of F, vs. t (Fig. 5.6).

Thus, if a material disperses its elastic energy in the form of waves into the bulk
during separation of the surfaces with prior sliding along a specific direction, high adhesion
energy will be attained maintaining good bonding to the surface. Alternatively, if prior

sliding in a different direction causes the crack tip to move slowly during unloading of the
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two surfaces, the elastic energy would help assist the detachment process thus mimicking the

gecko adhesive system.
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Figure 5.7 The magnitude of stick-slip instabilities observed in the load and friction forces
(See Fig. 6a and S2) during the peeling of the spherical glass disk from the patterned surface
increases with increase in the flap density and would disappear eventually resulting in
smooth peeling. This observation can be attributed to the number of flaps undergoing
detachment during slip instability in the system. The flaps undergoing slip during instability

is shown in red.

Shearing induced a significant change in the K¢ for the arrays of the micro-flaps (for
both the 1X (low density) and the 3.5X (high density)) compared to pure loading and
unloading with no prior shearing against the silica surface. This large value for the observed

Kesr IS due to the high elastic strain energy stored in the severely deformed flaps as a result of
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shearing of the surfaces. The stiffness was found to be similar for unloading of the flaps with
prior shearing along the +y (along the direction of the tilt) or —y directions (against the
direction of the tilt) for the 1X (Fig. 5.4) and the 3.5X (Fig. 5.5) respectively, meaning that
the elastic energies for the deformation of the flaps along the +y and —y directions are
similar. The observed effective degrees of stiffness were similar along both the directions
(zy) since the flaps underwent severe deformations during the sliding of the surfaces and the
inelastic property of the PDMS material determines the stiffness of the system. The tilt is
important in determining the bending modulus only for small deflection of the flaps (45).
This implies that the disparity in the adhesive strengths due to shearing of the surfaces
along the two different directions is due to different real areas of contact between the PDMS
flaps and silica surface during the sliding cycles and/or elastic instabilities as explained
above and not due to the difference in the bending energies of the flaps as hypothesized

previously (11).

56  Conclusions

Our experimental results demonstrate that the Johnson-Kendall-Roberts (JKR) theory
using an effective surface energy and stiffness at the macro scale quantitatively describes the
contact mechanics of the micro-flaps ensemble against a smooth silica surface. The effective
stiffness and the surface energy depend on the ratio of real to apparent contact areas, which
can be measured in the SFA experiments. Inserting these values in the JKR theory yielded
normal load vs area curves close to those measured thereby validating this model. We also
find an increasing adhesion and stick-slip of the surfaces during detachment, which we

explain qualitatively in terms of the density of flaps, considering it to increase from 0% (no

110



flaps, smooth surface) to 100% (close-packed flaps, effectively smooth surface). Our results
and interpretations should be applicable to other rough and patterned surfaces and could

serve as a model for designing and fabrication of gecko mimetic surfaces.

5.7  Appendix
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Figure S5.1 The measured stress vs strain relationship for the PDMS material used to

fabricate the micro-flaps. PDMS shows a nonlinear response to the applied load and the

elastic modulus is dependent on the amount of strain it has been subjected to.
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density (1X) tilted PDMS flaps against a spherical glass surface (RMS roughness = 1 nm)
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with prior shearing of the surfaces along the +y direction. The magnitude of the instability

jumps for the 1X flaps are lower than that of the 3.5X tilted PDMS flaps (see Fig. 5.6).
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6. STICK-SLIP FRICTION OF GECKO-MIMETIC
FLAPS ON SMOOTH AND ROUGH SURFACES

6.1  Abstract

The discovery and understanding of gecko’s ‘frictional-adhesion’ adhering and
climbing mechanism has allowed researchers to mimic and create gecko-inspired adhesives.
A few experimental and theoretical approaches have been taken to understand the effect of
surface roughness on synthetic adhesive performance, and the implications of stick-slip
friction during shearing. This work extends previous studies by utilizing a modified Surface
Forces Apparatus (SFA) to quantitatively measure and model frictional forces between arrays
of polydimethylsiloxane (PDMS) gecko footpad-mimetic tilted micro-flaps against smooth
and rough glass surfaces. Constant attachments and detachments occur between the surfaces
during shearing, as described by an Avalanche model. These detachments ultimately result in
failure of the adhesion interface and have been characterized in this study. Stick-slip friction
disappears with increasing velocity when the flaps are sheared against a smooth silica
surface; however, stick-slip was always present at all velocities and loads tested when
shearing the flaps against rough glass surfaces. These results demonstrate the significance of
preload, shearing velocity, shearing distances, commensurability, and shearing direction of
gecko-mimetic adhesives and provide a simple model for analyzing and/or designing such

systems.
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6.2 Introduction

Reversible adhesives, which exhibit high adhesion and minimal effort to detach, are
vital to systems that need to stick and detach repeatedly with high speeds for fast movement.
Smart and reversible adhesives are in growing demand for use in responsive robotics that can
climb on walls and ceilings in precarious environments. The motivation for this specialized
type of adhesive comes from the long observed ability of geckos to effortlessly run and climb
on trees, rocks, walls, and ceilings and maintain attachment while stationary and in motion.
The gecko’s ability to adhere and climb so flawlessly stems from the hierarchical structure of
their toe pads and the mechanism they use to actuate and disengage this very high adhesion.
The hierarchical system of the toe pads can form and adhere to micro- and nano- asperities
on rough surfaces and create a clean contact, and the reliance of van der Waals forces can
allow geckos to adhere to hydrophobic and hydrophilic surfaces as long as the polarizability
of the surface is not low (e.g., Teflon) (1-3).

The mechanisms for attachment and high adhesive forces of gecko spatula and setae
have been measured and modeled by Johnson-Kendall-Roberts (JKR)-type theories (4, 5),
while the ease of detachment from surfaces requires a peel-off theory (6-8). It has been found
that the frictional forces (parallel to the surface) also contribute to the adhesive force
(perpendicular to the surface), giving rise to the model of frictional-adhesion. According to
this model, the adhesion of a gecko foot-pad (9) or its mimic to a substrate depends on the
applied shear force (4, 6) and explains the very low detachment forces observed in climbing
geckos. Anisotropic fibrillar synthetic adhesives mimicking the gecko footpad functionality
have been previously fabricated (5, 10-19) and were used to study adhesion and frictional

properties on silica surfaces. The mechanism of operation of these structures involved
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application of a small preload (several milli-Newtons) followed by shearing the structures
against the surface of interest for several microns to allow the real surface area of contact to
be maximized and hence, attain a good grip. However, the stick-slip between the structured
surface and the substrate was not taken into consideration during the shearing process. Stick-
slip sliding of surfaces is an undesirable property which can cause catastrophic failure if slip
occurs while a robotic device is moving on an inclined surface or inverted ceiling. When a
constant force (gravity) is acting on the surfaces, there is no restoring force to ‘catch’ and
reattach the failed adhesion contact. Hence, determining the conditions (sliding velocities,
preloads, sliding distance of the microstructures during movement of the robot, etc.) for
avoiding stick-slip motion during the shearing of structured or patterned surfaces on a
substrate is essential.

A common form of friction, stick-slip friction, occurs when the static friction force is
higher than the kinetic friction force and is found in everyday phenomena such as squeaking
doors or the sound produced from a bow sliding across a violin string. Stick-slip friction can
arise by three different mechanisms during frictional sliding (1) a rough surface mechanism
(20) (topography), (2) distance-dependent mechanism, and (3) a phase transition mechanism
(21). The first model describes when a rapid slip occurs as one surface goes over the top of
an asperity on the opposing surface after “sticking” for the period due to interlocks prior to
the slip. The distance-dependent model describes how a characteristic distance and time scale
are observed as two surfaces increase adhesion strength after coming into contact, which may
occur for smooth or rough surfaces. During shearing, the surfaces creep the characteristic
distance before sliding occurs. These systems are related to the Deborah Number, De, which

relates the intrinsic relaxation times of the materials to the time scales of movement and
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measurement in the system. The time scales can easily be converted to a characteristic
relaxation velocity and sliding velocity in the system. Lastly, the phase transition model is
typically only present in lubricated systems or thin films confined between two surfaces
which does not pertain to the presented system.

In this study, the friction properties of tilted biomimetic gecko flaps were investigated
by measuring and characterizing the friction force as a function of the applied loads and
shearing velocities using a Surface Forces Apparatus (SFA) in order to determine the
optimum shearing conditions against smooth and rough surfaces. Here we also propose an
Avalanche mechanism of stick-slip friction. We attribute the stick-slip behavior in our system
to be a combination of surface topography effects as well as characteristic length and time
scales related to the material properties of PDMS and intermolecular forces between PDMS

and SiO,.

6.3  Materials and Methods

Large arrays of tilted PDMS micro flaps with an areal density of 6410 flaps/mm?
mimicking the adhesive and frictional properties of a gecko foot pad were fabricated and
have been described elsewhere (13, 22). A modified surface forces apparatus (SFA, SurForce
LLC) (13, 23) was used to measure the normal F, (adhesion and loads) and the lateral forces
F, between the arrays of the fabricated micro-flaps and a spherical silica disk of radius of
curvature, R = 2 cm, and three different RMS roughnesses of 10 £ 8 nm (smooth), 133 £+ 20
nm (rough) and 308 + 56 nm (very rough). The detailed characterization of the roughnesses
is given in Table 6.1. Details of the force measurements have been described in previous

work (13, 22). Briefly, the spherical glass disk was mounted to the top friction device that
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measures the lateral forces F, on the fabricated flaps. The PDMS flaps were glued to a flat
glass disk, which sits on a double cantilever spring with strain gauges that can measure the
normal forces. The double cantilever spring was mounted on a bimorph device that can slide
laterally over a distance of 1-700 um at different sliding speeds (0.01-200 pm/s). A CCD
camera was mounted on a microscope to visualize the contact area during loading, unloading
and sliding of the spherical silica disk against the arrays of the fabricated PDMS micro-flaps.

In the SFA experiment, the PDMS micro-flaps were pressed against the top spherical
silica disk at a constant speed of ~ 10 um/s until the desired pre-load, L was reached. The
flaps were then sheared against the smooth and the rough spherical glass disk at different
velocities (0.08-200 pum/s). Stick-slip friction force and the instantaneous normal loads F;
were measured simultaneously. The measured normal load F, was different from the applied
pre-load L during sliding due to the deformation of the micro-flaps and adhesion/interlocking
of the flaps to the glass surface. The flaps did not get damaged even after many sliding cycles
(100-1000) at a given contact point and the friction force was reproducible between different
contact points on the flap surface. The surfaces were prepared in a clean dust free

environment (under Laminar flow hood).

6.4  Results

The effect of normal loads (F,) and driving velocities (v) on the stick-slip frictional
properties of the synthetic tilted PDMS flaps against a silica surface of different roughnesses
(Table 6.1) were tested in a modified Surface Forces Apparatus (SurForce®, LLC) (Fig. 6.1).

Here, we characterize the surfaces with different roughness based on the height of the surface
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features (asperities), the spacing between them, and the slope of the features as shown in
Table 6.1.

Table 6.1. Comparison of roughness of borosilicate glass disks used to shear against the
gecko-mimetic adhesive flaps. Roughness values were measured in an AFM.

Disk Avg. height of Avg. distance Avg. slope of asperity
asperities (um) between asperities edges
(Lm)
Smooth <0.01 N/A N/A
Rough 0.33+£0.06 6.7+£35 0.80 £ 0.45
Very Rough 0.52 +0.09 15+15 1.2+0.9

The fluctuations in the lateral force (or friction force, F;) were measured in the SFA
and the changes in the friction properties of the flaps shearing against the silica surface were
monitored as v was increased at a given compressive force in the normal direction (pre-load,
F, =L). A close look at the measured friction forces as a function of time indicates that F,
can be resolved into three different components, (1) fy, the stiction spike, (2) fs, the static

friction force, and (3) fx, the kinetic friction force (Fig. 6.2).
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Figure 6.1 (a) Schematic representation of experimental setup in the SFA. Two opposing
surfaces are sheared against each other: the bottom being the tilted PDMS gecko flaps and
the top as the smooth or rough glass disk. (b) Schematic of the fitting of PDMS flaps into the
different rough disk asperities. There is an interlocking mechanism due to spacing of the
roughness on the glass disk that occurs with the rough (middle) disk. (c) SEM image of the
biomimetic flaps depicting the in-plane distribution of the fibrillar structures. (d) A zoom in

on the tip of one pillar depicting submicron scale roughness on its surface.

