Multimodal Control of Adhesion in
Polydopamine Nanomembranes through
Texture, Microstructure, and Chemistry

Control

Submitted in partial fulfilment of the requirements for
the degree of
Doctor of Philosophy
in

Materials Science and Engineering

Ik Soo Kwon

B.A., Physics, Economics, University of Pennsylvania

Carnegie Mellon University
Pittsburgh, PA

August 2018



Acknowledgement

I would like to first express my gratitude to my advisor, Professor Christopher J. Bettinger
for his patience and guidance for the past four years. His guidance helped me build a structured
mindset and stay focused during this journey in which one could easily get lost. The lessons I’ve
learned from him are indispensable, and | am sure they will help me in life wherever the path leads
me. | also thank my committee members, Professor Carmel Majidi, Professor Michael Bockstaller,
and Professor Metin Sitti for their valuable inputs for my thesis. | acknowledge financial support
from the following organizations: National Institutes of Health (R21NS095250); the Defense
Advanced Research Projects Agency (D14AP00040); the National Science Foundation
(DMR1542196); the Carnegie Mellon University School of Engineering; American Chemical
Society (PRF51980DN17); the Pennsylvania Department of Community and Economic
Development; Innovation Works (Pittsburgh, PA); the Department of Energy (DE-OE000226);
the CMU Center for Technology Transfer and Enterprise Creation; the Shurl and Kay Curci

Foundation; National Science Foundation (DMR1542196).

I would like to thank the former and current Bettinger group members for both their support
and friendship. I would like to thank Young Jo Kim for the friendship and mentorship. Special
thanks to my fellow coauthors, Brian Po-Ju Chiang and Guannan Tang for their indispensable
efforts and friendship. Best of luck in your PhDs. | would like to thank Mats Forssell for immense
help with EIS and fruitful discussions. Thanks to Luke Klosterman, Wei-Chen Huang, Haosheng
Wu, Chenchen Mou, Aditya Balasubramanian, Faisal Ali, Maddie Cramer, Xiaomin Tang, Ashley

Guertin, Riddhi Kachole and Aimon Iftikhar for being wonderful lab mates.

ii



| also like to thank my MSE department friends, particularly, Minyoung Jeong, Jaejun Lee,
Dasheng Li, Geonu Kim, and Tim Hsu. | thank Suzanne Choi for her continued support and
encouragement, which enabled me to overcome many difficulties that would otherwise have been
impossible to be overcome. Finally, I thank my parents (Jinil Kwon and Jan-Di Kim) and brother
(Minho Kwaon) for their love and faith in me. This thesis is dedicated to them. Their support kept

me motivated during these challenging years, and without them, it would not have been possible.

iii



Abstract

Finding that mussels rely on catechol and amine functional group enriched proteins to
achieve robust underwater adhesion prompted scientists to create synthetic polymeric systems
mimicking mussel chemistry. Polydopamine (PDA), mussel chemistry inspired polymeric coating,
came to a spotlight in 2007. The primary advantage of PDA is that it can be easily deposited into
a robust thin film onto various kinds of surfaces, a trait stemming from its rich content in catechol
and amine motifs. The versatile functional nature of PDA enables envisioning of potential
applications beyond the conformal coating; these characteristics include mixed electronic-ionic
conductivity, chelation of cations, catechol-based redox activity, mechanical robustness as a
nanomembrane, underwater adhesiveness, biocompatibility, and the presence of many functional

groups for post-deposit modification.

The coexistence of a variety of characteristics in a single material indicates the possibility
of tuning of material properties in programmable and multimodal manners. This thesis explores
the fundamentals of macroscopic adhesion in PDA, with a particular focus on achieving the
multimodal control of PDA adhesion. Using a custom-built Johnson-Kendall-Roberts apparatus,
the adhesive property of PDA nanomembranes was examined in relation to their texture. It was
revealed that PDA adhesion is a strong function of its morphology both in air and water, and could
be tuned through morphological control. Persson’s roughness theory was extended to model the

underwater adhesion of PDA and showed a good agreement with the experiments.

PDA nanomembranes were interfaced with Polydimethylsiloxane (PDMS) substrates to

create substrates with surface wrinkles. Dynamic control of surface wrinkles with mechanical
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actuation translated into adhesion variance. A semi-analytical theoretical framework was

developed to correlate adhesion of the composite structure to its surface wrinkle geometry.

Redox control of PDA adhesion was investigated. Presence of the catechol population with
reversible chemistry was investigated through the aid of impedance spectroscopy circuit modeling.
Chemical modulation of PDA adhesion through pH control was conducted, and the successful
reversible variation of PDA adhesion with pH control was confirmed. Effect of pH and saline

condition to PDA adhesion was analyzed in relation to catechol chemistry.

This thesis is an attempt to develop a framework to understand bulk adhesion of PDA

nanomembranes to help the future translation of PDA into adhesive devices.
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Chapter 1
Introduction

The high content of catechol and amine molecules in mussel-foot proteins have inspired

the rapid development of catechol and/or amine rich underwater adhesion systems from adhesive
hydrogels to catecholamine coatings.1® The most prominent example amongst mussel inspired
polymeric systems is polydopamine (PDA). Synthesized by the Oz induced oxidation of dopa-
mine molecules in alkaline solutions, the deposition process leaves a conformal nanofilm on

various kinds of surfaces (Figure 1.1).2912
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Figure 1.1 Top) Schematic illustrating the mussel-inspired chemistry of dopamine molecules.
Bottom) Universal coating ability of polydopamine.

This introductory chapter will cover the general properties of PDA from its adhesive mechanism
to synthesis and more, and will cover the existing applications of PDA. In the end, the motiva-

tion and objectives of this thesis will be presented.



1.1 General Properties of Polydopamine
1.1.1 Mussel-Inspired Adhesion

Mussels attach onto various surfaces under turbulent aqueous saline conditions robustly.
There are multiple molecular and process engineering schemes that mussels rely on to form a
reliable holdfast onto natural surfaces.’® From the interfacial chemistry perspective, the most
remarkable feature of the mussel adhesion strategy is the moisture resistance of its interfacial
chemistry as the many molecular interactions weaken under the presence of water, particularly
saline water.!* Studies revealed that the adhesive proteins that mussel byssal threads secrete at
the interface are rich in amine and catechol content (Figure 1.2).13117 Inspired by the high
catechol and amine content in mussel foot proteins, Messersmith and co-workers devised a
simple synthesis scheme that produces conformal adherent coatings on virtually every class of
materials, and the material was termed polydopamine (PDA).'® Produced by the O induced
oxidation of dopamine molecule that contains amine and catechol groups, PDA achieves univer-
sal coating ability through essentially the same molecular mechanism that mussel proteins utilize

to achieve universal underwater adhesion.8-20
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Figure 1.2: Mussel chemistry in mussels and PDA. a) Mussel attached to PTFE with byssal
threads. b) Illustration of the byssal thread. c) Schematic of the molecular structure of the mussel
adhesive protein, indicating the abundance of catechol and amine groups. d) Amino acid se-
quence of the adhesive protein also signifying the abundance of catechols (DOPA) and amines
(Lysine). €) Dopamine molecule with catechol and amine groups. f) Schematic of PDA synthesis
g) Thickness of the film versus time in solution. Reproduced from [18]

There are multiple interaction modes through which amine and catechol groups utilize to
achieve robust underwater adhesion.® The role of direct adhesion is usually assigned to cate-
chols.?! Catechol exhibits diverse chemistries which enable it to bind various kinds of surfaces
both reversibly and irreversibly (Figure 1.3).222% The dihydroxy functionality of catechol ena-
bles it to form strong hydrogen bonds that is often energetically more favorable than water mole-

cule adsorption,*3?*to achieve strong adhesion with various surfaces such as mucosal tissues?>?

3



and hydroxyapatite surfaces.22"?8 However, it should be noted that depending on the substrate
chemistry, nature of the OH group’s interaction changes.?>?°3° For the case of the metal oxide
surfaces, reversible bidentate ligand-to-metal charge transform complex could be formed.®! This
interaction is especially powerful, and the single molecule AFM study between catechol and
TiO2 surface revealed that the strength of the metal-ligand interaction for catechol could reach up
to 40% of that of the covalent bond interactions.®? The benzene ring in catechol also enables
cation- & interaction with charged surfaces, which is one of the strongest reversible mechanism
in water.3*** Additional adhesion interaction modes include m-7 interaction through the benzene
ring of catechols®*=¢ and hydrophobic interaction of catechols.®” The oxidized form of catechol,
o-quinone is also capable of covalent crosslinking with nucleophiles (e.g. amines or thiols) as

WE” 38-41
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Figure 1.3: Various blndlng mechanisms of catechol (e.g. DOPA) to various surfaces depending
on the nature of surface. Reproduced from [24]



Amines serve to remove surface cations present in saline conditions through the cooperative
synergy with catechol.!® In the marine environment, surfaces acquire a net negative charge re-
gardless of their original polarity due to the adsorption of organics from sea water.® Due to the
anionic nature of surfaces, cations are always present at the interface of natural surfaces, prevent-
ing catechols to achieve good adhesion. At pH of 8.5 (pH of natural sea water), amine groups
bear positive charges, effectively removing the surface cations at natural surfaces, enabling

catechols to interact with underlying surfaces (Figure 1.4).1342
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Figure 1.4: Illustration of cooperative synergy between catechol and amines (positive charge on
adhesive protein). Amine serves to disrupt the cation layer on natural surfaces. Reproduced from
[42]

The multifold adhesion scheme of catechol and amine functionalities enables versatile wet adhe-

sion of mussel-foot proteins and other catecholamine systems, including PDA.



1.1.2 Synthesis and Structure of Polydopamine

The most widely used protocol for PDA synthesis is the simple solution oxidation
method originally proposed by Messersmith and co-workers in 2007, even though some
alternative synthesis schemes have been proposed to alter or improve the property of PDA.°
When dopamine monomers are placed in an aerial alkaline condition (pH > 7.5), oxidative
polymerization of the monomers occurs, resulting in conformal nanometer coating on surfaces in
the solution.? The maximum thickness in a single reaction scheme is limited to 50 nm, the origin
of which is still debatable but is most likely accounted for by the dopamine depletion from the
coating solution.®#® The facile and universal deposition of PDA onto various surfaces is advanta-
geous over other various organic coatings, which often involve lengthy preparation steps with
specific apparatuses for preparation** or are fundamentally limited by target surface properties.*®
Contrary to the simple preparation protocol, the reaction pathway of PDA formation involves
complex redox process and various intermediates, and up to date, there is no general consensus
on the precise structure and reaction pathway of PDA.*® It is generally accepted that formation of
PDA involves both the covalent polymerization and non-covalent self-assembly of oligomers
involving H-bonding and & - m interaction (Figure 1.5).4¢ The primary building block of PDA is
5,6-dihydroxyindole (DHI), the oxidative product of dopamine, but the considerable amount of
dopamine is remained unpolymerized within the PDA matrix, along with other intermediate
species.*® The resultant matrix is both physically and chemically stable and exhibits Young’s
modulus of about 2 Gpa.}'#347 An additional point to be noted is that PDA’s heterogeneous
nature is not only limited to its chemistry but also extends to its structural properties. Due to its
highly adhesive nature, during synthesis, PDA film growth on the substrate is accompanied by

the spherical self-aggregate growth that adheres to the PDA films grown on the substrates, result-



ing in a poor morphological homogeneity and mechanical homogeneity with many defect
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Figure 1.5: Two reaction pathways for the formation of PDA. a) Covalent polymerization. b)
Non-covalent self-assembly. Reproduced from [46]

1.1.3 Other Properties

PDA bears marked structural similarity with synthetic and natural eumelanins and shares
many of the characteristics of the two.**>! Both PDA and eumelanin possess ample catechol

groups, and catechol redox chemistry is responsible for various properties in these two materials.