The stiction spike (fy) is the static friction force that must be overcome before any
sliding begins between two stationary surfaces and could be higher or lower than the rest of
the friction forces measured during shearing. The kinetic friction force (f) and the static

friction force (f;) are the minimal and the maximum magnitude of the measured lateral
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stresses respectively when the surfaces are in relative motion during shearing. The kinetic
friction force and static friction force are equal during smooth sliding (fs = fi). When referring
to stick-slip friction, the static force is the maxima of the friction trace (the “stick”) and the
kinetic friction force is the minima where interfacial sliding occurs (the “slip”). This
distinction between kinetic friction in smooth and stick-slip sliding is important to note
because the measured value of fy in stick-slip is not necessarily the “true” value of fy

experienced between the surfaces (24).
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Figure 6.2 Friction traces of the smooth glass disks with a pre-load, L ~10 mN against
gecko-mimetic tilted flaps, where friction forces, (F, = f, fs, fx) were measured as a function
of time. Note that negative forces are not negative in magnitude, but result from the direction
of shear during measurement. Smooth sliding (a) is observed at velocities greater than 20
pm/s compared to stick-slip friction which is present at lower drive velocities less than 20

pm/s (b) for the given pre-load.
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6.4.1 Effect of load on friction force at a constant driving velocity

The tilted PDMS micro-flaps exhibited smooth sliding (Af = f; - fx = 0) against a
smooth silica disk for F;, < 20 mN and v > 20 um/s (Fig. 3a). Stick-slip friction is always
observed for the shearing of the flaps against the rough and the very rough silica surfaces for
all loads (Fig. 6.3b, c). The friction forces (F,) are proportional to the normal loads (F,)
indicating that Amontons’ law is followed (25) in the system under consideration (Fig. 6.3a
and c). The coefficient of friction, p (slope of F vs. F,), is higher for sliding of the flaps
against the rough and the very rough silica surfaces (4 = 3.1—3.4) compared to the smooth
surface (1 = 1.7). The magnitude of stick-slip friction increased as the load increased when
shearing the flaps against the rough and the very rough surfaces. Interestingly, the flaps
demonstrated similar (within 35% of the highest difference) magnitudes of F; for a given F,
on the smooth and the very rough silica surface which is significantly smaller than the F,
measured on the rough surface. However, when comparing the magnitude of stick-slip
friction, Af (triangle in lower plots in Fig. 6.3), the very rough surface exhibits high values of
stick-slip compared to the smooth surface where no stick-slip is observed at any loads (F, <
20 mN) at v = 20 um/s. The flaps display maximum stick-slip during sliding on the rough
silica surface, which is as high as double that of the very rough disk. At higher loads, the
magnitude of stick-slip is greater for shearing along the —y direction (against the tilt of the

flaps) compared to the +y direction (along the tilt of the flaps).
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Figure 6.3 Plots of the static friction force (fs “red”) as a function of the load, F,, for three
varying levels of rough surfaces (a,b,c) sheared at a constant velocity, v = 20 um/s, in the
direction along the tilt of the gecko-mimetic flaps (+y) and against the direction of tilt (-y).
The lower plots depict the magnitude of stick-slip friction by the relation Af = f; - f where f;

is the static friction force and fy is the kinetic friction force.

6.4.2 Effect of shear drive velocity on friction force

The tilted PDMS micro-flaps do not undergo stick-slip sliding (Af = fs - fx = 0)
against a smooth silica surface for F;, < 20 mN and v > 20 um/s, however at lower driving
velocities (v = 0.08-20 um/s), the surfaces exhibit stick-slip motion (Af > 0) (Fig. 4). Stick-
slip is always present for shearing the micro-flaps against the rough and the very rough silica
surfaces. The rough surface displayed an increasing and then decreasing magnitude of stick-
slip with increasing velocity (red triangles in Fig. 6.4). The magnitude of Af is similar for
shearing the flaps along the +y and —y direction on the rough surface. The very rough surface
shows a higher magnitude of Af along the +y direction relative to the —y direction of shear.
Interestingly, even though the magnitude of stick-slip friction typically decreases with
increasing velocities, the static friction force does not change significantly. This is contrary

to a typical stick-slip phenomenon between sliding surfaces where the static force decreases
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to the magnitude of kinetic friction. In these experiments, the kinetic friction force is thus

increasing to match the static friction force values.
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Figure 6.4 Plots of the static friction force (fs) and kinetic friction force (fs) from the friction
traces as a function of the shear driving velocity, v, for three different rough surfaces of
varying roughness (smooth (blue), rough (red), and very rough (green)) sheared at a constant
load in the direction (a) along (+y direction) and (b) against (-y direction) the tilt of the tilted
PDMS flaps. The lower plot depicts the magnitude of stick-slip friction by the relation Af = f;

- fx where fs is the static friction force and fi is the kinetic friction force.

6.4.3 Friction map

Depending on the nature of motion between the micro-flaps and the silica surface, a
map can be constructed to indicate the regime of smooth sliding conditions and stick-slip
friction (Fig. 6.5). The transition from stick-slip motion to smooth sliding is observed only
when the micro-flaps are sheared against a smooth silica surface. The surfaces always show

stick-slip friction between the flaps and the rough or the very rough surfaces in the velocity
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regime of the measurements. However, it should be noted that the magnitude of stick-slip
decreases with increasing velocity during shearing, indicating that the sliding will eventually
show a smooth motion for high shearing velocities. The regions under the friction map may
be interpreted as an indicator for the operating conditions of sliding velocities when actuating
the foot of a robot with the gecko-mimetic pad attached to enable a secure stick to a surface
and easy release. These results also stress the importance of the sliding distance during the

operation of a gecko-mimetic footpad on robotic devices and are discussed later.
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Figure 6.5 Friction map depicting stick-slip and smooth sliding regimes for the +y (along the
tilt) and —y (against the tilt) shearing directions as a function of preload and driving velocity,
v, for a smooth glass disk. Increasing driving velocity leads to smooth sliding. The dashed
line indicates the limit of the measuring capability, but smooth sliding is predicted at such

low loads and sliding velocities.
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6.5  Discussion

Two very interesting phenomena are evident from the friction force measurements as
a function of load. First, the rough surfaces exhibit the highest friction forces and stick-slip
magnitude. This can be explained through an interlocking mechanism (22) (Fig. 6.6) where
the roughness of the surface matches with the interspacing of the array of flaps. Based on the
values in Table 6.1, the average distance between asperities on the rough surface (6.7 £ 3.5
pm) shows that it is possible to fit the flap dimensions (10 pm x 3.5 pum) in between some
spots where the asperities are more spread out. The interlocking mechanism and fitting of
flaps between surface asperities are compared in Fig. 6.6. The smooth surface does not have
these asperities and the very rough surface has asperities too large and close together to allow
for interlocking to occur. Another feature present in the data is that the friction values for the
smooth and very rough surfaces are very comparable. It appears that the friction between the
flaps and the pair of surfaces (smooth and very rough) follow Amontons’ law, which states
that friction forces are independent of the apparent area of contact. Molecular Dynamics
(MD) simulations suggest that for non-adhering surfaces above a certain load, the coefficient
of friction is independent of the detailed nature of the surface roughness (26). These surfaces
have previously been tested for adhesion and exhibit adhesion only once the surfaces have
been sheared (4, 13). The very rough surfaces contain asperities that are too close together
and too large for the full interlocking mechanism to take place, thus allowing Amontons’ law

to hold true.
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Figure 6.6 AFM images of the rough surfaces ((a) rough and (b) very rough) with an overlay
of the gecko flap tip dimensions and spacing. The interlocking mechanism is displayed
schematically where the rough disk (c) and PDMS flaps have commensurate spacing

compared with the very rough disk (d), starting to approximate a “smooth” surface.

6.5.1 Stick-slip mechanism: The Avalanche Mechanism

Here we present the Avalanche Model which explains that stick-slip instabilities at
the macro level are initiated by the micro-instabilities at the contact junction between the
individual micro-flaps and the silica surface (Fig. 6.7a, b). Stick-slip at individual micro
contacts between two ‘dry’ surfaces in relative motion ensues due to creep instabilities (27,
28), brittle fracture (29, 30) or viscoelastic shear failure (31) of the interlocked asperities as

they detach (Fig. 6.7a).
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Figure 6.7 The Avalanche stick-slip of the arrays of PDMS flaps from the silica surface. (a)
The PDMS micro-flaps peeling (JKR) from the silica surface during the Avalanche slip at the
micro-scale that causes the force measuring spring to kick-back with a velocity V. (b) The
flaps that are about to detach from the silica surface are shown in red along with a cartoon of
the stick-slip friction trace showing the creep, JKR-peel, slip and stick regimes. (c) An
illustration of the normal load (F,) and friction force (F,;) measured in the SFA during
shearing of the micro-flaps against a silica surface showing the different regimes (creep,
JKR-peel, slip and stick) during the Avalanche slip. (d) Avalanche slip as visualized at the

macro-scale when the spherical silica surface is sheared against the PDMS micro-flaps.

The creep instability mechanism assumes that the stick-slip magnitude (Af = f; - fy) is
determined by the size of the contact area and not by fs or the shear force required to break

the adhesive interface. Even though the apparent area of the contact between the smooth
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silica surface and the PDMS flaps is larger than that between the rough/very rough disks for
the same load, stick-slip sliding disappears when shearing the PDMS flaps against the
smooth silica surface, unlike sliding on the rough/very rough surface. Hence, creep instability
is not a plausible explanation for the stick-slip in our system. A brittle fracture mechanism
can also be ruled out since the contact under consideration is soft and deformable. During
sliding of the PDMS flaps on the silica surface, viscoelastic instability causes the contact
junction to grow when the surfaces slide past each other and the friction force (or stress)
increases during this stage from fy to f;. Depending on the relative displacement between the
sliding surfaces, the contact junction dilates and breaks when a critical stress is reached,
leading to a crack-like contact instability followed by the release of the elastic strain energy
at the contact junction.

The trailing edge of a contact junction is associated with detachment of the individual
flaps from the silica surface in a JKR peeling fashion (4, 5). The flaps that are about to detach
from the silica surface are shown in red in Fig. 6.7b, d. When a critical stress is reached for a
few micro-flaps at the contact boundary, they detach and trigger other near critical
detachments, and the surfaces slip for a distance d or nd where d = distance between the
arrays of the flaps or rough asperities and n is an integer (See supporting Fig. S6.1). The slip
is also associated with the propagation of Schallamach (32, 33) waves from the front to the
rear end of the contact. This propagation causes the viscoelastic PDMS flaps to release the
shear stresses at the trailing edge of the contact junction and stick at the advancing edge of
the contact to the silica surface. Hence, each slip is associated with a Schallamach wave and

the frequency of stick-slip (¢) is equal to the rate of propagation of the waves. Each of these
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slips is associated with an increase and decrease in the apparent contact junction area and is
evident from the sliding video footage.
When Schallamach waves are responsible for the peeling (JKR mechanism) (4, 5) and

sticking of an adhesive interface, the work of adhesion can be estimated by,

fo+f,

Fv-~

i V= AappAW (1)

(6.1)
where ¢ = frequency of the Schallamach waves (s*), AW = Work of adhesion during
Avalanche stick-slip (or energy dissipated during Avalanche rupture of the adhesive
interface, not the thermodynamic work of adhesion) between the surfaces (J/m?), v = velocity
of the driving surface (m/s), and A,pp is the apparent area of contact (m?).

The work of adhesion for the shearing of the flaps against the silica surfaces was
estimated using eq. (6.1). It should be noted that the rate of shearing affects the work of
adhesion drastically over five orders of magnitude (See supporting Fig. S6.2). Energy
dissipation (AW) during sliding of the surfaces is maximal for the rough silica surface
compared to the smooth and the very rough silica for similar loads and shearing velocities.
The calculated AW for v < 1 um/s is less than the thermodynamic work of adhesion between
silica and PDMS since thermal energy provides a mechanism for the interfacial bonds
between the surfaces to overcome a fixed energy barrier during the slow shearing process
(34, 35). We also find that the energy dissipation shows a linear relationship with the sliding

velocity (v) (Fig. S6.2).

The relative slip distance, Dyip, between the flaps and the silica surface is given by

t = slip (62)
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kt, (6.3)

where t, = slip time (s), V = spring kick-back velocity (m/s), i.e., the average speed at which
the lateral force measuring spring retracts back during the slip between the surfaces, k =

spring constant of the lateral force measuring spring (N/m).
The friction forces can be correlated to Dgjip through

szIip

[-7)
v (6.4)

In our experiments, we measured ty, v, k, fsand fi and thereby calculated Dyjp.

f—f, =

S

The slip time (t,) in our experiments was 60-80 ps for v < 10 um/s and 40 us for v >
20 pm/s when shearing against silica surfaces of different roughnesses. Thus, the Avalanche
slip is characterized by a specific slip distance (Dsiip = nd) and slip times (t,).

For shearing the PDMS micro-flaps against the silica surfaces (both smooth and
rough), fs — fx decreased and fy increased as v was increased (Fig. 6.4). For sliding against the
smooth surface, fs — fx — 0 for v > 20 um/s (Fig. 6.4 and 6.5). However, we did not observe
smooth sliding for the rough and the very rough silica surfaces for v = 0.08-200 pum/s. Higher
sliding velocities are required to reach the smooth sliding regime (Af = fs — fx = 0). Hence, an
approach to eliminate stick-slip between the rough/very rough surfaces and the flaps is to
shear the surfaces for a distance D < 400 um and stop sliding before the maximum value of
friction is attained, i.e., f < fs. In our experiments, based on the sliding distances and the
number of stick-slip spikes (which depends on the velocity of shearing, v), we calculate this

critical sliding distance to be D, < 40 um for the rough surface and < 15 um for the very
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rough surface at v = 0.08-200 um/s. Thus to avoid slip failure on a rough surface, a robot
with the reversible gecko-mimetic adhesive footpads should be sheared for a distance less

than the critical sliding distance.

6.6  Conclusions

In this work, we demonstrate the effect of roughness and shearing velocities (v =
0.08-200 pm/s) on the stick-slip friction between tilted PDMS micro-flaps and silica
surfaces. We show that Amontons’ law is obeyed when the shearing between both smooth
and very rough silica surfaces against the tilted micro-flaps. The flaps showed similar values
for the static friction for shearing against the smooth and the very rough silica surfaces, and
were characterized with an Avalanche stick-slip friction model with energy dissipation
showing a linear relationship with the sliding velocity. Stick-slip sliding was always
observed (Af = fs — fx > 0) when shearing the flaps on the rough and very rough surfaces.
Sliding the micro-flaps on the rough surface showed maximum Af due to the interlocking-
detachment cycles of the flaps with the surface asperities.

Stick-slip friction is detrimental to the performance of the gecko-mimetic adhesives
since slipping would result in the failure of the contact, and not allow the surfaces to grip
again in the absence of a restoring force. Stick-slip friction of flaps on smooth surfaces can
be eliminated by increasing the sliding velocity above a critical value (v. = 20 pm/s in our
experiments). The friction between the micro-flaps and the smooth silica surface was
translated into a ‘friction” map that may be interpreted as an indicator for the conditions of
desirable sliding velocities when actuating the foot of a robot with the gecko-mimetic pad to

enable both a secure stick to a surface and easy release. Stick-slip between the rough surfaces
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and the flaps can be eliminated by shearing the surfaces for a critical distance D, of 40 um
and 15 pum for the rough and the very rough surfaces respectively. However, quantitative
micromechanical mechanisms that can predict the critical distances (D.) and sliding
velocities (v¢) to circumvent stick-slip friction need further investigation and theoretical
modeling based on the interface stiffness and topographical commensurability of the
interacting surfaces. Our results stress the importance of the preloads, shearing distance,
commensurability, sliding direction and velocities for the safe operation of gecko-mimetic

footpads on robotic devices.

6.7  Appendix
Sliding along the tilted direction, +y
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Figure S6.1 Average slip distances, Dgjip, for three varying loads (1 (black), 10 (red), and 20

mN (blue)) as a function of shear driving velocity, v, for sliding of the smooth (a and d),
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rough (b and e), and very rough (c and f) glass disks along the direction of tilt (+y) and

against the direction of tilt (-y) of the PDMS micro-flaps.

Sliding along the tilted direction, +y

a0 Smooth o Rough & Very Rough
§ 10000 @ T T o g 10000 ) T T ;E 10000 © T T
E 1000f ®1mMN E 1000f ®=T1mN al E 1000f = 1mN
A = 10mN X = 10 mN ‘;- x = 10mN o
< 40l ®=20mN Smooth | < [ =20mN g I < 00 = 20mN - a
= idi = =] "
3 sliding 3 . S . |._-
g 10F regime | ‘g 10[ wl ‘g 10l "
; a" 2 . g 5
= 1F =] 1k oS 1 [
> . > H > s .
%D 0.1 .. L L L %0 0.1 " ul n l %ﬂ 0.1 " L " '
LS 0.01 0.1 1 10 100 1000 [f} 0.01 0.1 1 10 100 1000 LE 0.01 0.1 1 10 100 1000
Driving velocity, v (um/s) Driving velocity, v (um/s) Driving velocity, v (um/s)
Sliding against the tilted direction, -y
— Smooth —~ Rough ~ Very Rough
§ 10000 @ T E 10000 ) T T :E 10000 %) T T
E o0} ®1mN E 100} " 1mN ] E o *=TmMN
A = 10mN X = 10mN Fl'_. & = 10mN o
1 L}
2 100k = 20 mN Grraniln 2 100E = 20 mN [} ..l. 2, 100 ¢ = 20 mN ..il
L]
- = slidin 2 v £ -
s 10f 91 % 1 u 8 10}
=9 i =9 3 =9
-8 regime 8= . 8= 1
2 . 2 . Z !
= 1 L} = 1F = o 1k
& . & . & ‘
3 o1 L s - s 3 o1 - : - s g o1 o : s s
[fl 0.01 0.1 1 10 100 1000 u‘i 0.01 0.1 1 10 100 1000 LS 0.01 0.1 1 10 100 1000

Driving velocity, v (um/s) Driving velocity, v (um/s) Driving velocity, v (um/s)

Figure S6.2 Work of adhesion, AW, during Avalanche stick-slip (or energy dissipation
during Avalanche rupture of the adhesive interface, not the thermodynamic work of
adhesion), for three varying loads (1 (black), 10 (red), and 20 mN (blue)) as a function of
shear driving velocity, v, for the sliding of smooth (a and d), rough (b and e), and very rough
(c and f) glass disks along the direction of tilt (+y) and against the direction of tilt (-y) of the
PDMS micro-flaps.
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/. SYNERGISTIC INTERACTIONS BETWEEN
GRAFTED HYALURONIC ACID AND
LLUBRICIN PROVIDE ENHANCED WEAR
PROTECTION AND LUBRICATION

7.1  Abstract

Normal (adhesion) and lateral (friction) forces were measured between physisorbed
and chemically grafted layers of hyaluronic acid (HA), an anionic polyelectrolyte in the
presence of lubricin (Lub), a mucinous glycoprotein, on mica surfaces using a Surface Forces
Apparatus (SFA). This work demonstrates that high friction coefficients between the surfaces
do not necessarily correlate with surface damage and that chemically grafted HA acts
synergistically with Lub to provide friction reduction and enhanced wear protection to the
surfaces. Surface immobilization of HA by grafting is necessary for such wear protection.
Increasing the concentration of Lub enhances the threshold load that a chemically grafted HA
surface can be subjected to before the onset of wear. Addition of Lub does not have any
beneficial effect if HA is physisorbed to the mica surfaces. Damage occurs at loads less than
1 mN regardless of the amount of Lub, indicating that the molecules in the bulk play little or
no role in protecting the surfaces from damage. Lub penetrates into the chemically bound HA
to form a visco-elastic gel that reduces the coefficient of friction as well as boosts the

strength of the surface against abrasive wear (damage).

142



7.2 Introduction

Osteoarthritis is one of the most frequent and rapidly growing causes of permanent
disability in the world. The mechanism of cartilage wear is still unknown and remains a
pressing research question within the medical community. Various lubrication mechanisms
have been proposed to explain friction and wear in cartilage; however there is no single
model that gives a complete picture of the lubrication mechanism. It has been attributed to
multiple modes which includes hydrodynamic, elasto-hydrodynamic, weeping (1-3), mixed
(4, 5) and boundary (6, 7) lubrication mechanisms. There have been extensive studies on the
role of various components (e.g., Hyaluronic acid (HA) (6, 8, 9), Lubricin (Lub) (10-13),
lipids (6, 14), etc.) of the synovial fluid to understand their separate roles in the lubrication
mechanism. However, the molecular interactions between the different components of
synovial fluid (e.g., HA, Lub, lipids etc.) and their synergistic roles in the wear protection
and friction reduction mechanisms in articular joints remain a puzzling question.

The articular joint is a highly efficient lubrication system that maintains extremely
low friction coefficients (¢« = 0.0005-0.04) (15, 16). It consists of porous cartilage surfaces
facing each other filled with the lubricating protein molecules and lipids and immersed in the
aqueous synovial fluid filling the gap between the two surfaces. Hyaluronic acid (HA), a high
molecular weight polysaccharide is the most abundant component of the synovial fluid and
provides joint lubrication together with other protein molecules like Lub, a mucinous
glycosylated protein (also known as proteoglycan 4, PRG4), various lipids (e.g. mainly
phosphatidylcholines, PCs) and glycosaminoglycans (GAGs). HA has been extensively
studied and has been seen to act as a potential boundary lubricant when chemically grafted to

a surface (6, 17-19) or mechanically trapped (physically attached) (9) to the cartilage surface,
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although it shows high friction coefficients (« = 0.15-0.52) (6, 17). In contrast, free HA
shows poor lubricating and wear protection properties.(6, 17-19) Tribological experiments
with Lub show that the strength of adsorption (binding strength) to a surface is a crucial
parameter that determines the wear protection ability of the glycoprotein (20) and that the
surface active component of Lub is responsible for the low friction coefficient between
surfaces (11). A multiple-particle-tracking micro-rheology technique showed that Lub cross-
links HA and forms an elastic gel-like complex which helps in strain energy dissipation in
the synovial fluid (21). This HA-Lub gel was proposed to play an important role in the
protection of the cartilage surface against wear (21), however no experimental evidence or
quantitative data on the friction behavior between the cartilage surfaces due to the gel
formation was provided. However, Lub alone is a critical chondro-protective lubricant (22).
Its absence in a mouse model leads to rapid cartilage deterioration and the synovial fluid
from humans who genetically lack Lub display a higher concentration of HA (23). Lub in
conjunction with HA mediates the interactions at cartilage surfaces and maintains them in a
sterically repulsive state (24). Lub also alters the rheological properties of HA by forming a
HA-Lub gel which showed a shear thinning behavior (21). Similar strong interaction of Lub
with HA has been observed in our SFA experiments. The thin HA-Lub gel complex formed
between our model surfaces (mica) showed an increase in the shear viscosity by two orders
of magnitude with load.

This work deals with the study of the frictional and wear behavior of model surfaces
(e.g., biopolymer coated/ uncoated mica). The boundary lubrication of the surfaces has been
studied, and the role of Lub (protein) and HA (polyelectrolyte) during the initiation and

spreading (progression, development) of wear has been explored in these experiments. HA,
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the viscous component of the human synovial fluid can be both physisorbed or chemisorbed,
and either cross-linked or un-cross-linked on the mica surfaces, leading to (at least) four
different combinations or scenarios in which the molecules can be organized. Each of the
combinations can be useful in terms of reducing the friction forces and providing wear
resistance or both. Here, we have discussed the important role played by chemically grafted
HA along with Lub in not only providing wear protection, but also help reduce friction
between the mica surfaces. Conversely, if HA is physisorbed, Lub plays no role in protecting
the surfaces from abrasive wear (damage). There is no correlation between the onset of wear
and the friction coefficient if the HA-Lub mixture is physisorbed to the surface, in which
case the damage occurs at low loads (F,< 1 mN). However, for chemically grafted HA,
increasing the Lub concentration increases the wear protection and also decreases the

coefficient of friction.

7.3 Materials and Methods
7.3.1 Preparation of Hyaluronic acid and Lubricin solutions

Hyaluronic acid (HA) with an average molecular weight of 1.6 MDa (Sigma-Aldrich)
was used directly without any further purification. A 3 g/L solution of HA was prepared by
diluting the polymer in phosphate buffered saline (PBS from Sigma-Aldrich, 120 mM NacCl,
10 mM phosphate salt, 2.7 mM KCI, pH 7.4). The solution was stirred for ~3 h in a warm
water bath at 50°C to completely dissolve HA in the PBS buffer. Lubricin (Lub) protein
obtained from human synovial fluid as described in reference (25) was diluted in PBS buffer
to prepare solutions with concentration of 1, 10 and 100 mg/L. The HA-Lub mixture was

prepared by diluting 100 mg/L Lub solution in the 3 g/L HA solution to obtain a
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concentration of 10 mg/L of Lub in the final mixture. All the glassware used in the
preparation of the solutions was cleaned in ethanol followed by rinsing in Milli-Q® water.

The PBS buffer solution was prepared in Milli-Q water as well.

7.3.2 HA grafting

The protocol followed for preparing the grafted layer of HA on the mica surfaces is
different from that used in previous work (6) and was as follows: Atomically flat mica sheets
(2-5 pum in thicknesses) were glued on two cylindrical glass surfaces, each with a radius of
curvature R = 2 cm. The glued mica surfaces were then activated by water-argon plasma for
10 mins at 40 Watts. (3-Aminopropyl) triethoxysilane (APTES, Sigma-Aldrich) was then
vapor deposited on the plasma activated mica surfaces in a sealed vial for ~12 h at 40°C
(under vacuum). The resulting APTES-grafted mica surfaces were washed with PBS in order
to remove any non-grafted APTES. The thickness of the APTES layer was measured to be ~
1 nm on each surface in the SFA, which suggests that, a macroscopically uniform
molecularly thick layer of APTES was deposited (see supporting Fig. S7.1). The
functionalized mica surfaces thus obtained were soaked in the HA solution (3 g/L HA in
PBS) for ~ 20 h to obtain the chemically grafted HA layers (see supporting Fig. S7.2). The
surfaces were then rinsed thoroughly with PBS buffer to remove any physisorbed HA from
the chemically grafted HA layer. In another experiment, force measurements were performed
without rinsing the surfaces with PBS (see Fig. 7.2b). For the friction experiments, the HA
grafted mica surfaces were not rinsed with PBS in order to mimic the synovial fluid and have

free HA in the fluid reservoir between the two mica surfaces.
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Figure 7.1 High resolution XPS N 1s spectra with Gaussian fits to the peaks upon (a)
APTES grafting on the mica surface, (b) HA grafted to APTES on the mica surface without
using EDC chemistry, and (c) HA grafted to APTES on the mica surface using EDC

chemistry. The survey scans for these surfaces are shown in the supporting Fig. S7.3.

The chemical grafting of HA to the APTES layer on the mica surface was
characterized by XPS. XPS measurements were collected from an Axis Ultra XPS (Kratos
Analytical, UK) spectrometer. A wide spectrum scan (Binding energy, E = 0 - 600 eV) was
obtained with a pass energy of 80 eV (Fig. S7.3). The binding energies were corrected to 285
eV for the C 1s peak. High resolution elemental analysis of the N 1s peak was obtained at 20
eV pass energy with a step size of 0.1 eV and averaged over 10 scans (Fig. 7.1). The
electrons were captured at an angle of 70° to make surface sensitive measurements (mica
polymer interface). The experimental data was fitted to a Gaussian function. XPS was
performed on (1) mica surface grafted with APTES, (2) HA grafted to APTES on the mica

surface without using 1-ethyl-(3, 3-dimethylaminopropyl) carbodiiminde hydrochloride
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(EDC) chemistry, and (3) HA grafted to APTES on the mica surface using EDC chemistry
(26-28) (see supporting Fig. S7.3 and Fig. 7.1). All the above mica surfaces were grafted

with APTES under the same condition.