Catechol redox chemistry involves two-proton and two-electron reversible oxidation & reduction
with semiquinone as an intermediate species and o-quinone as the oxidized form (Figure 1.6).>
The hydration dependent comproportionation equilibrium exists between the catechol redox
states (Figure 1.7),% and the resultant stable population of semiquinone intermediate species
results in the hydration dependent mixed electronic-protonic conductivity.> Catechol groups also
chelate with multivalent metal ions with pH-dependent complex forming behavior (Figure
1.8).5>% O-quinone exhibits strong reactivity with thiols and amines as mentioned, via Schiff
base or Michael addition reactions, which is especially useful for conjugation of various biomol-
ecules (Figure 1.9).1° Other functional groups in PDA, carboxy, amino, imine, and phenol
permit various reactions with a wide range of molecule as well.2%*3 Also thanks to its structural

similarity to naturally occurring eumelanin, PDA exhibits excellent biocompatibility.*3
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Figure 1.6: Various chemical equilibria of catechols. Reproduced from [57]
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Figure 1.7: Comproportionation equilibrium of catechol. Reproduced from [57]
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Figure 1.9: Chemical Reactivity of o-quinone with thiols and amines. Schiff base reaction and
Michael addition with amines (top). Michael addition of thiols (bottom). Reproduced from [10]

1.2 Existing Applications

The versatile nature of PDA has led to investigations in the context of various applica-

tions. Certain applications require the hydrophobicity of surfaces to be diminished, and PDA has

been extensively used in the area. For example, polyethylene separators in Li-ion batteries were

coated with PDA for improved hydrophilicity (Figure 1.10).%° Also the low surface energy

substrates can be coated with PDA for block-copolymer lithography.®® Cell behaviors can be

regulated with PDA surfaces, achieving selective proliferation and adhesion of cells (Figure

9



1.11).5 A wide range of functional groups present in PDA permits the binding of various mole-
cules to PDA through secondary reactions (covalent crosslinking). Biomolecule bound PDA was
covered on implant surfaces to regulate in vivo behavior.62% Additionally, PDA has been exten-
sively explored as a component in nanoparticle drug delivery (Figure 1.12). It was used either as
a stand-alone vesicle in either spherical®®°or hollow-spherical form®%" or as an ad-layer on
other nanoparticles for binding sites for therapeutic agents.53¢38 Also, the high-adhesive nature
of PDA chemistry permitted exploration of PDA coating as an adhesion promoting layer for

gastric retention of therapeutic nanoparticles for long-term drug delivery (Figure 1.13).”° PDA-

nanoparticle approach extends to catalyst binding and carbon adsorption as well.”*

A)

Figure 1.10: Contact angle of a Li-ion battery electrolyte on the polyethylene separator before
(left) and after (right) PDA Coating. Reproduced from [59]
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Figure 1.11: Illlustration of cell patterning on the PDMS substrate using PDA. Reproduced from
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Figure 1.13: Mucoadhesive polydopamine-coated nanoparticles as a gastro-retentive drug deliv-
ery. Reproduced from [70]

Redox-active catechol chemistry also permits interesting applications in other areas as
well. Motivated by the metal chelation behavior of PDA, glass micro-beads were coated with
PDA for high surface area metal sorption surfactant.”” In addition to the passive water
purification, redox-active water purification was also demonstrated through reversible redox
cycling of catechols in PDA,; stainless steel meshes were coated with PDA, and through
repetitive voltage cycling, Mg?* ions were effectively separated from water (Figure 1.14).73
Plethora of reactivity in catechol chemistry also permits relatively high-specificity of molecular
interactions in PDA, which inspired the use of PDA in chemical sensing applications.*®

Applications in microfluidic devices are being actively investigated as well.”
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Table4. Comparison of binding capacity of melanins todivalentions
Electrochemically Binding capacity
Material mediated lon (mmolg™) Ref.
Natural melanin? No Mg?* 13 43
Natural melanin? No Ca%t 14 43
Natural melanin? No Cu?* 1.1 43
Natural melanin® No ZIn%* 15 43
HO. Natural melanin® Yes Mg+ 0.85 21
U; ~5 umol Synthetic melanin® No Mg?* 1.91 This work
HO Synthetic melanin® Yes Mg+ 461¢ This work
1cm Synthetic melanin® Yes Mg?* 5.39¢ This work}
2 Sourced from the ink sacs of Sepia officinalis.
b ; b Synthesized through oxidative polymerization of dopamine in aque-
HO._ (20 + ous solutions.
> - (2e" +2H" )
/> e /?—’ @ /'> ©First cycle.
ol ey 0’ d100th cycle.

Figure 1.14: Redox-active divalent ion removal from water using PDA. a) Stainless steel meshes
were coated with PDA. b) Proposed mechanism of Mg?* ion removal. ¢) Comparisons of binding
capacity of divalent ions for various melanins. Reproduced from [73]

1.3 Summary and Motivations

Mussel-inspired chemistry of polydopamine is marked by the remarkable versatility and
has provided the scientists and engineers the uniquely adaptable toolbox to tweak the surface
properties of many materials under various applicational contexts. Belying its ability to form
conformal coatings onto virtually any kind of surface is the lack of study into the use of PDA as
an adhesive interface. From the interface chemistry viewpoint, very few materials match the
capability of PDA, which exhibits strong underwater molecular adhesive power onto a wide
variety of surfaces. However, preferential interfacial chemistry alone is not enough for bulk-
adhesion between two materials. Surfaces in real-world settings are almost always characterized
by the presence of a certain degree of roughness. Bulk adhesives (pressure sensitive adhesives)
are typically characterized by a relatively low Young’s modulus (< 1MPa),” at least at the
interface, so that the material can conform onto the roughness of the surfaces without incurring
too much mechanical stress, which could abolish adhesion.”® Dahlquist criterion for tack
provides a fairly material or surface independent reference point for the conformal contact to

13



occur in many of the practical settings, which is around 0.3 MPa (Figure 1.15).”” PDA’s Young's
modulus is reported to be around 2 Gpa,*’ which indicates that the use of PDA as an adhesive in
a conventional sense would be impractical unless the other interacting body is of soft nature such

as biological tissues.
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Figure 1.15: A continuum of Young’s moduli of various materials with their tackiness implied
by the Dahlquist criterion. Reproduced from [75]

However, nature has shown that making adhesives out of stiff materials is possible, as elaborate-
ly demonstrated with the example of gecko adhesion.” B — keratin which composes gecko-feet
has high elastic modulus of about 1 ~ 3 Gpa,” yet gecko-feet exhibits remarkable bulk-adhesive
capability. Studies revealed that the primary origin of this high-adhesion of gecko feet made of
stiff material is due to the adaptation of the high aspect-ratio microfibrillar structures that scales
down the effective modulus of the gecko-feet to 100kPa’®® and increases the linear dimension
of the contact area through contact-splitting,®* although other complex mechanical principles are
employed to enable practical adhesion. Additional benefit of the micro-structured approach with
the rigid material is the reversibility of high-adhesion as the material maintains its geometrical

integrity even after multiple detachment and attachment cycles,®? a feat that the conventional
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bulk-adhesives are normally incapable of, due to susceptibility to deformation caused by their

soft nature.

The example of gecko-feet implies that PDA has potential as an interface material for mi-
cro-structured adhesives; nanometer thickness of PDA implies that it could be interfaced with
various substrate materials under various geometries such as mushroom-shaped adhesives.®
Additional benefits could be realized with the use of PDA due to the unique material properties
of PDA. For instance, the reversible high underwater adhesive could be realized, a concept that
very few successful practical demonstrations have been made.?* Also, the redox-state dependent
controllability of catechol adhesion implies that the modulation of adhesion through chemical
means might be possible as well. However, a caution should be noted in applying PDA as an
interface material for micro-structured adhesives as PDA is characterized by a marked structural
and chemical heterogeneity. To translate PDA successfully into micro-structured adhesive
applications and achieve some PDA specific novel features, a thorough understanding of PDA
material’s characteristics in relation to its bulk adhesive behavior would be needed. Yet, the
macroscopic adhesive behavior of PDA is an underexplored subject. The aim of this thesis is to
examine the bulk-adhesive behavior of PDA to serve the dual purpose of filling in the missing
gap in the literature and assessing the potential of some PDA based bulk adhesion modulation

schemes, thus laying the groundwork to direct PDA research into some novel directions.
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Chapter 2
Texture Dependent Adhesion in PDA

2.1 Introduction

2.1.1. Background

PDA film growth is a two-part process, where the three-dimensional island growth on the

substrate surface is accompanied by concurrent bulk solution phase production of secondary

grains with dimensions up to several hundred nanometers (Figure 2.1).12

Dopamine-HCI
(a) HO NH,
« HCI
HO
]
* % .
s ©
) -
% L
10mM Tris- 2
HCI (pH 8.5) ®
t=0 t =short (-~ 305s) t=long(>1h)

Figure 2.1: Mechanism of PDA film growth. a) PDA film growth is a two-part process where
the film growth is accompanied by the bulk solution phase growth. b) Three-dimensional nature
of the film growth on the substrates. Reproduced from [1,2]

Development of mound structures in the film and adsorption of bulk phases as time passes result

in the rougher PDA surface with increasing synthesis time. The observed heterogeneity in PDA
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film surfaces suggests that the macroscopic adhesion of PDA will be impacted with this inevita-
ble heterogeneity on PDA surfaces® and calls for a need for systematic investigation of the im-
pact of these heterogeneities to PDA adhesion for the purpose of both PDA adaptation in re-
versible adhesive applications and more fundamental studies. A possibility of tuning adhesion of

PDA film with synthesis condition exists as well.

An indirect evidence for the assertion already exists in the literature. While reporting a
method to create free-standing PDA nanomembranes from the PDA films deposited onto SiO>
substrates, Klosterman et al. observed that there is a considerable contrast in morphology be-
tween the two sides of the PDA membrane; a side originally facing the substrate was much
smoother than the other side (Figure 2.2).*

11950 nm

Film-Substrate ' Film-Solution
Interface Interface

Figure 2.2: Preparation of free-standing PDA nanomembranes. a) Incubation of PDA films on
SiO> substrates in alkaline monovalent salt solution (200mM NaCl + 50mM Tris buffer at pH =
9.5) results in delamination. b) Time lapse of PDA film delamination. c) Image of a delaminated
PDA film. d) AFM images of the two surfaces of the delaminated PDA nanomembrane. Repro-
duced from [4]
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A smoother side rapidly adhered onto the PDMS block upon application of pressure underwater,
but the other side did not laminate onto the PDMS block; however, no quantification of the
degree of differential in adhesion between two sides was made, and there is a significant neglect
for role of surface roughness in studying PDA’s adhesion in the literature. In order to systemati-
cally investigate the role of texture (surface roughness) in PDA adhesion, micro-indentation

measurements using elastomeric lenses were done both in air and in water.

2.1.2 Review of JKR Contact Mechanics

rigid substrate (R,, £, v,)
Figure 2.3: Schematic of JKR Experiment. Reproduced from [5]

Johnson-Kendall-Roberts (JKR) contact mechanics describes the deformation of two
elastic solids that touch each other, with at least one of the bodies being spherical in shape. JKR
equations are derived based on finding mechanical equilibrium between adhesive forces and the
bulk deformation of the elastic material.® Derivation of JKR equations can be found in [7] and is
not covered here. When a hemispherical lens with the elastic modulus of E; and the radius of R is

brought into contact with a flat substrate with the modulus of E», the combined elastic modulus
(E*) (% = %+Z—2,v = poisson'sratio), the energy release rate (surface energy required to
1 2

increase or decrease contact area between two bodies) (G), the contact area radius (a), the force
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(F) and the indentation depth (&) follows the following relations according to JKR contact me-

chanics (Figure 2.3):

3 _ 3R
T 4E*

a [F + 37RG + /6mRGF + (3nRG)2] Eqn. 2.1

6 =—-— Eqn. 2.2

Combing Egn. 2.1 and 2.2,

W[k

)
Eqn. 2.3

2 3R
3 21| 22 |F+37RG+/6mRGF+(3TRG)?2
3R [F+37IRG+\/67tRGF+(37tRG)2)3 \/ ”(45*[ m n G ))

5= 4E*
R E*

Fitting of a vs F data or 6 vs F data to equation 2.1 or 2.3 respectively permits the recovery of G
between two surfaces. For the equilibrium case, G is equal to the thermodynamic work of adhe-
sion (W,q or Ay depending on the nation) between two surfaces, and this permits the direct
comparison of G acquired from JKR experiment with the surface tension data acquired from

liquid probe contact angle measurements.
JKR contact mechanics embodies following assumptions:®

1. The system is in mechanical equilibrium.
2. The contact deformation is small compared to the size of the bodies (a << R).

2
3. The Tabor parameter (u = <£;:;ig>; Zo= equilibrium separation distance of the
9
atoms on the surfaces of the contact bodies, approximately ~ 0.3 nm for many in-
teractions) is greater than 5.

4. The contact is frictionless, meaning interface supports no shear stress and only
normal stress is transmitted between the bodies.

The slight deviation from the last assumption often makes no or practically very little difference,
but sometimes poses a problem if the contact is very rough. But if one of the material is soft and

mean asperity height of the roughness is less than 100 nm, instead of invalidating JKR contact
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mechanics, the effect of roughness materializes as the decrease in the apparent work of adhesion
that one measures from the JKR micro-indentation tests.® This effect of reduction in adhesion
due to surface roughness can be explained considering contact mechanics theories, which are

covered in the next section.

2.1.3 Review of Contact Mechanics Theories
There are no exact and complete theories for the elastic contact between rough surfaces,
but some theories are regarded as good theoretical basis to analyze elastic contact of random

surfaces with Gaussian distribution of roughness.

The power spectral density (PSD) of a surface is a statistical tool that decomposes rough-
ness in surfaces into spectral frequencies (wavevectors) and is a starting point for most mathe-

matical treatments of surface roughness. PSD is defined as:*°

1
(2m)?

C(q) = [ d?x < h(x)h(0) > e~ta* Eqn. 2.4

Here x = (x,y), and z = h(x) is the surface height measured from the arbitrary plane of choice
such that < h > = 0. <...> is the ensemble averaging or spatial averaging over a reference point
assuming translation invariance (the choice of a reference point doesn’t affect the statistical
property of the surface). < h(x)h(0) >, termed autocorrelation function is defined as:'°
L L
< h(x)h(0) > = Lll_)rzlo f_zgdxo f_zg dyoh(xy + x,v0 + ¥)h(x0,¥0) Eqn. 2.5

Here L is the size of the substrate. With translational invariance, C(q) only depends on the mag-
nitude of the wavevector q (q = |q|). For the case of randomly rough surfaces that follows Gauss-
ian distribution, which often is a good estimation for many surfaces with random features, the

statistical properties of the surfaces are completely described with C(q). In this case, many
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roughness related parameters can be easily defined using C(g). The root mean square (RMS)

roughness (hrms) can be defined as: 112

hems = V< h? >= [d?qC(q) = (2r fooo dqqC(q))? Eqn. 2.6

The RMS gradient (h;,s) as:

1
hims = /< VA2 >= (2 [." dqq*C(q))* Eqn. 2.7

These PSD treatments are starting points of many of the contact mechanics theories.