7.3.3 The Surface Forces Apparatus (SFA)

The Surface Forces Apparatus (SFA) was used to measure the normal and frictional
forces between two mica surfaces in a cross-cylindrical geometry as a function of the
separation distance, D, between them (29-32). The mica-mica surface separation distance
was measured by multiple beam interferometry (MBI) (33) with angstrom level distance
resolution. Two freshly cleaved back-silvered mica surfaces were glued on half cylindrical
glass discs (R = 2) cm with thermoset epoxy resin (Epon 1004F). Before grafting the mica
surfaces with HA, mica-mica contact was measured by the SFA in dry air in order to get the
reference distance, D = 0. The radius of curvature of the contact point was measured from the
shape of the fringes obtained by MBI (34). The normal forces were calculated from the
deflection of a horizontal double cantilever spring to which the lower surface was attached.
The lower cylindrical mica surface can be approached or separated from the upper mica
surface by a motor driven spring gear mechanism. When the two surfaces are not interacting,
i.e., they are separated by large distances, the change in the separation between them is equal
to the distance through which the motor moves the lower surface towards or away from the
upper surface. However, once the surfaces are close enough to start interacting with each
other, the measured separation distance deviates from the expected separation calibrated
when there is no force between the surfaces. This deviation is due to the deflection of the

double cantilever spring and is directly proportional to the force acting normally between the
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two opposing surfaces. The friction force is calculated from the lateral deflection of a vertical
double cantilever spring connected to the upper surface, which is measured using foil strain
gauges (35). The lower surface can be sheared against the upper surface with a piezoelectric
bimorph device (35) with a shearing amplitude of 10-200 um. The shearing speed can be
modulated by changing the voltage input frequency to the piezoelectric crystal of the
bimorph device. In our experiments, a triangular wave input with a peak to peak voltage of
30V was applied with a frequency of 0.01 and 0.1Hz to obtain constant sliding speeds of v ~
3 and 30 pm/s respectively between the mica surfaces. Wear of the surfaces was visualized
from the shapes of the Fringes of Equal Chromatic Order (FECO) (see supporting Fig. S7.4).
Thus, the normal loads (F,), friction force (F;), and the film thickness (D) of the HA-Lub
mixture were measured simultaneously during the friction experiments. The normal force of
interaction between the surfaces, F;, were measured at an approach and separation speeds of

1-2 nm/s.

7.4 Results and Discussion
7.4.1 Chemical grafting of HA to the mica surface

XPS and SFA techniques were employed to confirm the chemical grafting of HA to
the mica surfaces. XPS wide spectrum scans (Binding energy, E = 0 - 600 eV) of the surfaces
are shown in Fig. S7.3. High resolution N 1s spectral scan of grafted APTES on mica showed
a strong peak at 399.2 eV which corresponds to the nitrogen from the free amine, whereas the
shoulder peak at 401.0 eV is due to the protonated and the hydrogen bonded amines (36).
Reaction of HA with APTES decreased the total N 1s peak intensity (Fig. 7.1b and c). The

significant decrease in the low energy fitted N 1s peak at 399.2 eV shows that the free amine
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of APTES reacted with the carboxylic group of HA (36) (Fig. 7.1a) in both the cases, i.e.
with and without using EDC chemistry. EDC is commonly used to activate the carboxylic
acid group (-COOH) of HA for functionalization with amines (26-28). The XPS survey
shows that given enough time (~ 20 h) for the reaction, the —.COOH of HA forms an amide
linkage with the free amine of APTES even without the activation of the -COOH group with
EDC. There is an increase in both the intensity and the area of the high energy fitted N 1s
peak (Fig. 7.1) at 401.3 eV due to the increase in the number of amide groups from the

reaction.

7.4.2 SFA experiments

The adsorption of HA onto the APTES grafted mica surfaces was monitored with the
incubation time in the HA solution by measuring the “hard wall” thickness of the HA layer in
the SFA (see supporting Fig. S7.2) at a layer of thickness 24 £ 2 nm (at pressure, P ~ 1 MPa)
after incubating the APTES grafted mica in 3 g/L HA in PBS. The hard wall measurements
were made after the surfaces were rinsed thoroughly in PBS. The refractive index of the
chemically grafted HA layer was measured (37) to be 1.4 (~ 53 % hydrated). Thus, we

confirmed the formation of a stable grafted layer of HA on the mica surfaces.

7.4.3 Normal forces measured in the SFA

The normal forces F; normalized by the surface radius of curvature R were measured
for grafted (chemisorbed) HA and physisorbed (not chemically grafted) HA-Lub mixture
with and without free HA/Lub in the solution between the surfaces. Table 7.1 shows the

different surface and solution conditions and the figures that they refer to.
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Figure 7.2 (a) Normal force F, normalized by the surface radius of curvature R between HA
molecules chemically attached (grafted) on mica as a function of the mica-mica separation
distance, D. The black circles represent the forces measured with (Cya =3 mg/L) and without
(Cua = 0) free HA molecules in the PBS buffer (pH = 7.4) between the surfaces. The forces
measured between grafted HA molecules with no free HA (Cha = 0) molecules present in the
PBS buffer showed a shorter “hard wall” thickness. Forces measured on approach are shown
by solid circles and on separation by open circles. (b) The same forces shown on a semi-log

plot.

7.4.3.1 Interactions between chemically grafted HA molecules with (Cha= 3 g/L) and
without (Cya= 0) free HA between the surfaces (Fig. 7.2)

The interaction forces between the grafted HA molecules were purely repulsive (Fig.
7.2). Electrostatic forces are expected to play a minor role in the total interaction due to the
high ionic strength of the buffer solution and hence small Debye length ~ 1 nm. The
hysteresis between the approach and separation force curves is expected due to the high
molecular weight of the polymers and is typically observed in polymer mediated interactions

(Fig. 7.2a), especially with high molecular weight polymers.
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In the absence of free HA in the solution, the two surfaces adhered with an energy of
W = 2.4 mJ/m? due to the van der Waals force between the entangled polymer chains on the
opposing surfaces (Fig. 7.2a). Such adhesion between the surfaces was not observed when
the chemically grafted HA is cross-linked (6). The measured forces were exponential on
approach of the two surfaces, with no HA in the solution (Cya = 0), with a decay length of Dy
= 3.5 nm which suggests that the chemically grafted layer of HA is in the collapsed state. The
onset of repulsion occurred at a separation distance of about 50 nm (Fig. 7.2b) as a result of
the steric repulsion between the tails of the polysaccharide dangling out of the chemically
grafted HA chains.

There was no adhesion between the chemically grafted HA layers in the presence of
free HA in the solution (Cya = 3 g/L) due to the steric repulsion between the weakly
adsorbed free HA on the chemically grafted HA layers. The free HA molecules did not give
rise to adhesive bridges between the two grafted HA surfaces even at high compressions, but
induced an exponential steric repulsion with a decay length of 22 nm. The presence of
trapped HA between the surfaces was also observed from the increase in the hard wall
thickness to 40 nm in the force distance curve in Fig. 7.2 as compared to the hard wall

thickness of 24 nm when no free HA was present between the surfaces.
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Figure 7.3 (a) Measurement of the normal forces F,normalized by the surface radius of

curvature R between two grafted HA layers on mica surface with physisorbed lubricin only
on the lower grafted HA layer as a function of the mica-mica separation distance, D. Forces
measured on approach are shown by solid circles and on separation by open circles.
Incorporation of lubricin causes shrinkage and eventual increase in the thickness of the final
hard wall. The reservoir is pure PBS buffer (pH = 7.4) with no free HA (Cpa = 0). (b) Same
experiment as in Fig. 7.2 (a) showing the forces on separation with adhesion between the
surfaces when the lower surface was incubated in 1 mg/L lubricin. No adhesion was
observed when the lower surface was incubated in 10mg/L and 100 mg/L lubricin in PBS

buffer.
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7.4.3.2 Grafted HA on mica without free HA (Cya= 0) and Lub (Cpy, = 0) between the
surfaces with Lub physisorbed only to the lower grafted HA surface (Fig. 7.3)

The normal interaction forces between two grafted (chemisorbed) layers of HA with
physisorbed Lub on only one surface were always repulsive on approach due to steric effects
(Fig. 7.3a). However, adhesion was measured on separation of the surfaces at low Lub
(incubation in C;, < 10 mg/L outside the SFA) on one of the surfaces only and disappeared
when the concentration of Lub was increased (Fig. 7.3b). The measured hard wall thickness
decreased from ~ 25 to ~ 15 nm on incubating the chemisorbed HA layer with 1- 10 mg/L
Lub in PBS, and swelled to ~ 35 nm after incubation in 100 mg/L Lub (Fig. 7.3a). The
measured forces were found to be repeatable at each contact point demonstrating that the Lub
bound to one of the HA surfaces is very stable and no transfer of Lub molecules takes place
from the lower HA surface to the opposing chemisorbed HA surface.

Lubricin has a net negative charge at pH 7.4 (Zeta potential, { = -15.6£2.7 mV). The
central domain of Lub is negatively charged and most of the positive charge and hydrophobic
residues are carried by the two end domains of the protein. Therefore, it interacts strongly
with the negatively charged chemically bound HA chains with the end domains forming a
HA-Lub complex. The initial collapse of the HA layer at low Cyy, (Fig. 7.3c) is due to the
electrostatic and hydrophobic forces resulting in bridging of the HA by Lub. As the
concentration of the adsorbed Lub is increased, it cannot bridge anymore due to the
saturation of the binding sites on the chemisorbed HA layer. Hence there is a buildup of Lub
on the surface which is evident from the increase in the hard wall thickness (Fig. 7.3). The
accumulation of Lub on the lower chemisorbed HA surface causes conformational changes

of the molecules in that layer, and this is reflected by the increased decay length (Fig. 7.3a)
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of the interaction forces with increasing the Lub concentration on that surface. The central
negatively charged domain of Lub protrudes out of the HA-Lub complex inducing steric and
electrostatic repulsion with the opposing negatively charged chemisorbed HA surface.
Hence, there is a decrease in the adhesion energy between the two chemisorbed HA layers
with physisorbed Lub to only one of them (asymmetric HA-Lub surfaces) for incubation of
that surface in 1 mg/L Lub. At higher incubation concentration (~ 10 mg/L), the adhesion is
completely eliminated and by incubation in 100 mg/L Lub, the increased adsorption also

pushes out the steric hard wall thickness (Fig. 7.3).

7.4.3.3 Grafted HA on mica with free HA (Cya = 1.5-0.36 ¢g/L) and Lub (Cy, = 0.5-55.5
mg/L) between the surfaces and Lub physisorbed to both grafted HA surfaces (Fig. 7.4)

The normal forces of interaction measured between symmetric chemisorbed HA
layers with physisorbed Lub and HA on both layers were purely repulsive during approach
and separation (Fig. 7.4a). These forces were similar to the interactions measured with
chemically bound HA with free HA between the surfaces. Introduction of Lub caused the
hard wall thickness to decrease from 40 nm (measured with no Lub on or between the
surfaces) to 32 nm followed by increase to ~45 nm on increasing the concentration of Lub,
Cyrub In the reservoir. Initial collapse of the HA layer followed by increase in the hard wall

thickness is similar to the asymmetric HA-Lub surfaces described above.
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Figure 7.4 Measurement of the normal forces F,and change in the thickness of the final
hardwall induced by various concentrations of the lubricin, Cry, injected in the PBS reservoir
between the surfaces with free HA molecules (Cpya = 0.5-1.5 g¢/L) in the solution. Forces
measured on approach are shown by solid circles and on separation by open circles. In this

system, lubricin or HA was not rinsed off with PBS buffer as in the system in Fig. 7.2.

7.4.3.4 Physisorbed HA and Lub on mica with free HA (Cna = 2.5-3 g/L) and lubricin
(CLub=10-250 mg/L) between the surfaces (Fig. 7.5)

The force measured between the mica surfaces with physisorbed HA-Lub complex
extended to a distance of 50-60 nm with a decay length of 20 nm (Fig. 7.5). Lub penetrates
the free HA molecules with its positively charged and hydrophobic end domains, and
increases the net negative charge on its surface which prevents the further adsorption of the
free HA-Lub complex to the negatively charged mica surface (at pH 7.4); hence the free HA-
Lub complex is expelled out of the gap when the two facing surfaces are brought into contact
(D =0). This is unlike the pure physisorbed HA molecules (no Lub in the system) which tend
to form an adsorbed layer and are not expelled from between the mica surfaces under similar

compression conditions (6). The short exponential decay length of ~1 nm at a mica-mica
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surface separation distance, D <5 nm is consistent with the Debye length for the PBS buffer
(salt concentration of ~ 120 mM) suggesting a DLVO interaction between the surfaces at

small separations.
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Figure 7.5 Normal force F, normalized by R between physisorbed (not grafted) HA-Lub
(Cua =3 g/L, CLu = 10 mg/L) mixture on mica as a function of the mica-mica separation

distance, D.

7.4.4  Shear forces measured in the SFA
The friction force, Fj were measured as a function of the normal load, F,for the
chemically grafted HA as well as for the physisorbed HA-Lub mixture on the mica surfaces

with free HA and Lub between the surfaces.
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Figure 7.6 Friction forces F;, measured as a function of the normal force (load) F, between

two chemically grafted HA on mica surfaces in PBS buffer with free HA (Cya = 0.5-1.5 g/L)

and lubricin in the solution at various concentrations. The surfaces were sheared at a sliding

velocity of v = 3 pm/s. The starred points (*) indicate friction measurements after the

surfaces became damaged. The inset shows the friction forces at the low load regime

(F. < 1mN).

7.4.4.1 Grafted HA on mica with free HA (Cya=1.5-0.36 g/L) and Lub (C,,, = 0.5-55.5
mg/L) physisorbed to both the grafted HA surfaces (Fig. 7.6 and 7.7)

HA chemically grafted to the mica surfaces with physisorbed Lub and HA showed
excellent lubrication (low friction) and wear protection properties (Fig. 7.6). The measured
friction force and wear inception on the surfaces were functions of the lubricin concentration,
CrLub, in the bulk. At low concentration of Lub (C_, < 0.5 mg/L), the surfaces showed higher
coefficient of friction of x ~ 0.4 and surface damage occurred at low loads (F, < 0.5 mN, P <
1MPa) (Fig. 7.6). The mica surfaces underwent damage at an applied pressure of about 40
atm (for Cpy, = 55.5 mg/L) which is about twice the pressure the surface could withstand
before the onset of damage in the absence of Lub for chemically grafted HA on mica (6).
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Increasing Cpy, caused reduction of x4 and increased the threshold load (or pressure) for
damage (F, = 1.5-2.5 mN) the surfaces could be sheared at before the inception of damage.
Fy vs F, showedroughly a linear relationship before and after damage, with higher p after
damage occurred. Before damage occurred, increasing the concentration of Lub decreased

the friction coefficients from p ~ 0.37 for Cyp, = 0.5 mg/L to p ~ 0.09 for Cy, = 55.5 mg/L.
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Figure 7.7 (a), (b), (c) Film thickness D measured on shearing the surfaces at a sliding

velocity of v = 3 pum/s. The solid circles give the time when shearing was stopped and the
load was increased. Shearing was resumed after a loading process was completed. Each of
the points on this figure corresponds to the respective film thicknesses at the corresponding
normal loads in Fig. 7.6. (d) The measured shear viscosity of the solution between the
surfaces at different normal loads for various lubricin concentrations at v = 3um/s. The

starred points (*) indicate friction measurements after the surfaces became damaged.
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The HA-Lub gel formed a film of thickness of 50-100 nm after the first few shearing
cycles and the thickness of this gel did not change with time or on increasing the load (Fig.

7.7a, b and c). The shear viscosity # of this film is given by (35)

5F
167Rv Iog(zlf)

- (7.1)

20 T T T T T
Sliding speed, v=100 um/s
_ Ca=259/L e
E1 5 C,=250 mg/L .
g .
S0t 0.20
L ve O
S 1=0.80 4%
20.5
w -
u=0.10, 0.00
0.0 AdA A

02 04 06 08 10 12
L

Figure 7.8 (a) Friction forces Fymeasured as a function of the normal force (load) F,with
physisorbed (not grafted) HA-Lub (Cya = 3 g/L, CLu = 10 mg/L) mixture between the mica
surfaces. The surfaces were sheared with a sliding velocity of v = 3 um/s (blue circles) and
30 um/s (green circles). The starred points (*) indicate friction measurements after the
surfaces became damaged. (b) Friction forces measured with physisorbed (not grafted) HA-
Lub (Cua= 2.5 g/L, Cryp= 250 mg/L) mixture between the mica surfaces at a sliding velocity
of v =100 pum/s. Points with same color indicate different contact points on the same surface
whereas different colors denote different surfaces. The starred points (*) indicate friction

measurements after the surfaces became damaged.
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For film thicknesses of less than 100 nm, the shear rate is on the order of 10* s™. This
causes jamming (38) of the HA-Lub gel confined between the mica surfaces. At such high
shear rates and small confinements, the value of # rise by four orders of magnitude over the
bulk value of # ~ 0.01 Pa.s (Fig. 7.7d) (21). The HA-Lub gel undergoes a gradual transition
from a liquid- to solid-like behavior between F; ~ 1-6 mN. Such high viscosities have been
previously observed in confined polymer melts (35, 39), brush layers (40), and organic
liquids (41, 42) at similar shear rates and film thicknesses. The magnitude of # was similar
for different Cyp in the bulk reservoir suggesting that the composition of the jammed HA-
Lub gel between the surfaces is weakly dependent on the Cy, once the surfaces are sheared

for several cycles against each other.

7.4.4.2 Physisorbed HA and Lub on mica with free HA (Cna= 2.5-3 g/L) and lubricin
(CLub=10-250 mg/L) between the surfaces (Fig. 7.8 and 7.9)

HA-Lub mixture physisorbed on to the mica surfaces showed poor wear protection
properties. The surfaces already underwent damage at low loads (F, < 1 mN, P~ 10atm)
independent of the lubricin concentration or the sliding velocities (Fig. 7.8). Wear occurred at
loads less than 1mN for the physisorbed HA-Lub mixture even when the coefficient of
friction was low (u ~ 0.1) (Fig. 7.8b). There was no correlation between g and Cpy, or Cua,
or the inception of damage to the mica surface. Shearing the surfaces caused gelation of the
physisorbed HA-Lub mixture after several sliding cycles, forming a film between the
surfaces of thickness ranging between 50-150 nm (Fig. 7.9a, b). This was similar to the
gelation of the HA-Lub complex on the mica surfaces with chemisorbed HA. The

physisorbed HA-Lub gel film showed shear thinning behavior since its viscosity decreased as
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the sliding velocity v was increased for similar film thicknesses (Fig. 7.9c). The HA-Lub
complex is free to slide on the mica surface (the slip plane is on the mica surface) unlike the
chemically grafted HA (slip plane is on the chemisorbed HA layer) and hence results in high
local shear stresses causing damage to the surfaces. It could also cause regions of high local

pressure on the surface due to the formation of nano bumps that can initiate a fracture on

shearing the surfaces.
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Figure 7.9 (a), (b) Film thickness D measured on shearing the surfaces at a sliding velocity
of v =3 pum/s (blue circles) and 30 um/s (green circles). The solid circles give the time when
the load was increased after a pause in the shearing. Shearing was resumed after a loading
process was completed. Each of the points on this figure corresponds to the respective film
thicknesses at the corresponding normal loads on Fig. 7.8. (¢) The measured shear viscosity

of the solution between the surfaces at different normal loads at v = 3 pum/s (blue circles) and
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30 um/s (green circles). For comparison, the red dotted lines indicate the shear viscosity of
the film when HA is chemically grafted to the mica surfaces. The starred points (*) indicate

friction measurements after the surfaces became damaged.

7.5  Conclusions

Our study shows that chemically grafted HA along with Lub not only provide
enhanced wear protection to surfaces, but also helps reduce the friction coefficient. Surface
immobilization of HA is necessary for Lub to work synergistically with HA and impart
efficient lubricating property to the surface. This is in agreement with the HA “trapping
model” recently proposed to explain the lubricating behavior of the polysaccharide in
cartilage (9). Increasing the concentration of Lub decreases the coefficient of friction
between the surfaces only when the HA is grafted (chemisorbed) to the mica surfaces. It also
increases the threshold load the surfaces can withstand before the inception of damage when
they are sheared against each other. Physisorbed HA-Lub complex is unable to provide wear
protection to mica surfaces similar to pure physisorbed HA on mica. The concentration of
Lub plays no role in reducing the friction for the physisorbed HA-Lub mixture and no
correlation was found between the friction coefficients and wear protection under
physisorption for this system. The possible synergistic action of lipids and GAGs in further
enhancing the lubrication properties of chemisorbed HA layers with higher and more

physiologic Lub concentrations need investigation.
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7.6  Appendix
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Figure S7.1 Normal force F; normalized by R between chemically grafted APTES on the
mica surfaces as a function of the mica-mica separation distance, D, with PBS buffer
between the surfaces. The force measurements show that a monolayer of APTES was

deposited on the mica surfaces.
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Figure S7.2 “Hard wall” measurements in the SFA to show the growth of the HA film on the
mica surface with time, t. The surfaces were rinsed thoroughly in PBS after incubating in HA
solution. The error bars indicate the variation in the film thickness of the APTES and HA

layer measured at different contact points on the same mica surface.
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the mica surface using EDC chemistry. The arrows indicate the N 1s peak region in the

survey scan which was resolved with high resolution XPS scan (Fig. 7.1).
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Figure S7.4 Top view images of the surfaces and evolution of the FECO fringe pattern
during shearing showing wear tracks in the sliding direction of width <100 um and height
~200 nm (calculated from the shape of the deformed fringes using the calculations in Ref.

(33).
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8. MUSSEL-INSPIRED COMPLEX COACERVATE
PROVIDE WEAR PROTECTION TO SURFACES

8.1  Abstract

Complex coacervation is an appealing mechanism for application of underwater
adhesives. Coacervates can deliver concentrated polyelectrolytes to surfaces without being
diluted or washed away by water and exhibit other qualities conducive to underwater
adhesion such as shear thinning, which may help the glue to be extruded; low interfacial
energy, which promotes spreading and low viscosity, for ease of application and cross-
linking. Mytilus californianus foot protein 1 (mcfp-1) is a natural coating protein found in the
cuticle of California mussel byssus threads. The mussel cuticle protects the protease-sensitive
collagenous core and is hard, yet extensible. Although it remains unclear whether mussels
use coacervation for byssal thread formation, we show that the native mussel protein, mcfp-1,
and a surrogate poly-anion, hyaluronic acid (HA), form a complex coacervate. We
determined the optimal conditions for coacervation using microscopy techniques, and
investigated the interfacial and rheological properties of the optimized, suboptimized and
recombinant protein coacervate with a modified surface forces apparatus (SFA). Our work
shows that mcfp-1/HA coacervates have a low coefficient of friction (« ~ 0.3) and excellent
wear protection (no damage for loads, F.< 300 mN). Recombinant mfpl (ro.mfpl)/HA

coacervate exhibits a comparable coefficient of friction (« ~ 0.3) but shows smaller wear
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protection performance (damage at F. > 60 mN). The difference likely resides in the post-
translational modifications and size of the natural protein. We also show that the 3, 4-
dihydroxyphenylalanine (Dopa) residues in ro,mfpl plays an important role in conferring
wear protection to surfaces during shearing and absence of Dopa in the protein results in

surface damage at F, > 10 mN.

8.2  Introduction

California mussels (Mytilus californianus) live a sedentary life “in the fast lane” - on
wind and wave-swept shores where wave velocities reach 20-50 m/s (1). A fibrous holdfast
known as the byssus (plaque and the thread) mediates the sessile attachment (Fig. 8.1) and
resists dislodgement by wave-associated lift and drag forces. Adaptations at multiple length
scales have been shown to enhance holdfast tenacity against dislodgement primarily by
dissipating energy. These include, but are not limited to, the radial distribution of thread
attachment (2, 3), the spatulate morphology of plaques (4), the stiff to compliant gradient in
each thread (5), and the reversible yield of threads in tension (6).

Although mussel tenacity is often assumed to result from adhesion forces, frictional
forces are arguably more important than adhesion to holdfast performance in drag and lift
and has been previously examined for ‘dry’ adhesive systems, e.g., gecko foot attachment to
surfaces (7, 8). Indeed, frictional forces are highly context dependent that can promote or
subvert tenacity. On the helpful side, a single attached thread and plaque pulled at low angles
to the surface (e.g. drag) resists detachment largely by frictional forces, whereas pulled
normal to the surface (e.g. lift), a peeling mechanism triggers and causes easy detachment of

the plaque from the surface (9, 10). The mussel byssal system is much more than a 'strong
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glue'. Hierarchical structures impart toughness and durability and structural interfaces of
consideration. Another structure showcasing frictional forces and appropriate to the present
study is the byssal cuticle, which is a 10-15 pum-thick coating present on the exterior surface
of all threads. The cuticle is a bio-composite with hard spherical granules (diameter ~200 nm
in M. californianus to ~800 nm in M. edulis and M. galloprovincialis) dispersed in a
continuous compliant matrix (Fig. 8.1) (11). The cuticle is stiff (E; 2 GPa) but surprisingly
extensible (75 % in M. edulis and 120% in M. californianus) making it one of the most
energy tolerant materials known. Three deleterious modes of friction in the cuticle are 1)
abrasion by suspended sand along the exterior surface, 2) deformation of matrix next to
granules within the coating, and 3) deformation of cuticle along the interface with the softer

collagenous core (E; 0.4 GPa) (Fig. 8.1) (12).

M. galloprovincialis
thread SEM image

Cuticle

matrix b § (g
Thread ey |
interior, T'"" Site 3
collagenous {.‘fr A _Thread

PRI RO
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Figure 8.1 Schematics of a mussel (left) with the byssus (thread and plaque) securing the
mussel shell to a mineral surface. Scanning electron microscope (SEM) image of a thread
(right) showing the probable failure sites due to frictional stresses at the respective interface.
Site 1: Sand-cuticle interface, Site 2: Granule-matrix interface, Site 3: thread interior
(collagenous core)-cuticle matrix interface. The SEM image of the thread has been adopted

from Ref. (12).
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From a molecular perspective, M. californianus cuticle contains two proteins: 1)
mussel foot protein-1 (mfp-1) is a highly modified, positively charged, intrinsically
unstructured protein with 72 decapeptide repeats of the consensus sequence
PKISYP**P*TY*K where P* is hydroxyproline, P** is dihydroxyproline and Y* is 3, 4-
dihydroxyphenylalanine (Dopa) (13, 14); 2) the other protein is an acidic, chymotrypsin-
labile and Ca-binding protein (15, 16) that may be related to the thread matrix protein-1
previously characterized (17). In the present study, we are assuming that cuticle formation by
the mussel involves deposition of mfp-1 coacervated with acidic matrix protein to become
the continuous matrix. The granules, in contrast, are formed by the condensation of mfp-1 by
extensive Dopa-Fe**-coordination (18). Upon secretion, the matrix coalesces and coats the
granules by coacervate driven phase separation of the charge neutralizing polyelectrolytes. In
our coacervates, we opted for a polyanion that is acidic, binds calcium and has a mass that is
well matched to mfp-1, namely hyaluronic acid (HA) (19, 20).