Figure 2.4: Schematic of the Greenwood-Williamson model assumptions. Surface roughness
asperities are assumed as spherical asperities with the same radius with different height distribu-
tions.

Greenwood-William (GW) theory is by far the most widely used framework to analyze
the effect of surface roughness due to its relative simplicity compared to other more sophisticated
models. Derivation of JKR equations can be found in [13] and is not covered here. GW theory
assumes the surface roughness to occur on a single length scale such that each asperity could be
represented with a sphere of radius of R, and the height of the asperities (h) vary with the Gauss-

ian distribution:13

h2

P,(R) = ﬁe‘m Eqn. 2.9

where o is the root mean square of the asperity height. According to GW model, when two

surfaces come into contact, (one with roughness (rigid) and other perfectly smooth (soft)), if the
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separation between two surfaces is denoted by d, an asperity with height h > d will make contact
with other plane.™® Using Hertz contact theory, the normalized area of real contact at the separa-

tion d is:*

22 = mnoR [ dh (h— d)P, Eqn. 2.10
0

where A, is the nominal contact area between two surfaces, and n, is the number of asperities

per unit area. The number of asperities making contact (N) can be denoted as:
N = Agn, [, dhP, Eqn. 2.11

However, described relation is derived assuming no adhesion between two surfaces. GW theory
considering adhesion was established by Fuller and Tabor using JKR theory instead of Hertz
theory to analyze the asperity interaction to other surface.’® Assuming the flat-geometries of
interacting bodies, the resultant equations for force during unloading per unit area (F) at the

surface separation d, assuming all the relevant contacts have occurred is:%

0o d—68)?
F(d) = 22 [ f(5) exp [— %] ds Eqn. 2.12
a? /Zn'aAy
Numerically Solve 6= R A B
f(6) 2, Eqgn. 2.13
f(a) = 4E3Ra — /8mE*Aya3
1
3\ 2(E?*\3 . . . . .
where §, = — (Z) 3 (RAYZ) , E* = combined elastic modulus of interacting bodies, Ay = work

of adhesion between two surfaces, R = radius of the asperities, n, = the number of asperities per
unit area, and o = root mean square of the asperities. From the minimum point in F(d) curve,
it is possible to identify the pull-off force per unit area, and the pull-off force per unit area could

be normalized with 1.5n,mRAy to get the relative pull-off force, which could be directly com-

28



pared with the JKR spherical experiment results. However, the implementational difficulty with
the Fuller-Tabor model is the determination of R and n,; for the real surfaces, roughness occurs
at various length scales and the abstraction of the real-surface to get corresponding R and no
values to fit the GW surface could be challenging. Nayak proposed the random-field process
theory that could be used to determine the inputs for the GW theory from the PSD of the surfac-

es.!’” Inputs for the GW model can be calculated as:*8?°

R=2F Eqn. 2.14

8my

__Ma
N =l Eqn. 2.15
o= J(1 — 2828 m, Eqn.2.16
q =00 Eqn.2.17

my

where m,, m,, and m, are the spectral moments of the surface defined as my = hyps, m, =

hims, and my, = 2h;, s (RMS curvature).

Despite the prevalent use of GW theory and its efficiency, its assumption of confining
asperity geometry to a spherical shape with the single length-scale is often unrealistic as rough-
ness asperities occur in many length-scales. Amongst mathematical representations of randomly
rough surfaces, self-affine fractal surfaces are of particular interest since most naturally rough
surfaces are nearly self-affine fractal, and the mathematical simplicity self-affine fractal surfaces
permit. Surfaces have roughness at various length scales, and self-affine fractal surface has a
property that if part of the surface is magnified, surface ‘looks the same’ before magnification,

that is the statistical property is preserved under the scale transformation (Figure 2.5):
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x - x{, z — z{H Eqgn. 2.18

where x = (x,y), { = magnification factor, H = Hurst Eponent (0 < H < 1), and z = h(x).

Figure 2.5: Schematic showing the translational invariance of self-affine fractal surfaces. Re-
produced from [10]

For the case of self-affine surfaces, C(q) follows the power-law behavior:°
C(q) ~ g~ 2H+D) Egn. 2.19

This relation holds within the finite wavevector region, g, < q < g4, within which surface is
considered self-affine fractal. g, describes the smallest length scale (largest wavector) associated
with the roughness of the surface in question (typically assumed to be limited by the atomic
spacing), and q, describes the largest length (smallest wavevector) scale associated with the

roughness of the surface. Beyond q,, C(q) is a constant until q;, which is determined from the

lateral size L from the scan size of the surface (q;, = ZT”) (Figure 2.6).
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Figure 2.6: The surface roughness power spectrum of a surface that is self-affine fractal within
the region qo < q < q. Reproduced from [3]

All derivations and equations presented here can be found from [3] and [21]. When inter-
acting two bodies have the length scale of A = L/, with g, = 2T”and q = q.{, P(o,{) denotes

the distribution of stress at the magnification {. Assume that one body is a rigid body with sur-
face roughness that won’t deform, and the other body is an elastic body with modulus of E and
poisson’s ratio of v and is perfectly smooth. Persson theoretically derived that the stress distribu-

tion under this condition satisfies the diffusion like differential equation:?:

P a%p
T f({)ﬁ Eqgn. 2.20

where f({) = G'({)a¢, with g, being average pressure in the nominal contact area (Ai), and
0
G'({), derivative of the function:

E*

2
¢ =5(Z) [ daa*c@ Eqn. 2.21

where E* = E /(1 — v?). As this is equivalent to diffusion equation with time replaced by mag-

nification, and distance by stress, with increasing magnification, P (o, {) will become broader
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and broader (Figure 2.7). The broadening of pressure distribution with increasing magnification

has to do with the nature of using C(q) in analyzing surface roughness. C(q) has an effect that it

singles out spatial frequencies that at a specific magnification q (g = 27",1 = %), the mathemati-

cal treatment neglects all the surface features at higher magnifications than a current magnifica-
tion. For example, at ¢ = 1, mathematically, surface is being treated as perfectly flat that the
contact is made in whole nominal contact area, but with increasing magnification, the area of

apparent contact decreases.

@ P(o,1)

o 0 o
(b)
P(c,10)
(c)
P(c,100)

s

Figure 2.7: The stress distribution in the contact region between a rigid half-space and an elastic
substrate at different magnifications. At the lowest magnification, the substrate looks perfectly
smooth and the full (apparent) contact is made between two bodies, but with increasing magnifi-
cation, the area of (apparent) contact decreases, with pressure distribution becoming broader.
Reproduced from [10]

Combing back to the diffusion like Persson equation, when there is no adhesive interaction

between bodies, the boundary condition is:
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P(0,{) =0 Eqn. 2.22

indicating that the detachment occurs when the local stress reaches zero. At the lowest magnifi-
cation (¢ = 1), as there is no surface roughness (magnification here has the effect that it smooth-

ens out features that are smaller than the current magnification):
P(0,1) = 6(0 — agy) Eqgn. 2.23

Assuming only elastic deformation occurs, the ratio of actual contact area to nominal contact

area at the magnification ¢ is:

P@Q) =2 = [“do P(0,0) Eqn. 2.24

T Ap=A(L)

with the boundary conditions, P(0,{) = 0 and P(0,{) = 0, and the initial condition P(a,1) =

&(o — ay). Persson showed that:

PO =2[" dx“%e‘("zc@) = erf(53=) Eqn. 2.25

The actual contact area (physical contact area) corresponds to the case where the magnification is

the highest or when g = g, . In this case:?

6 =2(Z) [ dggrc(@) = 1(Z) () =1 (E) hps® Ean. 2.26

oo (o1} 2m gg

V2o, )

1
P(cmax) = erf(m) = erf(E*h;ms Eqgn 2.27

Thus the strong dependence of the actual contact area to E*, g, and h,,s can be shown.

When there is adhesive interaction, the tensile stress can be supported. In this situation, the

boundary conditions and initial condition is:

P(—=0,({),{) =0,P(0,{) =0,P(0,1) = 8(0 — 0y) Eqn. 2.28
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Here ag,({) is the stress necessary to induce detachment of width 4 = %and can be defined as:?

1

0a(Q) = [ Eqn. 2.29

P({) can be written as:
P(O) = [ o doP(0,0) =1 [ dd’S({") Eqn. 2.30

S(¢) is the function that satisfies the following linear integral equation derived from subjecting
diffusion like differential equations to the boundary and initial conditions for the adhesive inter-

action:

1
¢ a@) 2 3 [aa@)—aa(z')]z) _ [0a($)+00]
lf 4S@) (o) l * eXp( o) = o (-5 Ean 231

where

a(Q) = [{dI'FE Eqn. 2.32

The apparent surface energy at the magnification ¢, y.s({) or verr(q) (¢ = {q;) takes the form:

Veff(q) P((h) 2 x_Z_TL' q1 2 P(q)
= ey dx (1 +¢ x)re 2 I3 dag® 5 5C@@) Eqn. 2.33

4Ay

where Ay is the actual surface energy change (when there is no surface roughness), § = =

f =
J d*qq*C(q).

At{ =1, q = q;, and y.¢(q;) is the apparent work of adhesion that is measured from the exper-

iment. At this magnification, equation 2.33 becomes:

Vere(qrL) _ © 2 1 —x _ 27 rq1 2 P(q)
R = P(q0) J, dx (L+§2x)re™ =5 [Mdqq® S 5C(q)  Eqn.2.34
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P(q,) is the ratio of physical actual contact area to the nominal contact area or probability that

o 1
the contact would occur at the smallest length scale, and fo dx (1 + &2x)ze™™ accounts for the

increase in surface area due to roughness. 2?” qu: dqq® %C(q) is the elastic energy stored at
1

the interface. Thus, the equation presented is the mathematical expression for the relation:

A Ue
Vet = - Ay — A—Ol Eqgn. 2.35

where actual contact area (probability of contact occurring * ratio of increased contact area to

nominal projected area) is:

o 1
== P(ay) Jy dx (1+§2x)ze™ Eqn. 2.36

and the elastic energy stored at the interface is:

2T ~q1 2 P(q)
U LM aqq c(q)
el _ [6 qr, P(qp) ] Eqgn. 2.37
Ay Ay

Thus, the apparent work of adhesion is affected by three factors: partial contact due to roughness,
increase in area over the projected nominal area due to roughness, elastic energy stored at the

interface due to roughness.

No analytical solution exists for P({) and y.¢(¢), but they can be solved numerically by
solving equation Eqn. 2.29 ~ 2.33 iteratively. A particular interest relevant to the experiment is
P((max) = P(q1) and y(1) = vesr(qy), since they represent the actual physical contact ratio
and the surface roughness effected apparent work of energy (G, energy release rate from the

previous section) measured from the indentation experiment, respectively.
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2.2 Methods
2.2.1 Materials

Dopamine hydrochloride (98%) was purchased from Sigma-Aldrich (St. Louis, MO
USA) and used as received. Tris(hydroxymethyl) aminomethane (Tris) was purchased from
Fisher Scientific (Hampton, NH USA) and used as received. Water was purified (18.2 MQ-cm)
using Direct-Q 3 UV-R system (Millipore). Silicon wafers with 1 um thermal oxide were pur-
chased from Silicon Quest International (San Jose, CA USA; 4” diameter, phosphorus doped).
Sylgard 184 (Polydimethylsiloxane) was purchased from Dow Corning (Midland, M1l USA).
Borosilicate glass hemispherical probes were purchased from Edmund Optics (Barrington, NJ
USA; 6mm diameter). UV Glue was purchased from Norland Product (Cranbury, NJ USA;
Norland Optical Adhesive 81). Tridecafluoro — 1, 1, 2, 2-Tetrahydroctyl)-Trichlorosilane was
purchased from Gelest (Morrisville, PA USA). Epoxy was purchased from Loctite (Dusseldorf,
GER; Aqua Marine Epoxy). Sylgard 184 and 527 (Polydimethylsiloxane) were purchased from
Dow Corning (Midland, MI USA).Ecofloex 00-30 was purchased from Smooth-On (Macungie,

PA USA).

2.2.2 Free-standing PDA Nanomembrane for Contact Angle Goniometry Prepara-
tion

Silicon wafers with 1 pm thermal oxide (100 mm diameter, p-doped Si, Silicon Quest In-
ternational, San Jose, CA, USA) were cleaned by sonication in acetone, followed by isopropyl
alcohol and ddH2O. Substrates were then treated with UV-ozone (5 min, 30 mW-cm, Jelight,
Irvine, CA, USA). PDA nanomembranes were prepared by incubating substrates in 2 mg/ml
dopamine hydrochloride in 100 ml of 10 mM Tris buffer (Fisher Scientific, Hampton, NH, USA)

in ambient air and orbital rotation (65 rpm). After 24 h, the substrates were rinsed with ddH>0O
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and placed in 200 mM NaCl + 50 mM Tris buffer solution for > 6 h for film delamination. Free-
standing delaminated nanomembranes were then transferred to ddH.O prior to subsequent pro-

cessing.

2.2.3 Transfer Printing of PDA Nanomembranes to Silicon Wafers

Freestanding PDA nanomembranes were placed in ddH20 along with precleaned silicon
wafers in petri dishes. PDA nanomembranes were positioned atop silicon substrates with either
apical or basal side facing upward. The water level was reduced until PDA nanomembranes

adhered to silicon substrates. PDA nanomembranes were then dried in a stream of No.

2.2.4 Measurement of Contact Angle on Apical/Basal Side Membranes on Silicon
Wafers

All samples were dried under mild vacuum for 24 h prior to the water-in-air contact angle
measurements. The contact angle measurements were done by placing probe liquid in the incre-
ment of 5 pl. The side view of the drop was taken using Rame-Hart Contact Angle Goniometer
(Model 100-00-115, Succasunna, NJ USA). The following three liquid probes were used:

ddH20, glycerol, and ethylene glycol.

2.2.5 PDA Samples for Micro-indentation Measurements Fabrication

PDA nanomembranes were prepared by incubating precleaned silicon substrates in 2
mg/ml dopamine hydrochloride in 100 ml of 10 mM Tris buffer in ambient air and under rotation
(65 rpm). After 24 h, the substrates were rinsed with ddH20. The PDA deposition process was
repeated to prepare films with the desired roughness (24, 36, 48, or 72 h). Some samples were
placed in 50 mM Tris HCI solution (pH = 8.5) and sonicated for 2 h. For the basal side sample
fabrication, epoxy was deposited on PDA nanomembrane on a silicon wafer (24 h deposition; no

sonication) and a glass slide was placed on top of it. Epoxy-PDA-Silicon stacks were placed in

37



200 mM NaCl + 50 mM Tris buffer solution at 50 °C for 4 h, and Epoxy-PDA was separated
while in the buffer solution, and the sample was immersed in ddH20O for >24 h prior to perform-

ing adhesion measurements.

2.2.6 Morphological Characterization of PDA Samples

PDA nanomembranes roughnesses were measured using atomic force microscopy (NTe-
graAFM, NT-MDT, Tempe, AZ USA) in tapping mode. Scans were 50 um x 50 um at 0.5 Hz
using tips with a reported radius of < 10 nm (Budget Sensors, Sofia Bulgaria; k = 40 N/m). AFM
data using Gwyddion AFM software (http://gwyddion.net/) and surface topography analyzer

(http://contact.engineering/).

2.2.7 PDMS and Ecoflex Lens Fabrication

Molds for elastomeric lenses were created by using 6 mm diameter borosilicate glass
hemispherical lenses and Norland Optical Adhesive 81 UV Glue. Fabricated molds were im-
mersed in a solution made by combining 10 ml of trichloroethylene and 12 pl of (tridecafluoro-
1,1,2,2-tetrahydroctyl)-trichlorosilane (Gelest, Morrisville, PA USA) for 16 h, followed by
sonication in isopropyl alcohol, and then ddH20O and dried under an N2 stream. Ecoflex precur-
sor was made by mixing part A and part B of Ecoflex 00-30 at a 1:1 ratio, degassing (< 2 Torr, 2
min; 3 cycles), casting, and curing at 60 °C for 30 min. PDMS solution was created by mixing
Sylgard 527 gel and Sylgard 184 elastomer. Sylgard 527 blend was prepared by mixing equal
weight of part A and part B and degassed (< 2 Torr, 5 min; 3 cycles). Sylgard 184 blend was
made by mixing 5 parts base to 1 part curing agent and underwent the same mixing and degas-
sing procedure. Sylgard 527 blend and Sylgard 184 blend were mixed in 3:7 weight ratio, de-

gassed (< 2 Torr, 10 min; 3 cycles), cast, and cured at 80 °C for 18h.
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2.2.8 Micro-indentation Measurements

Figure 2.8: Macroscopic photo of custom-built indentation apparatus for adhesion measure-
ments.

Custom-built micro-indentation appratus was used for the micro-indentation measure-
ments (Figure 2.8). PDMS or Ecoflex lenses were mounted on a 25g load cell (GSO-25, Trans-
ducer Techniques, Temecular, CA USA), attached to a stack of a vertical motorized stage (MFA-
CC, Newport Corporation, Irving, CA USA) for vertical motion and a manual tilting stage
(GON40-L, Newport Corporation, Irving, CA USA) for alignment, motion of which was con-
trolled by Newport ESP 301 motion stage (ESP 301; Newport Corporation, Irving CA). Custom
written LabView software was used to control the stages. All measurements were performed at
room temperature. Before the measurement, hemispherical lenses were rinsed in ethanol, dried
under an N2 stream, and air dried for >1 h. Hemispherical lenses (either PDMS or Ecoflex) were
positioned over substrates at arbitrary heights and approached at a vertical speed of 0.5 um/s
until reaching a preload of 1 mN, then held in contact for 120 sec, and was retracted at 0.5 um/s
until the detachment occurred both in air and under water. During indentation, the lens force and

displacement were simultaneously measured. The loading phase commences upon initial contact
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between PDA samples and hemispherical lenses and concludes when the value for the preload is
reached. The unloading phase starts after the holding phase and concludes when the pull-off
force (maximum tensile force) is reached, beyond which point, the hemispherical lenses gradual-
ly jumped out of contact. The fit of the acquired data during loading phase was carried out in
MATLAB (MathWorks® , Natick, MA, USA). The average value of the energy release rate
acquired from the fit of the loading phase data is represented as mean * s.d. unless otherwise

stated.

2.2.9 Tension Measurement

PDMS and Ecoflex blocks were prepared by following the same composition and curing
protocols as in 2.2.7, except using flat petri dishes as molds. After curing, PDMS and Ecoflex
were fashioned into coupons with length, width, and thickness of ~20 mm, ~10 mm, and ~2 mm,
respectively. Uniaxial tension experiments were conducted with a micro-tester (Instron 5943,
Instron, Norwodd, MA USA) at room temperature. Samples were mounted in a uniaxial stress-
strain configuration and deformed to nominal strains of € = 10% at an elongation rate of 2
mm/min. The load and displacement were measured and stress-strain curves were recovered.
Stress-strain curves were constructed and Young’s moduli were extracted from the slope of the

linear regions (& < 10%).

2.3 Results and Discussion

2.3.1 Modulation of Nanoscale Texture of Polydopamine Nanomembranes
Freestanding PDA nanomembranes can be prepared by auto-oxidative polymerization of

dopamine followed by modulated PDA substrate interactions through electrolyte incubation

(Figure 2.9a).% Klosterman et al. qualitatively observed asymmetric adhesion in PDA nano-

membranes: the surface facing the substrate during polymerization and deposition (termed the
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basal side) exhibits increased underwater adhesion to PDMS compared to the opposite surface
(apical side) of the same membrane.?® Given the stark contrast in morphology reported between
basal and apical sides, it was hypothesized that the contrast in texture between apical/basal sides
is largely responsible for differential adhesion.?®> PDA nanomembranes were prepared on the
substrates to preferentially expose either the apical or basal side of the film (Figure 2.9b). The
morphology of apical sides was controlled by selecting the deposition time and employing soni-
cation, where appropriate.! PDA nanomembranes with a broad range of textures could be pre-
pared using these techniques (Figure 2.9b). The chemical homogeneity of apical and basal sides
were assessed by contact angle. The apical and basal sides of freestanding PDA nanomembranes
transfer-printed onto silicon wafers showed comparable values for interfacial surface tension as
measured by an Owens-Wendt plot (Figure 2.9c; See Appendix). Furthermore, the interfacial
surface energy of PDA was in agreement with previously reported values (See Appendix),t
which suggests that the interfacial energy, and therefore the interfacial chemistry, of PDA nano-
membranes is independent of both membrane orientation and electrolyte composition. Therefore,
differential adhesion in PDA nanomembranes observed by Klosterman et al. is not likely at-
tributed to chemical heterogeneity or partitioning. Further, surface roughness differential is
therefore likely responsible for orientation-dependent adhesion in PDA nanomembranes. This
assertion is supported by the large range in root mean square (RMS) roughness (hmsppa) and
RMS gradient (% msppa) in PDA nanomembranes as a function of both PDA synthesis and PDA

nanomembranes orientation (Figure 2.9d and e).
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Figure 2.9: a) Schematic of freestanding PDA nanomembrane preparation procedure. Incubation
of PDA prepared on SiO in a weakly basic electrolyte results in the delamination of PDA nano-
membranes. b) Schematic of preparation procedure and AFM images of apical/basal side PDA
samples. AFM scan size is 50 x 50 um?. The surface originally facing the substrate before PDA
delamination is termed the basal surface while the opposite is termed apical. The morphology of
apical surfaces is controlled through PDA deposition times and sonication post-treatments. c)
Owens-Wendt plot for basal/apical surfaces (See Appendix). Both surfaces exhibit comparable
values for interfacial surface energy. Values for the (d) RMS roughness (himsppa) and (e) RMS
gradient (h’msppa) Of PDA nanomembranes as a function of synthesis condition and post-

treatment.
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2.3.2 Johnson-Kendall-Roberts Theory Formulation

The dependence of adhesion of PDA nanomembranes to their texture was characterized
using micro-indentation tests between PDA nanomembranes on substrates and mechanically
compliant hemispherical lenses composed of either PDMS or Ecoflex (Figure 2.10a). Given our
chosen experimental conditions, indentation tests using either lenses are characterized by a Tabor
parameter >> 1,2 and these experiments generate force-displacement curves (Figure 2.10a and
b) that can be analyzed by applying the Johnson Kendall Roberts (JKR) theory of elastic contact
mechanics.®26-22 When a hemispherical lens with the elastic modulus of E; and the radius of R is
brought into contact with a flat substrate of modulus E», the combined elastic modulus E* can be

expressed as follows:

1 1-vi | 1-v3

— = +—= Eqgn. 2.38

E* Eq E;

where, v; and v, are Poisson’s ratios of the hemispherical lens and PDA nanomembranes. Since

E> >> E4, the combined modulus can be expressed as E* ~ 1E—;2 The force F, indentation depth
V1

&, the work of adhesion (energy release rate between two surfaces) G are related as in Eqn. 2.3.
Thus, for a given force-(indentation depth) (F vs &) curve, the value of G and E* between two
surfaces can be determined by fitting 6 and F with Eqn. 2.3. For the acquired experimental data
for the current setup, the starting point of the probe before each experiment is arbitrary. Thus, an
offset parameter &, was introduced to Eqn. 2.3 to use experimentally acquired force-

displacement curves (6§’ = & + &;), which yields:

wWIN

1
\/2n<(%[F+3nRG+J6nRGF+(3nRG)2])3G>

E*

5 _ GE|P+3mre+/onRGF+GrRGY?))

- + 9§ Eqgn. 2.39
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Loading part of force-displacement data (from initial contact to hold) was fit using Eqn. 2.39 for

all experimental conditions, where possible.
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Figure 2.10: a) Schematic of micro-indentation measurements. Either PDMS or Ecoflex hemi-
spherical lenses were indented against substrates with PDA nanomembranes. b) A representative
force-displacement curve between a PDMS lens and substrates with PDA nanomembranes with
various phases of contact labeled. ¢) Top: Representative force-(indentation depth) curves be-
tween PDMS lenses and PDA nanomembranes. Bottom: Representative energy release rate
versus indentation depth plots for PDMS lenses. Left to Right: himsppa < 60 nm in air, hrmsppa <
20 nm underwater, and hrmsppa > 20 nm underwater.

2.3.3 Force-Displacement Measurements in Air

Eqgn. 2.39 could be fit to the loading part of force-displacement curves acquired from in-
dentation measurements between PDMS hemispherical lenses and PDA nanomembranes with

hrmsppa < 60 nm in air (R? > 0.995). Values of E*, G, and §, could be calculated. For measure-
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ments between PDMS hemispherical lenses and PDA nanomembranes with himsppa < 60 nm,
extracted values of G = 34 + 4 mN/m (n = 7) were in agreement with thermodynamic calcula-
tions based on contact angle measurements (see Appendix). Extracted values for E* agreed
closely with the tensile measurements (Figure 2.11).
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Figure 2.11: a) Representative stress-strain curves for PDMS and Ecoflex. b) Comparison be-
tween recovered Young’s moduli calculated from both JKR and uniaxial tensile strain measure-
ments (n = 3); Erpmskr = 1.14 + 0.05 MPa, Egcofiex.skr = 63.8 £ 2.6 kPa, Eppms, Tensie = 1.17 *
0.03 |\/|Pa, and EEcoﬂexyTensiIe =60.3 + 2.5 kPa.

Force-(indentation depth) curves can be constructed by subtracting 6, from displacement data. A
representative force-(indentation depth) curve (F vs §) is given for measurements between
PDMS lenses and PDA nanomembranes with himspoa < 60 nm in air (Figure 2.10c). With E*
and &, values determined by fitting data from the loading phase to Eqn. 2.39, Eqn. 2.39 can then
be solved numerically for both loading and unloading phases to obtain values for G. A repre-
sentative plot of G vs & for measurements between PDMS lenses and PDA nanomembranes with
hrms,ppAa < 60 Nnm in air is shown (Figure 2.10c). During the loading phase, G is nearly constant;
an expected result for a thermodynamically equilibrated system.?® During the unloading phase,
plots of G vs 6 show significant hysteresis. We conclude that bulk viscoelastic deformation is
negligible as the fit of the force-displacement data during the loading phase to Eqgn. 2.39 shows a

good fit (R? > 0.995), which indicates that bulk deformation is largely elastic.*® We speculate that
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hysteresis between loading and unloading phases is attributed to interfacial dissipation, behavior
that is qualitatively similar to those described in previous reports for PDMS lenses.?**? JKR
theory suggests that the maximum force or pull-off force during unloading (Fmax) in a perfectly

elastic response with the absence of surface roughness is related to the thermodynamic work of

adhesion by Grhermo = %.27 Even in cases where interfacial dissipation are non-negligible

and surface roughness is present, the same expression (f’;ﬁ) gives the effective work of adhe-

sion(WuL), a key figure of merit in measuring texture-dependent adhesion, that could be used in
our case for the cross-comparison between samples with different roughnesses. For measure-
ments between PDMS lenses and PDA nanomembranes with himsppa > 60 nm in air, force-
displacement curves in the loading phase do not permit the fit to Eqn. 2.39, which we attribute to
the higher roughness of these samples (See Appendix). For measurements between Ecoflex
lenses and PDA nanomembranes, regardless of hmmsppa Of PDA nanomembranes, the force-
displacement curves during the loading phase show a good fit to Egn. 2.39 with G value similar

to that of PDMS (slightly smaller), and show a similar degree of hysteresis (See Appendix).