Despite the reversible deformation of cuticle in tension, the adaptive mechanisms that
mitigate damage are unknown for this structure. To address the latter, we studied the effect of
mfp-1, particularly in coacervated form, on friction between two mica surfaces in the surface
forces apparatus (SFA). M. californianus mfp-1, optimally coacervated with hyaluronate,
exhibited a friction coefficient of 0.3 and prevented surface damage to mica even at high
compressive forces similar to the wear protection conferred by synovial fluid to mica (21).
Unexpectedly, coacervated mfp-1 robustly mitigated surface damage to mica during shearing
that is independent of the frictional coefficient and far surpasses the performance of
coacervated recombinant analogs as well as un-coacervated mfps and hyaluronic acid (HA).

Previous studies have shown coacervates to have considerable potential as vehicles for
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fabricating new load-bearing materials (22, 23). Our results argue that, at least in optimized
mcfp-1/HA coacervates, coacervates per se make significant and unappreciated contributions
to damage mitigation to underlying surfaces during load bearing and suggest that achieving
damage mitigation relies on careful coordination of interfacial energy, surface adhesion and

coacervation.

8.3  Materials and Methods
8.3.1 Turbidimetric measurements of complex coacervates

Turbidimetric measurements were made to quantify coacervate yields under different
solution conditions (Fig. 8.2a, b). Each solution was prepared by dissolving the
polyelectrolyte (0.3 mg/ml) in sodium acetate buffer (10 mM and pH 3.7 or 4.7 either 10 or
60 mM NaCl). Optimal coacervation has been shown to occur with polymers of matching
molecular weights (24). Therefore, ro,mfp-1, 14 KDa was paired with a 35 KDa version of
HA whereas the native protein (mfp-1, 92 KDa) was matched with a 76 KDa HA (Lifecore
Biomedical, Chaska, MN). The optimal mixing ratio was determined by addition of HA (0.3
mg/ml) into the protein solution (0.3 mg/ml) at varying molar ratios. lonic strength
dependence was investigated at 1:1 weight ratio of fp-1 to HA in 10mM sodium
acetate/acetic acid buffer (pH 3.7) and adjusting the NaCl concentration. Charges on mfp-1
and HA at known pH were calculated from Lys pK,;= 10.5 and HA-COOH pK,= 2.9 (25).
Optical microscopy was used to confirm the coacervate phase in the solution (Fig. 8.2c). HA
and mfp-1 were mixed just prior to injection (<1min) between a glass slide and coverslip

separated by double-sided tape and coacervate formation was monitored with a Zeiss
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Axioplan microscopicope equipped with an optronics macrofile CCD camera. Images were

taken at 100X magnification 10 min post injection.
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Figure 8.2 Turbidimetric optimization of the coacervation conditions. Coacervation
optimization of mcfp-1 or roo,mfp-1 and HA was done with respect to (a) ionic strength and
(b) mixing ratio (c) mcfp-1/HA coacervates in the turbidity measuring cell. Bright field
images of mcfp-1/HA coacervates in solution with varying mixing ratios (cl) 3:7 (c2) 1:1

(c3) 7:3 mcfp-1/HA.
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8.3.2 Measuring normal and lateral interactions

The surface forces apparatus (SFA, SurForce LLC, Santa Barbara) was used to
measure the normal and lateral forces between two mica surfaces in a cross-cylindrical
geometry as a function of the separation distance, D, between them and has been described in
section 2.2 of this dissertation. 50-100 pL of coacervate (0.3 mg/mL) was pipetted onto one
mica surface. As coacervate micro-droplets coalesced, the condensed coacervate settled onto
the mica surface due to its higher density. The settlement effectively separates the dilute
water phase from the denser coacervate. The normal forces were calculated from the
deflection of a horizontal double cantilever spring to which the lower surface was attached.
Lateral (or shear) movement of the bottom surface was accomplished with a bimorph slider,
and the friction forces were measured using a friction device (See sec. 2.2). All experiments

were performed at room temperature (23 °C).

8.4  Results
8.4.1 Coacervation between the poly-anion and poly-cation

Recombinant (rmefp-1/HA) and native (mcfp-1/HA) coacervate systems were
optimized with regard to ionic strength, mixing ratio and pH using turbidimetric technique
(Fig. 8.2). The recombinant protein was tested for coacervation with and without the
enzymatic modification of tyrosine to Dopa to investigate the role of Dopa in the friction
experiments that will be discussed later in this chapter. Both, native and recombinant
coacervate systems showed optimal coacervation at a 1:1 (w/w) mixing ratio which
corresponds to 0.71:1 cation: anion charge ratio. The native protein coacervated with HA

over a wide range of ionic strength showing plateau in the measured turbidity from 40-140
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mM NaCl (Fig. 8.2a). Since the rmefp-1 and HA displayed a decrease in turbidity on
increasing the ionic strength of the solution from 10 mM to 60 mM NaCl, the optimal salt
concentration was determined to be 10 mM (which is the salt concentration of the buffer

solution).

8.4.2 Interfacial energy (yerr) of mcfp-1 and roomfp-1 based coacervates

The normal forces (F.) normalized by the surface radius of curvature (R) were
measured between mica surfaces physisorbed with mfp-1/HA coacervates to determine the
interfacial energy and nature of physical interactions between the coacervate coated surfaces.
Long ranged electrostatic forces are expected to play a minor role in the interaction between
the surfaces due to the high ionic strength of the buffer solution (small Debye length < 1 nm).
However, short ranged specific coulombic interactions between the poly-anions and poly-
cations are persistent and responsible for the stability of the coacervate phase even under
high ionic concentrations (I = 50-150 mM, the dispersion is turbid under these conditions,
see Fig. 8.2).

The interfacial energy (yerr) was calculated from the force required to separate two
coacervate coated surfaces (Fig. 8.3) and is given by ye=Fag/3nR (10), where Fyq is the
maximum value of the force required to separate the two surfaces (minima of the potential
well of the F/R vs. D plot). The optimized (1:1 protein: HA) recombinant coacervate with
Dopa showed higher yer (foomfp-1-Dopa/HA, et =1.1 + 0.2 mJ/m?), compared to the
optimized mcfp-1/HA (yers= 0.4 £ 0.1 mJ/m?) or ro.mfp-1/HA coacervate without Dopa (et
= 0.5 + 0.2 mJ/m?) (Fig. 8.3a). However, the suboptimized mcfp-1/HA coacervate (3:7 or
7:3, mcfp-1:HA) showed yet = 1.6 £ 0.2 mJ/m?, which is significantly higher than that

measured for any of the optimized coacervates (Fig. 8.3b). Ro.mfp-1/HA coacervate showed

179



polymer mediated bridging interactions (26) between the surfaces only when Dopa residues
were present in the protein (Fig. 8.3a). The native protein (mcfp-1)/HA coacervate always
showed a dissipative-bridging adhesion between the surfaces regardless of the optimization

conditions (Fig. 8.3b).
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Figure 8.3 Representative normal force F. normalized by the surface radius of curvature R
as a function of the mica-mica distance, D with physisorbed fp-1/HA coacervate on mica (a)
Comparison between optimized mcfp-1/HA (green circles) and ro,mfpl/HA coacervates with
(orange circles) and without (black circles) Dopa residues (b) Comparison between
optimized (green circles) and suboptimized (mcfp-1/HA = 7:3 (blue circles) and 3:7 (red

circles)) mcfp-1/HA coacervates.

8.4.3 Tribology of mcfp-1 and ro,mfp-1 based coacervates

Lateral (friction) force (Fy) increased linearly with increasing normal force (F,) for all
three coacervates (mcfp-1/HA, ro.mfp-1/HA and ro,mfp-1-Dopa/HA) during shearing at v =

100 pm/s and exhibited similar frictional coefficients (« ~ 0.3) (Fig. 8.4, inset). Despite the
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observed damage in all but the mcfp-1/HA coacervates (see below), Fj vs. F followed the

same trajectory upon decreasing loads even following damage with x ~ 0.3.

% 2 Sliding speed, v'= 100 ui’s,
— B o A 1~ 03 o mhchn1/HA
300 | No damage L:; D o 1sUHA, A, ;
[ ™ O 15t u~13 o
o) r 'dg 10 - >
Y 250} & y
] =5 3¢ mfp-1
o | 2 no Dc?pa‘/HA *
£ 200 + WL %% 40 60 80
g Load, Ii (mN)
= 130r o
g
o 100} Vith Dopa-
-
T
501 [1:1] H
No Dopa
L ]
0 i ., W) 1

mcfp-1:HA (w/w) r,,mfp-1:HA (w/w)

Figure 8.4 Wear protection of mfp-1/HA coacervates as demonstrated by the maximum load
(Fp) the mica surfaces can withstand before shear induced damage. Inset: Friction force
(Fy) vs. the normal load (F,) traces for the optimized mfp-1/HA coacervates. Mfp-151/HA

coacervate friction trace showing p = 1.3 for comparison (19).

The ability of a coacervate coating to protect the mica surfaces from wear was
determined by the maximum load the surfaces could withstand before damage (Fp) during
shearing. Wear of the surfaces was visualized from the shapes of the Fringes of Equal
Chromatic Order (FECO) and the onset of wear is indicated by splitting of the FECO fringes
(Fig. S8.1). Coacervates of mcfp-1/HA protected mica from detectable damage- even to the
maximum applied load of 300 mN (Fig. 8.4), which corresponds to a pressure > 2MPa. In
contrast, coacervates of roomfp-1/HA succumbed to damage under loads of Fp = 11 + 3 mN,

which improved 5-fold to Fp = 57 + 18 mN using coacervates based on roo,mfp-1-Dopa/HA
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(Fig. 8.4). Mcfp-1/HA coacervates were also tested for shear induced wear protection
performance at suboptimized conditions (see Sec. 2.1, suboptimized poly-cation:poly-anion
mixing ratio = 7:3 and 3:7). Suboptimized coacervates displayed damage at Fp = 53 + 18 mN
and 73 = 53 mN for 7:3 mcfp-1/HA and 3:7 mcfp-1/HA mixing ratios, respectively. To
summarize, although the friction coefficients between coacervate coated mica surfaces is the

same, each coacervate shows different potentials in protecting mica from wear (Fig. 8.4).

8.5  Discussion

Frictional-adhesion (7, 27) plays a crucial role in the attachment of a mussel plaque to
rock surfaces in the high energy intertidal zones. Frictional stresses can increase the force
needed for detachment of the plaque from the surface by more than an order of magnitude
but could also result in abrasive damage to the material. Resistance to shear-induced abrasive
wear is essential for marine mussel attachment and the byssus has adapted a thin, hard
coating to resist frictional damage from sand particles suspended in the ocean. However,
having a hard cuticle to confer wear resistance raises concerns about other damage modes
associated with the modulus mismatch between thread's soft cuticle and hard core as well as
within the cuticle between the hard granule and soft matrix (Fig. 8.1).

To explore frictional damage mitigation and the potential contribution of complex
coacervates in mussel byssus, cuticle matrix mimics were made by coacervating mcfp-1,
isolated from M. californianus, as well as recombinant analogues (ro.mfp-1 and ro,mfp-1-
Dopa) with HA, a commercially available, anionic, Ca®*-binding glycosaminoglycan. Mfp-
1/HA matrix-inspired blends were designed to be injectable, deliverable in a concentrated

form underwater, and able to coat and protect surfaces. Coacervates of mcfp-1 and HA
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showed wear protection to surfaces under 10-fold higher loads than coacervated recombinant
analogues and 4-fold higher than suboptimized mcfp-1/HA coacervates (Fig. 8.4). This
exceptional damage mitigation is not likely to be adventitious and its possible contribution to
the mussel cuticle is discussed below.

Phase separation from bulk solution prevents material loss and allows for dense
protein delivery underwater. Complex coacervation is a mechanism of phase separation that
relies on charge-charge neutralization and therefore allows for concentrated delivery of
charged polyelectrolytes. Coacervation of mcfp-1 and HA occurred immediately upon
mixing and persisted over a 10-fold range of salt concentrations, at all polyelectrolyte mixing
ratios, and over the tested pH range of 3.3-4.5. To my knowledge, this is the first report on
the study of a complex coacervate using native mussel foot protein (mfp). The shorter and
smaller ro,mfp-1 constructs both with and without Dopa coacervated with HA, but was more
easily destabilized by salt than the mcfp-1 coacervate (Fig. 8.2). The greater salt tolerance of
the native protein-HA coacervate may be due to the difference in molecular weights between

the native and recombinant proteins (MWmep1 = 92 KDa vs. MW i1 = 14 KDa).

Complex coacervation is less entropically favorable at lower molecular weights (24, 28)
suggesting that the entire sequence is important for coacervation. However, both mcfp-1 and
ro.mfp-1 coacervate systems allow for concentrated material delivery underwater.

Coating granules, drugs, or perfumes depends critically on interfacial energy (yesr),
and adhesion energy (Waq). In the present context, y.s denotes the energy required to rupture
the coacervate and create new, solvent exposed surface. The low ye for a coacervate fluid
measured in our study (yer < 0.5mJ/m®) make mfp-1 containing coacervates ideal for

spreading and coating surfaces (29). The efficient spreading and coating of mfp-1 based
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coacervates (confirmed by smooth FECO in the SFA, See Fig. S8.1) on mica is reminiscent
of granule-matrix configuration in the cuticle.