2.3.4 Interfacial Viscoelastic Effect in Air

Gent and Schulz proposed that when the bulk viscoelasticity is present, the energy release

rate (G) at the crack-opening interface is the function of the crack front velocity as:3*
G = Go[1 + @(arV)] Eqn. 2.40

where G, is the energy release rate at the zero crack-front velocity (i.e., the energy release rate
without dissipative effect), ar is the WLF shift factor,®® and V is the crack front velocity.
@(atV) is characteristic of the material and is independent of material geometry or loading

system.*® Knowledge of ¢(a1V) allows the computation of dissipative effect accounted energy
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release rate provided that the dissipative effect is confined to the crack tip. Maugis and Barquins

found ¢@(arV) to have the power-law like dependence:3"%
G = Go[1 + k(arV)"] Eqn. 2.41

where the typical value of n fall in the range 0.1 < n < 0.8. The above relation has the origin in
bulk viscoelasticity. For the case of interfacial viscoelastic dissipative effect, Barthel and Roux

found that similar power-law like relation exists:*
0 o . .

where V, is the characteristic velocity for the onset of dissipation. However, the above relation is
a phenomelogical equation not justified with an explicit theory,*® probably due to the various
molecular origins of interfacial dissipative mechanisms.* Also need to be noted is that the Eqn.

2.42 is dependent on testing geometry or many other conditions unlike Eqn. 2.41.

V, crack-front velocity is the time derivative of contact radius. Time derivative can be

taken to & vs a relation in Eqn. 2.2 to relate the indentation speed to the crack front velocity:

dat | R 26a| \dt

L . ”Gl(d—“) Eqn. 2.43

In theory, Eqn. 2.43 could be used to get V (‘;—Z) throughout the unloading portion of data, and G

vs V curve could be constructed to fit to Egn. 2.42 to examine the dissipative effect for the sys-
tem throughout the unloading phase. But in practice, when the adhesion hysteresis is involved,
contact radius starts to decrease only after the displacement has sufficiently decreased to the
point that where energy release rate becomes large enough,*? and the use of Eqn. 2.42 is often

only feasible for the measurement setups that can take measure the contact radius data. This sort
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of artifact was observed in our system as well (data not shown), and the G vs V curve showed
behavior in congruent with Eqn. 2.42 only for the portion of data with § < 1 um for data in
Figure 2.10c in air. Pressure dependent hysteresis could exist as well since different regions of

contact experiences different pressure history.

Instead of arbitrary truncating data, the degree of viscoelasticity was analyzed at the time
of pull-off in relation to values reported in the literature measured at the time of pull-off. Contact

radius at the time of pull-off (ac) has the characteristic form:*

1

ac = (Z2C)? Eqn. 2.44

Substituting a. in Eqn. 2.43 to a in Eqn. 2.44:

dé _ |2ac nG da
rrie [T - N/ZE*aC] (%) Eqn. 2.45

Plugging in corresponding values to Eqn. 2.45 (Z—f =0.5ums™1,G =34mNm™1,R = 3mm,

and E* = 1.52 MPa) , V (%) at the pull-off was acquired as 12.6 % Using V, =

6.3 um s~ t,n = 0.50,* and G = 80 mN/m, G, of 33.1 mN/m is acquired, a value close to the
one acquired from the loading phase data; however it should be noted that V; and n show high

variation with changes in experimental conditions such as preparation conditions.

2.3.5 Force-Displacement Measurements under Water

A “jump-in” is a surface free energy induced mechanical instability transition that often
occurs while conducting adhesion measurements, meaning two surfaces jump into each other,
establishing a finite contact even at zero load.* Jump-in was observed between PDA nanomem-

branes and both PDMS and Ecoflex lenses in air. However, these artifacts were not observed in
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aqueous environments.*® Eqn. 2.39 could be fit to the loading phase of force-displacement curves
for both PDMS and Ecoflex lenses underwater. However, the value of G was near zero through-
out the loading phase for both PDMS and Ecoflex lenses (Figure 2.10c; See Appendix). Also
the measurements against PDA nanomembranes with hrmsppoa greater than 20 nm largely abolish
the adhesion (pull-off force) for measurements with both PDMS and Ecoflex lenses. For meas-
urements in water, other studies show that the velocity dependent viscoelastic effect is very low
for PDMS where the two order of magnitude of retraction velocity difference shows only about ~
10 % difference in pull-off force;** a result consistent with the expectation that hydrophobic
molecular chains at the interface will tend to collapse due to hydrophobic-hydrophobic interac-
tion in water. It is likely that the observed hysteresis is due to the pressure dependent contact
establishment under presence of water, which will be discussed in the later section (Section

2.3.7).

2.3.6 Effect of Roughness on Adhesion

From the pull-off forces from indentation measurements, plots of Wy vs. RMS rough-
ness (hrmspoa) of PDA nanomembranes and WuL vs. RMS gradient (% 'mspoa) of PDA nano-
membranes were constructed (Figure 2.12). Figure 2.12a shows the plot of Wy vs. himsppa in
air. For PDA nanomembranes of hymsppa < 60 nm, Wyur from measurements with PDMS and
Ecoflex lenses did not show the trend of WyL value decreasing with increasing hmspoa. For
Ecoflex lenses, the same trend (WuL not decreasing with increasing hrmspoa) held true throughout
the hmmsppoa range explored (< 200 nm). For PDMS lenses, Wur decreased with increasing
hrms,poA IN the range of himspoa> 60 Nm. The observed behavior is in reasonable agreement with

theoretical
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Figure 2.12: a) Plot of the effective work of adhesion vs. RMS roughness of PDA
nanomembranes (WuL VS hmsppa) in air. b) Plot of the effective work of adhesion vs. RMS
gradient of PDA nanomembranes (WuL vs h’msppa) in air. c) Plot of the effective work of
adhesion vs. RMS roughness of PDA nanomembranes underwater (Wur vs hmsppa). d) Plot of
the effective work of adhesion vs. RMS gradient of PDA nanomembranes underwater (WuyL vs
h’mspoa). Highlighted regions contain points for basal PDA surfaces and apical PDA surfaces
with 24 h deposition and subsequent sonication (c and d). Data plotted as mean +* s.d. forn = 3.

predictions based on Greenwood-William theory (Figure 2.12a) (See Appendix). The slight
overestimation in Wy is anticipated as the surface estimation through Gaussian distribution
underestimates the effect of outliers (See Appendix).*"“® Experimental data follows the key

characteristic features expected from the theory: 1) there is an elasticity-dependent reduction in
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the work of adhesion; 2) the work of adhesion is nearly constant for roughness values smaller
than a certain threshold value (hrmspoa = 60 nm for PDMS and himspoa > 200 nm for Ecoflex),
which is also modulus-dependent. WyL can also be plotted against other roughness parameter,
RMS gradient (% ’mspoa) (Figure 2.12b). Wuc and 4 msppa are inversely correlated with similar
key characteristic behaviors observed in the plot of WuL vs. himspoa. Namely, the value of Wy
between PDMS & PDA decreases with increasing / rmsppa for 4 'msppa values beyond a thresh-
old value. Also, the value of WuL between Ecoflex & PDA is nearly constant for the range of

h’ms,poarange explored in this study.

Figure 2.12c and d show the plots of WuL Vs. hrmspoaand Wur VS. & 'msppa underwater.
As noted previously, non-zero adhesion (pull-off force) was observed only for hymsppa < 20 Nm
for both PDMS and Ecoflex lenses, hinting that the effect of roughness on adhesion intensified in
water (Figure 2.12c). Interestingly, values for Wy, for basal PDA surfaces (hrmsppa= 18.1 nm)
are larger than that of apical PDA surfaces with 24 h sonication (himsppa = 8.3 nm) despite the
former having a larger himsppa than the latter (Figure 2.12c). For this situation, it could be in-
structive to examine another roughness related parameter; RMS gradient. Basal PDA surfaces
exhibit a lower RMS gradient than the apical surface of PDA membranes that formed through 24
h deposition and sonication (% rmsppa = 0.047 vs. h’mspoa = 0.16). Assuming PDA surfaces all
follow same distribution profile (i.e. Gaussian distribution), hims and 4’mms are proportionally
correlated, which clearly is not the case between the two points here. The presence of outliers
(spherical aggregates from the bulk-phase) could give rise to the present discrepancy. Per
Persson’s theory, the true contact between surfaces is influenced more by the smaller scale fea-
tures in the surface, which is more representative by /’ms.2 As so, more focus is cast on the

dependency on 4 ms in the following section.
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2.3.7 Theoretical Analysis of Effect of Roughness in Water

No widely adapted satisfactory theory exists dedicated explicitly to analyze adhesion un-
derwater. A thorough and exact computation of the interfacial interaction for elastic bodies in a
fluid medium is a challenging problem; fluid-dynamics with consideration of possible pressure-
dependent fluid viscosity effect and elastic confinement effect needs to be considered.**->* How-
ever, in analyzing rubber fluid squeeze-out macroscopic phenomenon, Persson showed that
simplifications could be made. Assuming Newtonian fluid and the influence of the fluid-pressure
on the solid-contact could be neglected, Persson analyzed the rubber fluid squeeze-out with the
assumption that contact between rubber and the other solid could be approximated with Hertzian
like deformation (no adhesion).>? This is in-agreement with the current experimental results as
the “jump-in”, adhesive pressure driven snap of one solid to the other, was not observed during
the loading phase underwater, the energy release rate was zero throughout the loading phase, and
the in water recovered modulus agreed with the in air value; it could be posited that the presence
of water blocks the long-range (relatively) adhesive interaction that causes spontaneous snap of
elastomer to the other surface. For the following analysis, it is assumed that for the adhesion to
be established underwater, surfaces first need to come into contact in the angstrom range
opposed to the automatic snap of the surfaces in air or vacuum; support for the assertion could be
found in the literature, where the dewetting transition between elastomers was only observed

when surfaces were in ~ 400 angstrom proximity.>

For the present analysis, it is assumed that the contact is established during loading phase
in a Hertzian manner. During unloading, only the portion of the surfaces established contact
during loading phase participate in the adhesive interaction. Denoting the ratio between the

actual contact area (a portion of the surface established contact) to nominal contact area as (A/
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Ap), we will assume that the pull-off force will scale in a Greenwood-Williamson like manner
3
such that F,;; « (i)i 13 According to Persson’s theory with Hertzian-like boundary condition,
b Ag

the ratio between the real contact area to a nominal contact area (A/A,) is described by Eqn. 2.27:

A = erf (22 Eqn 2.46

x7, !
0 E hrms

where g, is the applied pressure, E*, combined elastic modulus between two bodies, and hys,
the RMS gradient. Pressure that the pull-off region (apex of the hemispherical probe) experienc-

es during loading can be acquired as:*?

1
3

%2
oy == (6” ) Eqn 2.47

T\ RZ?
where F will correspond to the 1 mN in the current situation, which is the maximal force during
loading. Substituting Eqn. 2.47 to Eqn. 2.46, we acquire:

3~ 1
A _ erf <%) Eqn. 2.48

T3E*3hymsR
Eqgn. 2.48 can be used to get the ratio of the portion of the nominal contact area that established
3 3
contact during the loading phase. As Fp,;; « (Ai)i, WuL (G) will also scale as (Ai)i. Since the
0 0

viscoelastic dissipation is negligible in water, the thermodynamic work of adhesion calculated

from the contact angle measurements data can be directly used to compare with the acquired Wur

!

experimental data such that the relation between G and h;,,s becomes:

3

3z 2
G = Grhermo lerf <#6F35)l Eqn. 2.49
3

T3E*3hymsR
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Using Eppys = 1.52 MPa, Egcoriex = 85 kPa, R = 3 mm, and Grpermo = 50 mN/m in  ac-
cordance with the current experimental condition, G vs hp,s was plotted along with the experi-
mental results (Figure 2.13). Despite considerable simplifications, a good agreement was found
between the experiment and the theory, despite slight overestimation at the higher hp,s range,
which is cautiously accounted to the effect of outliers in surface topology. The present analysis
could be used to explain hysteresis in underwater experiments as the amount of pressure during
loading phase varies according to Hertzian like distribution along the contact radius, but this

assertion warrants a further study.
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Figure 2.13: Plot of the work of adhesion during unloading vs RMS gradient of the surface
underwater. Experimental data plotted as mean + s.d. (n = 3).

S

The proposed physical model to explain texture-dependent adhesion in various environ-

ments is shown in Figure 2.14. In air, both Ecoflex (Low Elasticity) and PDMS (High Elasticity)
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lenses conform well to smooth PDA surfaces (low hmsppa). For rough PDA surfaces (high
hrms,ppA), Ecoflex lenses still conform well, attested by the negligible Wy change with respect to
change in himspoa. PDMS lenses conform poorly to PDA surfaces with high himsppa, translating
to the lower work of adhesion. For the underwater case, the effect of roughness intensifies, with
adhesion completely removed for PDA surfaces with himsppa > 20 nm. The observed intensifica-
tion showed a good agreement with the proposed model where the contact establishes underwa-
ter in a Hertzian like manner due to water phase blocking the long-range (relatively) adhesive
interaction. The finding suggests that the suppression of adhesion underwater, often explained
exclusively from a molecular level, might need to be revisited by carefully considering the mor-
phology of the samples as the nanoscale texture completely abolished adhesion underwater. The
analysis presented here could help understand the bulk adhesion of PDA in a more systematic

manner.

a b
|
E =60 kPa
Ecoflex

PDA

h__>60nm

E=1.2 MPa

PDMS

Ecoflex or PDMS

Figure 2.14: Schematic of contact between PDA nanomembranes on substrates interfacing with
elastomeric spherical probes. a) The contact region between the lens and PDA substrates is
magnified in subsequent panels. b-i) Ecoflex conforms well to interfaces composed of PDA
nanomembranes with both hrmsppa > 60 nm and hmsppa < 60 nm. b-ii). PDMS conforms poorly
to PDA interfaces with himsppa > 60 nm. ¢) Aqueous environments convolve the effect of surface
roughness, translating to lower contact area as the deformation is Hertzian-like.
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2.4 Conclusion

The role of texture in adhesive interaction of PDA nanomembranes was studied in vari-
ous contexts. Micro-indentation tests elucidated the complex relationships between PDA texture,
the elasticity of interacting bodies, and interfacial adhesion in both in air and underwater condi-
tions. The nanometer-scale random roughness inevitably introduced to PDA nanomembranes
during synthesis can significantly alter the adhesive behavior of PDA nanomembranes, and the
fact suggests that the adhesion of PDA nanomembranes can be tuned through morphology con-
trol. Our findings suggest that the texture dependent adhesion could explain differential adhesion
of PDA to many classes of materials. This study also highlights the importance of designing
interfaces with low RMS gradients to ensure underwater adhesion and proposes a model capable
of the analysis of the current model situation. This trend, observed in the context of PDA nano-
membranes, could be extended to other types of materials as well. Generalizable trends can
inform the design of PDA-based adhesives or other catechol-bearing functional materials that are

designed to operate in aqueous conditions.
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Chapter 3
Surface Wrinkle Dependent Adhesion in PDA

(Disclaimer: The following chapter is part of a collaboration for the resultant publication of which,
myself is a co-first author. My co-author collected data. All the figures, analysis, and writing
presented in this chapter are my own, unless otherwise noted.)

3.1 Introduction
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S S < =
- AEEERLEY VN 7Y
b ; >| i

I 1 H
e L | 1

L-AL
Figure 3.1: Formation of the surface wrinkles through thin-film buckling. Reproduced from [17]

In nature, as elaborately demonstrated with the example of gecko setae microstructures,
surface patterns are used to dynamically control the adhesion of interfaces, such that reversible
adhesion is maintained through multiple attachment and detachment cycles.'™ Inspired by the
remarkable degree of effectiveness of natural systems, there have been significant efforts to
reproduce such functionality by introducing surface patterns to synthetic systems.5*3 While the
most dominant surface pattern approach in synthetic reversible adhesives is the introduction of
fibrillar structures, use of surface wrinkles has been proposed as an alternative surface pattern
strategy with its primary advantage being a simpler fabrication step without the need of
complicated lithographic steps, and the robust and facile real-time tunability of adhesion.!4
Surface wrinkles can be conveniently introduced to elastomeric substrates via compressive stress
induced thin-film buckling (Figure 3.1).258 Adhering a thin rigid skin to an uniaxially pre-
strained elastomeric substrate with the subsequent release of pre-strain results in a buckling
mechanical instability that introduces periodically ordered surface wrinkles on the substrate.'”°

As PDA is a rigid nanomembrane with modulus in the gigapascal range,**?! PDA is ideally suited
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as a component of the smart wrinkle system, and the incorporation of PDA into smart wrinkle
systems could be an additional strategy to control the adhesion of PDA interface. Chapter 3
discusses the PDA incorporated wrinkle system, the adhesion of which was dynamically switched
on and off with applied mechanical strain. A new kind of theoretical framework to analyze the
effect of wrinkle geometry to adhesion based on the elliptical JKR contact model is presented,
which could be conveniently used to predict the macro-adhesive property of surface wrinkle

systems, not limited to the PDA system.

3.2 Methods
3.2.1 Materials

Dopamine hydrochloride (98%) was purchased from Sigma-Aldrich (St. Louis, MO USA)
and used as received. Tris(hydroxymethyl) aminomethane (Tris) was purchased from Fisher
Scientific (Hampton, NH USA) and used as received. Water was purified (18.2 MQ-cm) using
Direct-Q 3 UV-R system (Millipore). Silicon wafers with 1 um thermal oxide were purchased
from Silicon Quest International (San Jose, CA USA; 4” diameter, phosphorus doped). Sylgard
184 (Polydimethylsiloxane) was purchased from Dow Corning (Midland, M1 USA). Borosilicate
glass hemispherical probes were purchased from Edmund Optics (Barrington, NJ USA; 6mm
diameter). Epoxy was purchased from Loctite (Dusseldorf, GER; Aqua Marine Epoxy). Gold
targets (>99.99%) and chrome targets (chrome-plated tungsten rods; 99.9%) were purchased from

Kurt J. Lesker (Jefferson Hills, PA USA).

3.2.2 Freestanding PDA Nanomembrane Preparation
Silicon wafers with 1 um thick thermal oxide were cleaned by sonication in acetone and
isopropyl alcohol followed by rinsing in ddH>O. Substrates were further cleaned by UV-ozone

treatment (5 min at 30 mW-cm?; Jelight, Irvine, CA USA). PDA films were prepared by
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incubating pre-cleaned silicon substrates in 2 mg/ml dopamine hydrochloride in 100 ml of 10 mM
Tris buffer in ambient air and under rotation (65 rpm) for 24 h. Afterwards, samples were placed
in 50 mM Tris HCI solution (pH = 8.5) and was subjected to sonication for 2 h. Samples were then
placed in 200 mM NaCl + 50 mM Tris buffer solution for > 6 h for delamination of the film.
Delaminated nanomembranes were transferred to ddH20 prior to the PDA/PDMS substrate

fabrication.

3.2.3 Fabrication of the PDA/PDMS Substrates

Polydimethylsiloxane (PDMS) blend was prepared by mixing 10 parts base to 1 part curing
agent, went through degassing in mild vacuum for ~ 5 min three times, and cured at 80 °C for 18
h. Rectangular PDMS coupons (Dimensions ~ cm) went through sol-phase extraction procedure.
PDMS coupons were incubated in hexane and acetone for 3 h three times, were washed with
ethanol and ddH-0O, and dried under an N stream. PDMS coupons were mounted onto a custom-
built strain device under designated uniaxial strains and subjected to oxygen plasma treatments
(260 mTorr, 18W RF power, ambient O, 30 sec; Harrick Plasma, Ithaca, NY USA). Afterwards,
while mounted on the strain device, PDMS coupons were submerged in ddH20 bath. Free-standing
PDA nanomembranes were positioned at the water-air interface above the PDMS coupons and the
water level was lowered until the PDA nanomembranes laminated onto the PDMS coupons.
PDA/PDMS structures were dried under an N2 steam, and the strain was released. All samples

were used within 20 h of fabrication.

3.2.4 Fabrication of the Hemispherical Indentation Probe

Borosilicate glass hemispheres, mounted onto screws with epoxy, were rinsed with
isopropyl alcohol and ddH-O, and dried under an N2 stream. 5 nm Cr and 50 nm Au were thermally

evaporated onto the probes (0.2 A s 1, NexDep, Angstrom Engineering, Kitchener, ON Canada).
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3.2.5 Morphological Characterization of the PDA/PDMS Substrates

Film roughness were measured using atomic force microscopy (NTegra AFM, NT-MDT,
Tempe, AZ USA) in tapping mode. Scans were 30 um x 30 um at 0.5 Hz using tips with a reported
radius of < 10 nm (Budget Sensors, Sofia, Bulgaria; k = 40 N/m). Topographic data was analyzed
using Gwyddion AFM software (http://gwyddion.net/) to measure the geometry of the wrinkles
(wavelength & amplitude). 2D profiles of surfaces were extracted. Wavelength was measured by
measuring the crest to trough horizontal distance and multiplying the value by two. Amplitude was
measured by measuring the vertical distance from crest to trough and dividing the value by two.
The measured values of the geometry of the wrinkles are reported as mean + s.d. unless otherwise

stated (n = 10).

3.2.6 Micro-indentation Measurements

The indentation probe was mounted on a 25g load cell (GSO-25, Transducer Techniques,
Temecula, CA USA), attached to a stack of a vertical motorized stage (MFA-CC, Newport
Corporation, Irving, CA USA) for vertical motion and a manual tilting stages (Newport GON40-
L) for alignment, motion of which was controlled by Newport ESP 301 motion stage. Custom
written LabView software was used for control. All measurements were performed at room
temperature and in air. Before each measurement, indentation probes were rinsed in ethanol, dried
under an N2 stream. The indentation probe was positioned over a PDA/PDMS substrates at
arbitrary heights and approached at a vertical speed of 0.5 um/s until reaching a preload of 1 mN,
allowed to dwell for 120 sec, and then retracted at 0.5 um/s until the detachment occurred. Force-
distance curves were generated during the indentation. For the indentation measurements in which
the PDA/PDMS went through cyclic mechanical strains, PDA/PDMS substrates were mounted

onto the custom-built strain device, and the mechanical strain of either 40 % or 0 % was applied.
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A metallic cube was placed below the PDA/PDMS substrates to prevent the possible bending of
the PDA/PDMS structure during the indentation measurements. Afterwards, the same procedure
as described above was repeated, while either 40 % or 0% strain was applied, to generate force-
displacement curves. The measured values from the indentation measurements are reported as

mean = s.d. unless otherwise stated (n > 4).

3.3 Results and Discussion

3.3.1 Control of the Surface Wrinkle Geometry of PDA/PDMS Substrates through
Variation of the Applied Pre-strain

Free-standing PDA nanomembranes, prepared by incubating PDA films grown on SiO>
substrates in a mildly basic solution'® were laminated onto the O, plasma treated PDMS that were
pre-strained at pre-strains ranging from o= 0 % to &0 = 50 % via aqueous phase transfer-printing.
Upon release of the pre-strain, PDA/PDMS structures buckled to create sinusoidal wrinkles
(Figure 3.2a). In addition to the sinusoidal wrinkles, occasional ridges or cracks were observed
on the PDA surface, the cause of which could be attributed to the imperfect flattening of the PDA
membranes during transfer-printing process or the residual stress at the interface caused by the
volume-change associated with the O, plasma introduced silica layer on PDMS (Figure 3.2b).?
Depending on the pre-strain applied, PDA/PDMS structures with varying wrinkle geometries

(amplitude A and wavelength 1) were obtained (Figure 3.2c and d; See Appendix).
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Figure 3.2 a) Schematic of the wrinkled PDA/PDMS substrate fabrication. b) AFM scans of a
PDA/PDMS structure created with varying pre-strains (go). All AFM images are 30 x 30 pm?2. ¢)
Plot of the amplitude (A) vs pre-strain (o). d) Plot of the wavelength (1) vs pre-strain (o).
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3.3.2 Dependence of Adhesion on Wrinkle Geometry and the Reversible Control
of Adhesion through Mechanical Strain
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Figure 3.3: a) Force-displacement measurement schematic and the exemplary force-displacement
curve produced from the measurement. Note that the origin of displacement is arbitrary as the
indentation measurements start from the arbitrary probe position atop the samples. b) Plot of the
normalized pull-off force (m) and pull-off force (Fyy;) Vs pre-strain (eo).