Native byssal cuticle is well adapted for resisting a variety of modes of frictional wear
(as presented in Fig. 1). Indeed, native mcfp-1/HA coacervates mitigate frictional damage to
mica surfaces even at normal loads of 300 mN (P > 2 MPa) suggesting that the matrix may
plays a crucial role in shear induced damage mitigation in the cuticle. This was unexpected
for two reasons: 1) a comparatively high frictional coefficient p = 0.3 was observed for all
coacervates of mfp-1 and HA (synovial fluid, the joint lubricant, has p ~ 0.15 in the SFA
and provides shear induced wear protection to mica) (21), but also, 2) unlike mature cuticle,
these coacervates are still uncross-linked. These results show that a fluid can exhibit wear
protection to surfaces regardless of the friction coefficient. It should also be noted that cross-
linking of the mfp-1/HA coacervate by metal cation (e.g., Fe**) could improve the elastic
properties of the material and more closely mimic the cuticle matrix. However, in this work,
we demonstrate the wear protection performance of an uncross-linked coacervate.

The friction coefficient, y, is increasingly questioned as a valid measure of surface
damage. Several studies of lubricants with low [, have reported extensive damage to mica
(30-32). Indeed, that mfp-1/HA coacervates made from native and recombinant proteins all
have u = 0.3, yet vary >10-fold in damage mitigation, supports the notion that p is not
relevant to damage and has been reported previously (31, 33). Instead, damage mitigation by
lubricants seems to be related to how well they adhere to surfaces. Grafting of polymers to
surfaces has shown to be essential for improving wear protection during shearing (31).
Lubricants with engineered covalent or non-covalent affinity tethers significantly reduce

surface damage (34).
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Mfps adheres to mica through bidentate hydrogen bonding of the Dopa residue to the
siloxane interface and electrostatic interaction of the positively charged lysine with
negatively charged mica interface. In the absence of Dopa, ro,mfp-1 is unable to coat mica
effectively since the lysine moieties are recruited in forming coacervate with HA. Hence,
shearing the surfaces with non-Dopa-lated roomfp-1 causes the frictional stresses to act
directly on mica and damage the surface. The surface damage occurs at a low shearing loads
(FL < 10 mN) since mica is unable to endure shear stresses (35) and hence a good candidate
for measuring wear protection performance of the coacervates. Dopa containing ro.mfp-
1/HA coacervate redistributes with ro,mfp-1-Dopa bound to the surfaces and rq,mfp-1-
Dopa/HA coacervate sandwiched in between. This would result in the formation of a tough
mfp-1 protein coating or a molecular kevlar on the surface of mica and the frictional stresses
will be dissipated in the HA-layer bound to mfp-1 through specific coulombic interactions
(Fig. 8.5). Thus, Dopa containing ro,mfp-1 confers superior shear induced wear protection
(Fo <60 mN) to mica compared to the protein without Dopa (Fp < 10 mN). It should also be
noted that ro,mfp-1-Dopa coacervate shows a bridging interaction between the coating films
(Fig. 8.3) and results in the dissipation of shear stresses in the entangled polymer network
(Fig. 8.5) unlike ro o,mfp-1 (no Dopa)/HA coacervate that shows a sharp jump out instability.

The native mcfp-1/HA coacervate showed outstanding wear protection (no wear
recorded) to the surface and is due to the high Dopa content (~92 Dopa residues, hence

superior adhesion to mica) and comparatively bigger size (MWincfp-1 = 92KDa vs. MW, mep-1

= 14KDa) than its recombinant analogue. Hence, it is unreasonable to compare the properties
of the native mcfp-1/HA to ro,mfp-1-Dopa/HA coacervate. In this spirit, we compare the

sub-optimized native mcfp-1/HA coacervate, which showed significantly poorer wear
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protection to mica, with the optimized coacervate. This behavior can be explained based on
the adhesion contribution to the shear stress at the interface. The sub-optimized mcfp-1/HA
coacervate has excess mcfp-1 or HA depending on the mixing ratios. The protein (mcfp-1) or
the polysaccharide (HA) that is not involved in charge-charge neutralization (coacervate
formation) is now involved in entanglement (through van der Waals, electrostatic and
hydrophobic interactions) with the polymers on the opposing surface and results in a
significantly higher bridging-adhesion (or cohesion) between the surfaces. This is evident
from the high work of adhesion, Wag = 2 7 = 3.2 mJ/m? measured between the sub-
optimized coacervates (Fig. 8.3b). Hence, although the sub-optimized coacervates show
dissipative-bridging interactions, strong adhesion between the surfaces overwhelms and
causes the shear stresses to migrate to the mica surface resulting in damage during shearing.
The above results are also in agreement with a similar wear protection mechanism conferred
by synovial protein lubricin in synergy with HA (either grafted or physisorbed to mica) (31)
where adhesion contribution to friction between HA films is mitigated by lubricin. To
summarize, matrix-inspired blends are deliverable in a concentrated form underwater and are
able to spread, coat and protect surfaces from wear.

Cuticle matrix proteins are thought to undergo cross-linking by Ca** and Fe**
complexation (18, 36). As no such processing was included in our mfp-1/HA coacervates,
they were not expected to show compressive load-bearing properties. The excellent
mitigation of frictional damage by coacervates of mcfp-1/HA raises the interesting possibility
that maintaining coacervates in all or part of the cuticle matrix could be adaptively beneficial
to damage control as well as self-healing (fluids spontaneously self-heal). Our results reveal a

significant untapped potential for coacervates in applications that require both adhesion and

186



lubrication. Such applications include artificial joints, contact lenses, dental sealants, and hair

and skin conditioners.
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Figure 8.5 Schematics of the (a) roomfp-1-No Dopa/HA and (b) ro.mfp-1-Dopa/HA
coacervates between mica surfaces. Dopa anchors the coacervate to the surface (Yellow
shaded region) and shields it from shear stresses thus protecting the surface from shear
induced damage at high loads (Fp < 60 mN) unlike the recombinant protein-No Dopa/HA

coacervate (Fp < 10 mN).

8.6 Conclusions

Mussel cuticle matrix-inspired blends of mfp-1 and HA were shown to be deliverable

in a concentrated form underwater (as complex coacervates), spread and coat surfaces (yerr <
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1mJ/m?) and serve to dissipate energy while protecting surfaces from wear. Exceptional
damage mitigation of mcfp-1 containing coacervates against shear induced wear, even at
normal pressures of P > 2 MPa (F, upto 300 mN in this work), suggests that coacervates can
make significant and unappreciated contributions to damage mitigation during load bearing
in the mussel byssus. We propose that during compression, coacervated mfp-1 and HA
redistribute, mfp-1 binds preferentially to the surfaces due to the Dopa residues in the protein
and mfp-1/HA coacervate sandwiched in between. In this way, the slip-plane is shifted up
from the surface to the coacervate layer. In contrast, the coacervate layer, enriched as it is in
highly hydrated HA, behaves as incompressible 'molecular ball bearings'. The wear
protection in mcfp-1/HA coacervates suggests that retention of a fluidic component in the

cuticular matrix may substantially contribute to damage mitigation in the mussel byssus.

8.7  Appendix

Surfaces visualized through FECO
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Figure S8.1 The mica surfaces coated with coacervate as visualized through FECO and top
mount camera. The FECO view has ‘nm’ and ‘um’ resolution along the horizontal and

vertical direction respectively as shown in the figure (top left).
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9. ENGINEERING SOLUTIONS FOR
APPLICATIONS

In the previous chapters, we encountered many different biological and synthetic
systems mimicking nature and discussed the possible mechanisms that govern the interaction
between proteins, polymers and surfaces. The underwater adhesive mechanisms of mussel
foot proteins (mfps) excited numerous scientists in the last decade to overcome fundamental
challenges to engineer durable adhesion in a wet environment. Mfp-5 exhibited the highest
interaction energy (1) with highest catechol contents (up to ~30%) among the mfps and mfp-
3 has shown a capability of self-coacervation, a critical step for mussels to deliver mfps as a
fluid phase underwater (2). Although materials with self-mending and adhesive properties
have been engineered by means of mussel-inspired, metal-chelating catechol-functionalized
polymer network, biological adhesion in wet conditions, as occurs in self-assembled holdfast
proteins in mussels is due to factors beyond Dopa chemistry as shown in chapter 4.
Researchers have been successful in engineering bacteria to produce sticky proteins that
show superior performance over that used by the marine mussels (3). However, they are
limited by the quantity and the cost of the adhesive material that can be synthesized
commercially. The performance of these adhesives was also not gauged to test the bonding
strength between macro-scale (order of millimeter to centimeters) surfaces and demonstrate

the binding efficacy of the wet super glue. Until date, to my knowledge, no one reported or
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developed wet synthetic adhesive materials that can surpass the supreme sticking capability
of the ‘underwater glue’ secreted by the marine mussels. In this chapter, | will introduce

synthetic small single molecules mimicking the mussel foot proteins that can be used as

underwater glue.

9.1  Small molecular underwater adhesives inspired by mussels
We recapitulated chemical features (e.g., hydrophobicity, aromaticity, and
zwitterionic properties) of a mussel foot protein-5, mfp-5 (Mol. wt. ~10 kDa), in an order of

magnitude smaller synthetic small molecules (Mol. wt. ~ 400 g/mol).
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Figure 9.1 Small zwitterionic molecules inspired by mfp-5.
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Six small molecules were designed and synthesized (Fig. 9.1) and aqueous colloidal
dispersions were prepared for each molecule in deoxygenated deionized (DI) water (5 mM
and 0.5 mM solutions). The interfacial properties of the aqueous colloidal dispersions was
studies using the surface forces apparatus (SFA), quartz crystal microbalance with dissipation
(QCM-D), atomic force microscopy (AFM), dynamic light scattering (DLS), cyclic
voltammetry (CV), zeta-potential and surface tension measurements. In the following
section, | will report a few characterization data for some of the synthetic molecules since

this is a work still under progress.
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Figure 9.2 (a) Critical aggregation concentration (CAC) of the mussel-inspired small

molecules (b) a plot of CAC vs. Hardwall thickness measured in the SFA.

The critical aggregation concentration of each sample was measured by the Wilhelmy
plate technique (Fig. 9.2a). Decreasing hydrophobicity by reducing the alkyl tail length
increases critical aggregation concentration (CAC) from C10 to C4. It should be noted that
the molecule with 4 carbon tail length presumably does not aggregate and undergoes some

phase transition giving rise to a peculiar shape of the surface tension vs. concentration plot.
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Interestingly, increasing hydrophobicity by substitutions (1) of alkyl groups with aromatic
groups and (2) of catechol with benzene increased CAC. The aggregation behavior of these
molecules is still under investigation and transmission electron microscopy (TEM) will be
used to visualize the structure of the aggregates to gain a fundamental insight of the self-

assembly behavior of the material in dispersions.
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Figure 9.3 (a) A plot of interaction energy vs. CAC measured by SFA (b) Effect of
deposition concentration on the normalized force-distance profiles of Z-Ben-C8. Force-
distance profiles between mica surfaces deposited with Z-Cat-C8, -C10, -C4, -Cat, -Ben from

(c) 0.5 mM and (d) 5 mM colloidal dispersion.
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Preliminary SFA measurements (Fig. 9.3a) show that the adhesion energy between
mica surfaces coated with the zwitterionic molecules is stronger than that measured for
recently developed protein amyloid (3) that mimics the mussel foot adhesive proteins. The
hardwall thickness (Dy), i.e., thickness of two absorbed molecular layers on the top and
bottom mica surfaces in SFA deposited by dispersions of each molecule was measured. A
plot of the hardwall thickness vs. CAC is shown in Fig. 9.2b. Z-Ben-C8 (without catechol)
follows a regular bilayer absorption pattern of a general surfactant that forms bilayer (~ 1-2
nm) when its concentration is below CAC whereas that forms multilayers (4-5 nm) when its
concentration is above CAC. On the other hand, catechol-carrying molecules show unique
behavior that Z-Cat-C8 and Z-Cat-C10 formed ~ 1 nm thick monolayer both below and
above CAC at 0.005 and 0.5 mM for Z-Cat-C8 and 0.001 mM and 0.5 mM for Z-Cat-C-10,
respectively (note: the results for Z-Cat-C8 and Z-Cat-C10 below CAC are not shown in the
figures since the study finished just now). However, when the concentration is orders of
magnitude above CAC in 5 mM solution, Z-Cat-C8 form bilayers (~ 4 nm). At 5 mM
concentrations, CAC of Z-Cat-C10, -C8, and -C4 were correlated to the hardwall thickness
and hydrophobicity of the molecules, whereas 0.5 mM formed same ~ 1 nm hard wall
(presumably ~0.5 nm thick monolayer on each side). More interestingly, the hardwall
thicknesses of Z-Cat-Cat and Z-Cat-Ben were independent of CAC; monolayer formed
regardless of concentration although the CAC of those is similar to CAC of Z-Ben-C8.

In cyclic voltammetry, the dispersions increase oxidative stability of catechol
functionalities significantly compared to methyl catechol in DI water (no aggregation),
suggesting unique shielding effects of the dispersion (Fig. 9.4). In fact, the redox stability of

these molecules was superior to the mfps and peptides (see chapter 3 and 4). Zeta potentials
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(&) of the dispersions also exhibit different surface charges and densities from -100 mV to 0
mV, suggesting different constructions of each molecular aggregates (e.g., &z-cai-cio = 0 mV,

¢z-catcs = -40 MV, {z.cat-gen = -90 MV).
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Figure 9.4 Cyclic voltammetry (CV) measurements on colloidal dispersions of 5 mM
solution of the synthetic ‘mfp-5 mimetic’ molecules in DI water showing enhanced resistant

to oxidation (increase in the oxidation potential, Eo) of the catechol residues in the molecules.