Interfacial adhesion of PDA/PDMS structures with different wrinkle geometries were
measured through micro-indentation measurements in air. Borosilicate hemisphere, coated with
gold, was indented against the wrinkled PDA/PDMS substrates created with different pre-strains,
and the force-displacement curves were generated (Figure 3.3a; See Appendix). From the force-

displacement curve, the maximum tensile force was recorded to be a pull-off force (F,;) (Figure

3.3a). A “jump-in”, a surface-force induced mechanical instability, was only observed for the
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samples with g, < 20 % (See Appendix). Absence of jump-in for the samples with g, > 20 %
is probably due to the fact that more profound wrinkle geometries for those samples make the
transition to the in-contact state at zero-load energetically unfavorable. For the case of ¢, = 0 %
sample, the flat geometry of the surface permits the fitting of the loading portion of the force-
displacement data to the Johnson-Kendall-Roberts (JKR) theory. The expected thickness of the
combined thickness of PDA and silica layer is less than 100 nm.23%* As the thickness of the rigid
layer in the PDA/PDMS substrates is < 100 nm, and the probe dimension is in the millimeter range
(radius of the probe = 3 mm), the effective modulus of the current composite structure will be close
to that of the pure PDMS with difference being the interfacial chemistry substituted with that of
PDA.% Following the procedure detailed in section 2.3.2 ~ 2.3.3, the work of adhesion (W,q;
energy release rate (G)) and the combined elastic modulus (E*) between the gold probe and the
PDA/PDMS substrates were found to be 25.5 + 8.6 mN/m and 2.6 + 0.45 Mpa (n = 4; R? > 0.994),

respectively. The recovered E* corresponds to the PDMS modulus of about 2.0 £+ 0.34 MPa

(Eppms zf—;%;vl = 0.5 for PDMS), which is in agreement with the Sylgard 184 (PDMS)

1
modulus reported in the literature for the similar synthesis condition as herein.?® Recovered G
could have been affected by the surface heterogeneities as detailed in Chapter 2. The measured
Fpun value for the case of ¢, = 0 % are 1.48 £ 0.14 mN, reaching an equivalent work of adhesion
(Wag) of 112 mN/m (Wag = Fpu/1.57R;?" R = radius of the probe (3 mm)). There is a significant
adhesion hysteresis (25 mN/m vs. 112 mN/m). Tracking down the origin of the adhesion hysteresis
is a tricky question. While the interfacial chemistry reconstruction, which for the case of interaction
between Au and PDA might involve charge-transfer mechanism,?® could be responsible, the
dissipative mechanism at the interface, the origin of which is from the various molecular

mechanics, play a role as well. For the current system, despite the rigid nature of the PDA and
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silica layer, the thickness is in the nanometer range and the previous studies inform that plastic
deformation is the unlikely source of adhesion hysteresis in that case.?®3® The proposed likely
mechanism for the adhesion hysteresis between the elastomer and solid surface is the polymeric
chain pull-out or stretching from the interface of the elastomer network.>* Even though our
composite is covered with the rigid layer, diffusion of the low molar siloxane phase to the interface
will result in the recovery of polymeric chains participating in the dissipative mechanism at the
interface; to prevent the diffusive contamination, PDMS in the current composite structure went
through sol-phase extraction to remove the low-molecular oligomers within the PDMS network.
Also before measurements, the water contact angle on the composite structures was checked to be
< 50° (data not shown), which confirms that the interface is predominantly PDA. The process
provides a remedy to the problem, but the quantification of the degree of the remedy that the sol-
extraction process provides to remove the dissipative dissipation, warrants a further study than
presented here. Yet, it could be posit that the degree of dissipative mechanism in the composite
interface lies somewhere between zero-interfacial dissipation to that of the untreated pure PDMS.
Then the range of the dissipative mechanism accounted thermodynamic work of adhesion between
the Au and PDA interface solely from the surface chemistry would lie between 112 mN/m to 42.6
mN/m (derived according to the process detailed in section 2.3.4). While the true value is expected
to be closer to the upper-bound (112 mN/m), a definitive conclusion can’t be drawn with the
current evidences. However, even taking a lower-bound as the true-value informs that PDA

interface could have gone through an interfacial chemistry reconstruction.

F,un of each sample was normalized with the average Fy;; value of &, = 0 % samples to
get the normalized pull-off forces (F,y). Figure 3.3b shows the plot of F,;; and Fpyy versus &,

used to create the samples. F,; increase initially with increasing &,, but subsequently decreases
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as g, further increases; adhesion of the PDA/PDMS substrate is the strong function of its wrinkle
geometry. Initial increase in F,y; is likely attributed to the contact-splitting, and the subsequent
decrease is likely attributed to decrease in the contact area as the amplitude increases, which
decreases the radius of the wrinkles at the apex. A PDA/PDMS sample created with the pre-strain
(go) of 40 % went through a cyclic strain between € = 0 % and € = 40 % (Figure 3.4a), and the
adhesion (Fy,;;1) was measured at each strain condition. The reversible controllability of adhesion
was maintained up-to five cycles, which is likely to expand to more cycles even though was not
tested. Figure 3.4c shows the exemplary force-displacement curves at each strain. For the
measurements at € = 40 %, despite the flat geometry of the specimen, the loading portion of the
force-displacement curve deviates from the &, = 0 % curve, an artifact could be coming from the
stretched state of the sample. Nonetheless, adhesion of the PDA/PDMS substrate was reversibly

turned on and off through the mechanical strain applied, demonstrating the PDA/PDMS system’s

effectiveness in a fast actuation of adhesion tuning (Figure 3.4).
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Figure 3.4: a) Schematic of the cyclic strain application. b) Pull-off forces were reversibly

varied through several cycles. ¢) Exemplary force-displacement curves at each strain. Left) € =
40 %. Right) € = 0 %.
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3.3.3 Theoretical Analysis of the Effect of the Wrinkle Geometry on Adhesion

A framework that could predict the adhesion (pull-off force) of the PDA/PDMS substrate
as a function of the wrinkle geometry would be a convenient tool, and the analysis could be
extended to other materials with the wrinkle geometry as well. The exact computation of the whole
deformation of the wavy (wrinkled) surface in contact with the spherical probe is a non-trivial task
which involves a heavy numerical computation.®?-3* If one’s primary interest is in predicting pull-
off force, the most important figure of merit in measuring material’s adhesion, of the wrinkled
surface, an approximate approach based on treating each wrinkle to act independently with the
probe at the time of pull-off has shown to be in a reasonable agreement with the experimental
results with a much facile computation scheme and tractable parametric form.#%>3 However, in
the literature, an attempt in providing a facile scheme to predict the wrinkle geometry adhesion
didn’t go beyond providing a scaling relationship between the pull-off force and the wrinkle
geometry. This section presents an approach that expands on that line of effort to predict the pull-

off force as a function of the wrinkle geometry with a definite value.
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Figure 3.5: Schematic of the interaction between the hemispherical probe and the surface
wrinkles.
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Figure 3.5 shows the schematic of the model situation. A wrinkle, the location of which
aligns with the centerline of the hemispherical probe, is the 0" wrinkle, and each wrinkle is termed
the i wrinkle in the order of its position from the centerline. To predict the pull-off force between
the hemispherical probe and the PDA/PDMS substrate, each wrinkle in the substrate is assumed
to interact independently with the probe. The normal approach of the i wrinkle (located at i\ in
the x-direction from the probe centerline) (6;) to the hemispherical probe is related to the

hemispherical probe centerline normal approach & by the following expression:
5 =8— (R — JRZ = (m)Z) Eqn. 3.1

where R is the radius of the hemispherical probe. Riis the radius of the y-z plane cross-section of

the hemispherical probe above the it wrinkle (Figure 3.5). The value of Ri can be expressed as:

R; = /R? — (i1)? Egn. 3.2

i=n i=n+1 i=n+2 i=n+3

Figure 3.6: Schematic of the estimation of the wrinkle geometry as an array of cylinders.

To compute the interaction between a wrinkle and the probe, the geometry of the wrinkles

is approximated as an array of cylinders each with radius r (Figure 3.6).3>% Radius of this
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abstracted wrinkle-cylinder can be approximated as follows. In x-y plane, the surface profile of

the wrinkle array of the PDA/PDMS surface can be described as follows (Figure 3.7a):
y=A4A (1 — cos (27” x)) Eqgn. 3.3

As the parabolic approximation is employed for the profile of the cylinder for the JKR model,®
the radius of the curvature of the wrinkle cylinder r can be estimated by choosing two points within
a wrinkle (one being the peak point; (x,y) = (0,0)) and finding a parabola that intersects with those

two points, with the following form:
y==— Eqgn. 3.4

The value for r for a given cylinder is thus dependent on the point choice to estimate the parabola.

The range of r can be computed. Rearranging Eqn. 3.4:

r== Eqgn. 3.5

"= 2a(icos(Z)) Eqn. 3.6
A new expression is introduced: 6 = ZT“x such that Eqn. 3.6 becomes:
}\2
r= s Eqn. 3.7
where the expression for p is given by:
92
H=— Eqgn. 3.8
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For an individual wrinkle with a peak position of x = 0, the x range is —% <x< % which

corresponds to —m < 6 < m. Due to the symmetry, the range of 6 for a given value of r value will

be 0 < 8 < m. Figure 3.7b shows the plot of pvs.8. Thus, depending on the reference point

2 2 2
choice, the value of r ranges from 732_,4 to :—A. The midpoint of 8 = gwas chosen such that r = g—A.
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Figure 3.7: a) Schematic of the parabolic estimation process for the wrinkle cylinders. b) Plot of
UVvs 6.
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Now, since R >>r, (R ~ mm & r ~ um), it could be assumed that the i" wrinkle interacts
only with the small sub-section of the hemisphere that is cut along the y-z plane with the x-
direction thickness corresponding to the wavelength of the wrinkle. The proposed assumption
implies that the interaction between the i wrinkle and this sub-section of the probe can be modeled
as the interaction between two orthogonally oriented cylinders with radii r and R;, where Rjis the
radius of the y-z plane cross-section of the hemispherical probe above the it wrinkle, as mentioned
(Figure 3.8). The normal approach between the two cylinders §; will be tied to the centerline
normal approach according to Egn. 3.1.

i i i '
o0 |
TRi

8 TR .

r
y
Figure 3.8: Two-cylinder approximation of the interaction between the i'" grating feature and the
hemispherical probe. b-i) Abstraction of the interaction between the i wrinkle and the
hemispherical probe. b-ii) View of the interaction along the x-y plane. b-iii) View of the interaction
along the x-z plane.

This methodology of estimating the wrinkle to probe interaction with the interaction
between two orthogonally oriented cylinders deviates from the efforts in the literature. Wrinkle-
hemispherical probe interaction is usually estimated by interaction between an infinitely long
cylinder and an infinite half-plane; in that methodology, only the line-force expression is acquired,
and the line-length is obtained from the separate expression estimated from the hemispherical
probe interaction with the flat plane, a practice that could give rise to self-inconsistency within the

model.

For the interaction between two orthogonal cylinders with approximately equal radii, the

contact region is approximately circular (and perfectly circular if r = R;), and the spherical Johnson-
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Kendall-Roberts (JKR) relation can approximate the force-normal approach relation.®® For
orthogonal cylinders with large radii difference, the elliptical JKR relation is more appropriate as
the contact region is approximately elliptical and thus was used to model the force between the it"
wrinkle and the hemispherical probe (Figure 3.8iii). Since this is the brief overview of the elliptical
JKR theory, derivation of the elliptical JKR theory is not covered here but could be found in

reference [41].

The non-dimensional force between two orthogonal cylinders (i.e., the i wrinkle cylinder
and the probe cylinder (with radius Ri) in the current study) with radius r and Ri (f;) is a function

of non-dimensional normal approach between the cylinders and several geometric considerations

including the ratio of axes of the contact region g, where g = S and a > b (Figure 3.8iii). The

expressions for £, and &, and associated geometric factors a; and g; are: 404

= 8 (1-v9) i—Bi 2
fi=5% (%igz—zl)z] [a L (ﬁigz + ai)l Eqn. 3.9

5
7\3 4 a;—-Big?
= _ 22 \/5(1_\/5) 3 < i i ) _ B 5
0 _< ) 0r—a | |2K(€) ="~ aiB(e) —g°fiD(e) Egn. 3.10

c(e)AZ+c(e)+D(e)
Bi = 2:(B(e)C(e)+B(e)D(e)+g2C(e)D(e)) Egn. 3.11
B(e)A?+g2A2c(e)+g?C(e) Eqn. 312

i = 2(B(e)C(e)+B(@)D(e)+g2C(e)D(e))
where e is the eccentricity of the contact region (e = \/1 — g?), 4; is the ratio between the radii of
cylinders A; = JRE where Ri > r. K(e), B(e), C(e), and D(e) are complete elliptic integrals that

depend on the eccentricity of the contact region as follows:
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K(e) = ffﬁdlp Eqgn. 3.13
B(e) = ff%dlp Eqn. 3.14
Cle) = ffsliifs—‘;‘l’j;;”)sdlp Eqn. 3.15
D(e) = ff%dlp Eqn. 3.16

The non-dimensional values of force and normal approach distance can be converted into unitized

counterparts through the following relationships:

+_ _Ji
o= s Eqn. 3.17
2
5, = SR Eqn. 3.18
(9mGeRie)?

where E* is the equivalent elastic modulus between interacting bodies, G¢ is the work of adhesion
between two surfaces, and Ri is the geometric mean of the radius between two bodies given by
R;. = +/TR;. Aplotof f;vs.§,can be constructed by linking f; and &, for a given value of g in

Eqgns. 3.9 through 3.12. Figure 3.9 shows the exemplary plots of £, vs &, for the elliptical JKR
model and the spherical JKR model (See Appendix). The spherical JKR model clearly
overestimates the tensile force compared to the elliptical model and comparatively underestimates

the compressive force.
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Figure 3.9: Computed exemplary force-[normal approach] curves between the i wrinkle and the
probe with the elliptical and spherical JKR models.

The total force between the probe and the PDA/PDMS substrate F at a normal approach of
6 will be a summation of the force that each wrinkle exerts onto the probe in the following form:
F(8) = XiZ6 2£,(6:, 4) = fo (80, A0) Eqn. 3.19

The value of i ranges from i = 0 (centerline wrinkle) to i = n where the (n+1)" wrinkle is the first
wrinkle not in contact with the probe for a given value of §. The pre-factor of two accounts for
symmetry while the subtracted term offsets double counting of the force from the centerline

wrinkle.
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Figure 3.10: Flow chart for the calculation of F for a given §.