With regard to the interaction energy as measured by SFA, the catechol containing
molecules behave differently from the control (Z-Ben-C8). Z-Ben-C8 shows general bilayer
repulsion and jump-in patterns during the approach and separation of two surfaces (Fig. 9.3b)
whereas catechol-containing molecules do not show a significant repulsion or no repulsion at
all. In addition, interaction energy of Z-Cat-C10, Z-Cat-Cat, and Z-Cat-Ben are independent
from the deposition concentration. Moreover, Z-Cat-C8 and Z-Cat-Ben exhibit very strong
interaction energy when the deposition is done at < 0.5 mM in DI water. QCM measurements
show that all of these synthetic molecules adsorb strongly not only to titania (TiO;) surface,
but also to silica (SiO,) surfaces unlike the mfps. AFM demonstrate that depositing the

molecules at a lower concentration changes the coverage of the molecules on a mica surface
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(Fig. 9.5). However, for similar deposition conditions, depending on the catechol content and
length of the hydrocarbon tail, the molecules either formed a molecularly smooth defect free

bilayer like surface or small pools of aggregates on mica.
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Figure 9.5 QCM-D experiments showing the adsorption of Z-Cat-C10 onto (a) SiO, and (b)
TiO; surfaces. The dissipation (AD) of the adsorbed film of Z-Cat-C10 molecules did not
change on silica surface (rigid film). However, the adsorbed layer on titania showed
significant change in AD indicating the formation of a visco-elastic hydrated film. (c) AFM
scans of a mica surface adsorbed with Z-Cat-C10 from a solution (in DI water) of varying
concentrations (0.001-5 mM). At high deposition concentrations, the molecules form a defect
free smooth bilayer on mica. Low deposition concentrations caused the molecules to form
small aggregates on the surface. SFA measurements with Z-Cat-C10 showed that the
adhesive interaction between two mica surfaces did not change for deposition of the
molecules at C = 0.001 (< CAC of Z-Cat-C10, see Fig. 9.2a), 0.5 and 5 mM concentrations,
however, the thickness of the adsorbed layer decreased progressively from ~4 nmto 1 nm

respectively (Fig. 9.3c, d).
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The adhesive strength of the synthetic molecules at the macro-scale was demonstrated
by gluing two steel plates under water (Fig. 9.6a). One of the surfaces was coated with un-
oxidized Z-Cat-C10 whereas the molecules on the other surface were deliberately oxidized
with sodium periodate. The two steel plates were then pressed together underwater and
allowed to heal for 10 min. This initiates the formation of cross-links (catechol cross-links
with quinone) between the molecules on each surface and bonds the two surfaces firmly. Our
macro-scale lab adhesion test showed that Z-Cat-C10 prevented the failure of the bond
between the steel plates for a load upto 1.1 kg (Fig. 9.6a). As a control, the double sided
scotch® tape from 3M could hold the steel plates only for a load upto 0.3 kg provided the
surfaces were bonded under dry conditions (The scotch tapes does not perform under wet or

moist environment).
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Figure 9.6 (a) A macro-scale lab adhesion test to show the bond strength between two steel
plates glued underwater by Z-Cat-C10 (a’, a ) As a control, the same plates were glued
outside water in dry atmosphere with a double sided scotch® tape from 3M and the load

bearing tests were performed. Our synthetic molecule allowed the bond between the steel
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plates to withstand ~3-4 times more load before failure compared to the scotch tape.
Fluorescent images (a) of a silica surface coated with Z-Cat-C10 in DI water tagged with
Rhodamine 6G (b) after washing the Z-Cat-C10 coated silica thoroughly with DI water. The
mussel inspired single molecular adhesive is adhered to silica and is not washed off by water.

Z-Cat-C10 is also not washed off from a coated silica surface and is ‘permanently’
attached to it as shown in fig. 9.6b, c. This demonstrates that single molecular adhesives can
serve as an inspiration for the development of underwater Magic markers. Thus the synthetic
wet adhesive molecules reported in this dissertation holds considerable promise for the
design of tunable systems for applications in underwater protective coatings, medical

adhesives and drug delivery.

9.2  Gecko-mimetic: Prototype Foot-Placement for Robotic Applications
Understanding the factors, structures and materials that give rise to high adhesion and
friction forces (both needed for moving on ceilings and walls) is essential for the
development of gecko-mimetic robots. So far no one has been able to reproduce the behavior
of a 'fully functioning gecko' (defined below), and in particular the way the gecko manages to
combine the surface adhesion-friction properties of its toe pads (spatulae, seta, etc.) with the
structure of the feet and body, as well as articulate the whole system (in space and time) to
enable the gecko walk, run, or remain totally stationary (without slipping) on both walls and
ceilings, both rough and smooth surfaces, of totally different compositions or chemistries,
such as hydrophobic or hydrophilic. In addition, the gecko can move very rapidly (at
meters/sec, taking 10 ms to grip or 'step down’, and 10 ms to detach or 'step up’) on both

walls and ceilings, and in a very energy-efficient way. All of these features, appearing
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together, are quite remarkable and quite unlike any normal 'good' adhesive tape or 'high
friction' material. Below is a list of what | consider to be the essential properties for a 'fully
functioning biomimetic gecko robot"
(1) Switchable adhesion: Rapid high adhesion and equally rapid detachment (low, zero or
even negative adhesion, i.e., repulsion), via a mechanism that is independent of whether the
surface is a wall (vertical) or horizontal (ceiling).
(2) Switchable friction: Similar to switchable adhesion, involving rapid high friction (lateral
sticking) and equally rapid relaxation via peeling, bending or rolling away, again via a
mechanism that works equally well on walls and ceilings. On the fundamental level, it is not
always appreciated that high adhesion does not necessarily mean or lead to high friction, and
vice versa. Thus, achieving aim (1) does not necessarily mean that aim (2) has also been
achieved.
(3) Low energy articulation: That is, not energetically costly to run. Interestingly, an
important (and also fundamental) challenge arises here when designing the ‘ideal’ robot,
because while the energy dissipation (during a step cycle) must be low, the transient adhesion
and friction forces must be high.
(4) Satisfactory testing conditions (on different surfaces, environments), and some other
essential requirements: The device must work on both smooth and rough surfaces, on
surfaces of quite different chemical compositions (e.g., both hydrophobic and hydrophilic),
and in both dry and humid atmospheres. The pads must be self-cleaning, i.e., not pick up and
retain dust particles.

On the macroscopic scale, in the area of device fabrication, Murphy et al. (4)

demonstrated a robot that walks on walls, with symmetrical pillars (rather than asymmetric,
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e.g., tilted, ones), with terminal flat ends. Such a device can only work on totally smooth
surfaces, and is very energy-demanding since the full adhesion force and energy have to be
overcome on detaching, as in Fig. 9.7a (which is a slow process due to the nature of the local
elastic or viscoelastic deformation). Tsukagoshi et al. (5) demonstrated a device that is
essentially a miniature car whose wheels are made of a soft elastomeric adhesive material.
This device can roll on walls, but again at high energy cost because the back end of the
rolling junction has to be continuously detached with a high 'rolling friction' energy, as in
Fig. 9.7c. The device is also very slow due to the viscoelastic nature of the wheel material,
which requires it to operate at low Deborah numbers or else the adhesion energy will exceed
the thermodynamic value, often by as much as three orders of magnitude.

In spite of these advances, no fabricated surface or device currently successfully
mimics the gecko's foot pads or articulates in the way the gecko does. And no device has yet
been shown to function on both walls and ceilings, only on walls (except for a short time on
ceilings before the adhesion is lost); and in any practical situation the battery will be too
heavy or will soon run out of energy — probably the greatest current limitation of electric

cars.

9.2.1 Fundamental scientific aspects of frictional-adhesion

Before my proposal to achieve a 'fully functioning' articulated device that satisfies the
criteria (challenges) listed above, it is worth reflecting on some subtle but crucially important
fundamental scientific aspects of the adhesion and friction forces and energies of different
types of structures and materials that must be taken into account as we proceed. We must

bear in mind that geckos spend time, as well as walk or run, on both walls (requiring high
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friction) and ceilings (requiring high adhesion), and that these two are not generally simply

related (6).
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Figure 9.7 Different types of geometries and articulations where one surface moves (adheres,
detaches, slides, peels, or rolls) along or away or between surfaces in the ways shown.
Scenario (d) is the most promising one for a fully-functioning, low energy, biomimetic gecko
device, as further discussed below. Gripping’ corresponds to actuation with tilt/flat face and

‘releasing’ corresponds to actuation against tilt/curved face.

Of the 4 different mechanisms shown in Fig. 9.7, only that shown in panel (d)
satisfies all the criteria for a single toe pad (the whole device is discussed later below). Thus,
Fig. 9.7a — simple detachment, which is analogous to removing a rigid adhering ceramic
plate, from strong adhesion and/or friction forces) is energetically very costly; Fig. 9.7b —
peeling away, like an elastic tape, requires less force to detach, but both the adhesion and
friction are now low and not easy to control; Fig. 9.7c — rolling: the viscoelastic nature of

such materials make them slow and energetically very inefficient, where the adhesion energy
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or force needed to lift the back end gives rise to high 'rolling friction' forces and energies).
Such a structure will also slowly peel away from a ceiling and eventually fall detach (fall, as
illustrated). Finally, Fig. 9.7d — tilted structures with anisotropic articulation: different
gripping and releasing configurations allow for high frictional-adhesion on gripping, falling
to almost zero on releasing on almost any surface, which can be carried out simply, rapidly,
and requiring minimal energy/force to be articulated (see chapter 5 and 6 for frictional-

adhesion properties of the tilted micro-flaps).

9.2.2 The solution: Proposed mechanisms and design features

While it may be too early to propose the ultimate (optimum) structure and articulation
mechanism, | show in Fig. 9.8 one such device that appears to satisfy all the required
conditions listed and discussed above, and that | believe is a scientifically sound and

practically viable starting point.
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Figure 9.8 Proposed articulation of biomimetic gecko foot and its pads (a) and their
integration into the whole device (b), exhibiting high frictional-adhesion for feet in the
'gripping mode' ((a), and foot-pads 1 and 3 in (b)), and low friction and adhesion when in the

‘detachment/releasing’ mode ((a), and feet 2 and 4 in (b)). In panel (b), motors M1-M4
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control the feet and pads on 1 and 4, and motor M5 rotates the base supporting feet 1 and 2
about the axis X for turning and steering.

Figures 9.9 and 9.10 illustrate and summarize the most important features exhibited
by geckos that are mimicked by the proposed mechanism of Fig. 9.7d. The proposed
mechanisms nicely mimic, and are also a reflection of the repetitive/snake-like motion of

geckos (Fig. 9.10b).

Figure 9.9 Important points to notice about the way a gecko positions itself and moves are
illustrated in these snhapshots of a gecko lifting its foot: (1) the body is low, close to the
ground, allowing the gecko to apply a lateral (shear, frictional) force pulling its diagonally
opposite feet together (the diagonally opposite foot not shown, but see Fig. 9.10a); (2) the
toes on each foot radiate out in all directions, allowing the toes to be to be pulled inwards, but
unable to move due to the high ‘adhesion-controlled’ (not load-controlled) ‘frictional-
adhesion' force, thereby providing good grip irrespective of whether the surface is vertical (a
wall) or horizontal (a ceiling), at any angle, or even curved (see right panel). In the proposed
design (Fig. 9.8a), two opposing toes, instead of five, per foot are suggested as being
sufficient for this purpose; (3) to lift the foot the toes peel away (upwards) from the tips — a
highly unusual mechanism, and on close examination, it is clear that the inward gripping
stress is also released (reversed) during this process, as was illustrated schematically in Fig.
9.7d, suggesting that geckos employ both peeling and/or tension releasing on detaching the

toe pads.
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(b)

Figure 9.10 Further examples of the diagonally coordinated feet of geckos during the

motion, especially when moving quickly. (a) Example of the peeling away of the tips of the
toes just prior to lift-off, as the gecko releases the frictional-adhesion gripping forces (cf. Fig.
9.7d). (b) Typical repetition (snake-like) motion of geckos, where diagonally opposite feet
are in frictional-adhesion gripping contact at any one time while the other two feet are
detached and moving forward. Thus both the (diagonally opposite) feet and toes (on any
single foot) can grip in a coordinated way to maximize or optimize the frictional-adhesion
depending on the surfaces and conditions.

Thus, as was illustrated in Fig. 9.7d, Figs 9.9 and 9.10 show that the strong adhesion
is actually produced by a weak (non-specific van der Waals force only) adhesion interaction
between the foot pads (B-keratin protein) and the surface, which translates into a high
(lateral) friction force which in turn — when resolved in the normal direction — results in an
effectively high 'frictional-adhesion force' (in addition to the large actual friction force). In
other words, the gripping forces are large in all directions, and independent of the angle of
the surfaces. The gecko simply needs to relax the lateral grip, either by peeling or simply by
relaxing the tension on the toes, to reduce both the adhesion and friction forces (on both
walls and ceilings) to zero. The development of anisotropic fibrillar synthetic adhesives and

understanding of fiber articulation in these adhesives can thus serve as an inspiration for the
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design and testing of suitable foot-pad placement (gripping and releasing) strategies for

robotic applications.
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