A flow-chart for the actual implementation of Eqn. 3.19 to determine F for a given § is
shown in Figure 3.10. Starting from the center wrinkle (i = 0), for a given §, §; and R; was

calculated according to Egns. 3.1 and 3.2, and f; vs. §; plot was constructed using Egns. 3.9
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through 3.12, Eqgn. 3.17, and Eqn. 3.18. From the plot of f; vs &;, the point of the maximum tensile
force was identified, and the normal approach at the point was termed §&; cyitica1 (Figure 3.11). As
the f; vs §; curve is only physically valid for §; > 6; criticar, the i wrinkle can be considered as
non-interacting (not in contact) with the probe if §; < &; cyiticq; @nd all the subsequent wrinkles
lies to the right of the i wrinkle won’t be interacting as well. Thus, f; = 0 if §; < 0 criticar, and
if 8; > 6; criticar, fi Can be determined by finding numerically or analytically reading off the f;
value corresponding to the given §; value from the f; vs §; plot. If §; > 6; criticar, the same
process repeats for the next wrinkle (i+1), but if 8; < &; ¢ri¢icqr, the current i value subtracted by 1
(i - 1) becomes the upper limit for the summation (n) in Egn. 3.19, and identified f;s are summated

according to Egn. 3.19 to yield F.
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Figure 3.11: A representative plot of the force between the i wrinkle and the probe vs the normal
approach of the i wrinkle to the probe. The normal approach at the smallest force (maximum
tensile force) is the critical normal approach &; citicai-
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The above process can be repeated for a range of § values (minimum & = &g criticar) tO
produce a plot of F vs § curve until the minimum is identified. Table 3.1 shows the value of the
parameters used to construct F vs § curve. A and A were measured from the AFM data, and r were

2
calculated according to r = E/:_A' E"and G.(W,q) were taken from the JKR fit of the loading portion

of the data from the indentation measurements with &, = 0% samples. G¢ (Wad) from the loading
phase was used, as the Waq for unloading part occurs only after the surfaces come into the contact,

and thus the surface contact profile is more likely to be governed by Waq from the loading.

Table 3.1: Values used for the computation of the F vs. § curve.

&0 A A r R E" Ge
(%) (nm) (pm) (um) (mm) (MPa) (mN/m)
10 19.6 1.13 8.14 3 2.6 25.5
20 321 0.89 3.08 3 2.6 25.5
30 95.6 0.88 1.01 3 2.6 25.5
40 100.9 0.84 0.87 3 2.6 25.5
50 116.1 0.82 0.72 3 2.6 25.5
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Figure 3.12 shows a representative F vs & curve for the PDA/PDMS composite. Fpun was
measured as the minimum value in plots of F vs § (Figure 3.12). The measured Fpun was

normalized with the theoretical flat surface pull-off force ( Fpuifac = 1.5MGcR; G, =

25.5 %N& R = 3 mm) to yield the normalized pull-off force (Fy,;;). Figure 3.13a shows the plot

of Fun Vs the pre-strain used to fabricate the PDA/PDMS samples. Values ofm predicted
using the JKR theory with elliptical contact area are in a good agreement with the experimental
results, which is surprising in that many assumptions were made along the process. Conversely,
JKR theory with a circular contact area significantly overestimates the value of m (See

Appendix) as expected given that the spherical model overestimates the tensile force and
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underestimates the compressive force. F,,; values were also plotted against the wrinkle

amplitude, which is directly proportional to the pre-strain applied.
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Figure 3.13: a) Plot of the normalized pull-off force vs the pre-strain for the elliptical JKR model,
experimental, and the spherical JKR model. b) Plot of the normalized pull-off force vs the
amplitude of the PDA/PDMS substrates.

The higher accuracy of the proposed model compared to the scaling model in the literature
is attributed to two things. The first reason is that the geometric effect of a spherical probe, which
imposes each wrinkle in the surface to go through a different tension-compression state at a given
normal approach, were individually taken care of, instead of lump-sum averaging often employed
in the literature. The second reason is that the finite size effect of the contact region was
systematically taken care of using the elliptical JKR model instead of using the infinite cylinder to
infinite plane model, which estimates the line-length from a phenomenological estimation.
Utilizing the elliptical JKR theory to approximate the interaction between a wrinkle to the
hemispherical probe, the proposed model captures the essence of evolution of pull-off force with
the wrinkle geometry and predicts the pull-off force between the wrinkle array to the hemispherical

probe in a self-consistent manner by accounting in the contact region geometry under an unified
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theory. However, caution should be noted in the model implementation as to apply the model only
to the cases where the assumed assumptions are reasonably valid. For instance, if the probe’s

feature size is not large compared to the wrinkle geometry or the estimation of the wrinkle
geometry through the cylinder is not reasonable (e.g.% either too small or big), the model is

expected to deviate from the experiment.

3.4 Conclusion

In summary, Chapter 3 has discussed the PDA interface adhesion modulation through
dynamic control of the interface features through thin-film buckling. Surface wrinkles were
introduced onto the PDA/PDMS substrates through modulus mismatch driven thin-film buckling
through applications of pre-strains, and the variation of the wrinkle geometry were realized by
varying the pre-strain applied. The variation of the wrinkle geometry translated to the variation
of adhesion, and it was shown that the adhesion of the PDA/PDMS substrate could be switched
on and off real-time through application of the cyclic strain. A model based on the elliptical JKR
theory was proposed to model the effect of wrinkle geometry to adhesion by estimating the
interaction between the individual wrinkle to the probe as the interaction between two cylinders
with different radii. The force that each wrinkle experiences at a given normal approach of the
probe were summated to yield the overall force, and the theory prediction well matched with the

experimental results.
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Chapter 4
Chemical Modulation of Adhesion in PDA

(Disclaimer: The following chapter includes results from a collaboration for the resultant publi-
cation of which, myself is a co-first author. My co-author collected data in section 4.3.2. All the
figures, analysis, and writing presented in this chapter are my own, unless otherwise noted.)

4.1 Introduction

4.1.1 Background
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Figure 4.1: Adhesion force measurement between catechol and TiO2 surface at pH = 9.7 (right)
and pH = 8.3 (left). The bimodal distribution of adhesion force was attributed to the differential
adhesion of catechol at different oxidation states. Reproduced from [1]

Several studies revealed that the adhesion strength of catechol molecule is the strong
function of its oxidation state (Figure 4.1).1" Dihydroxyl functionality in the reduced state of
catechol makes its interfacial interaction with interfaces, where H-bonding is the primary adhe-
sive interaction scheme with catechol, more favorable than its oxidized form quinone, although
the latter can readily participate in cross-linking with many organic molecules due to its highly
reactive nature.81° Another remarkable feature of catechol is the reversible yet strong nature of

its adhesive scheme. For instance, a single molecule study of catechol adhesion to TiO> surfaces
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underwater revealed that the catechol adhesion to TiO, surface is reversible with the adhesion
strength reaching up to 40% the bond strength of a covalent bond, the highest value reported thus
far for the reversible bond involving a biological molecule.* Additionally, a single molecule
transition between catechol and quinone shows reversibility with a strong pH dependency.!!-*#
Exhibiting oxidation state reversibility with differential adhesion at each state, catechol possesses
a potential for reversible control of adhesion through various chemical means such as pH control

or external voltage.*®

As the catechol is one of the primary molecular building blocks in polydopamine
(PDA),*%18 the same adhesion controllability could extend to PDA by means of the oxidation
state change of the constituent catechol molecules in PDA through chemical means. Some indi-
rect evidences support the assertion though never has been systematically evaluated.’® As the
single catechol molecule exhibits reversible chemistry, there also is a possibility of tuning PDA’s
adhesion reversibly; however, caution should be noted. Even though the single molecule
chemistry of catechol is reversible, highly reactive quinones can go through various irreversible
covalent couplings with other radicals and nucleophilic counterparts, losing their reversible

controllability.?0-24

The exact structure of PDA is still an active area of academic investigation, but it is
generally accepted that PDA is characterized by extreme structural and chemical heterogeneity
where catechol moieties exist in various forms and oxidation states.®®'” Thus, even though a
speculation based on a single molecule catechol chemistry is possible, given the heterogeneous
nature of PDA and as the thermodynamics of chemisorption is expected to be different in an
polymeric (oligomeric) form than in a free molecule,? an experimental study is needed to con-

firm the PDA adhesion’s chemical controllability.
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Chapter 4 discusses the chemical controllability of PDA’s adhesion via external voltage
applied and pH control. Series of electrochemical measurements and indentation measurements

were carried out.

4.1.2 Review of Electrochemical Impedance Spectroscopy

As PDA is known to exhibit a certain degree of mixed electronic-ionic conductivity,?®
electrochemical methods are appropriate tools to investigate the chemical mechanisms within
PDA. Electrochemical Impedance Spectroscopy (EIS) is a characterization tool that studies the
system response to the small ac signal, typically a sinusoidal voltage signal. EIS was initially
developed to determine the double-layer capacitance and now is used to study many electrode
processes and complex interface dynamics.?’ This tool is especially useful for the study of sys-
tems that exhibit time lag to the applied electrical stimuli, typically ionic systems. For EIS, the

voltage signal is applied to a system:

E(t) = Eyexp(jwt) Eqgn. 4.1

One gets the current response of the system:

1(t) = Iyexp(iwt — ig) Eqgn. 4.2

The impedance of the system at frequency w can be obtained:

Z = ? = Zyexp(ip) = Zy(cos¢p + ising) Eqgn. 4.3

where Z,, represents the modulus (magnitude) of the impedance and ¢ represents the phase of the
impedance. These measurements are carried out at different frequencies, and one can fit the

impedance spectrum to a known model to extract physical parameters of the system. While one
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can obtain much information about a system by the qualitative assessment of the impedance
spectrum, the equivalent circuit modeling is the most widely used fitting scheme to extract the
quantitative physical parameters from the impedance spectrum. For many of electrochemical
processes, the functional relation between the current and the applied voltage is known. However,
often cases, these functional forms are too complicated that the direct fitting of impedance data
to these models is often impractical if not impossible. For that reason, one linearizes the func-
tional forms of these equations to yield the simpler impedance form, a practice that is justified
due to the small amplitude used in EIS. For example, redox reaction at the solution/redox active

electrode interface follows the following equation:
i =nF (kyCr(0) = kpCo(0)) Eqn. 4.4

where i is the current, n is the number of electrons exchanged in the process, C,(0) and Cz(0)
are the surface concentrations of the Ox and Red species, respectively, and k; and k, are the

potential dependent heterogeneous rate constants of the forward (reduction) and backward (oxi-

dation) processes:?®
k; = k° exp(—anf (E — E?)) Eqn. 4.5
k, = k%exp((1 — a)nf (E — E?)) Eqn. 4.6

kCis the heterogeneous rate constant at the standard potential, « is the transfer coefficient, n is
the number of electrons exchanged, f = F/RT, F is the Faraday constant, R is the gas constant,
and T is the absolute temperature in Kelvin, and E° is the standard redox potential. When linear-
ization is done with the small ac signal assumption, the impedance form of the redox process

takes the following form:#
Zfaradaic process — Rct + Zw Eqn- 4.7
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Rot = =5 ( = ) Eqn. 4.8

n?F2 \aksCo(0)+(1-a)kpCR(0)
Z,, = warburg impedance Eqn. 4.9

R, accounts for the charge transfer resistance for electrons to cross the interface between the
electrode and redox active species, and as one can see doesn’t have the frequency dependence.
Z,,, often called Warburg impedance, accounts for the impedance rising from diffusion of redox
species from the bulk solution to the electrode interface and has a different functional form for

different boundary conditions. For the case of semi-infinite diffusion:

ke kb
= ST __ J/wo /wDR Eqn. 4.10

W T n2F2 akpCo(0)+(1-a)kpCR(0)

where D, and Dy are diffusion coefficient of Ox and Red species.

Rs Cdl

Figure 4.2: Randles circuit for a redox active electrode

After getting the impedance form of physiochemical constituents in the system by simpli-
fying the functional form of physiochemical processes, these impedance forms can be added up
by circuit rule to yield the equivalent circuit of the system. Figure 4.2 is an example of such,
which represents the equivalent circuit for a redox-active electrode. R, is the solution resistance,
which accounts for the ohmic drop within the bulk solution, and C; is the double layer capaci-

tance, the impedance form of which is 1/(jwCy;) or 1/((jw)?Y,), if the electrode surface is
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rough. R.; and Z,,, are as defined by Eqn. 4.8 and 4.10 respectively. Following the circuit addi-

tion rule, the impedance of the system takes the following form:

chl (RCt+ZW)

Zsys = Rg + Zo tRert Zu Egn. 4.11
1 1
Zey = wea OT Gmare Eqgn. 4.12

It is to Z;,,s that the fitting is occurred with the acquired impedance spectrum. For the redox
inactive electrode where no Faradaic reaction takes at the electrode interface, R.;- Z,, branch is
absent (Figure 4.2), and the equivalent circuit is just the series combination of R; and Cy;. One
can get a lot of information about the electrode interface through this fitting, and the same was

done in this report to gather information about PDA.

4.2 Methods
4.2.1 Materials

Dopamine hydrochloride (98%), sodium bicarbonate (>99%), sodium carbonate (>99%),
phosphate buffered saline (0.01M), sodium chloride (>99%), citric acid (>99.5%), and sodium
hydroxide (>97%) were purchased from Sigma-Aldrich (St. Louis, MO USA) and used as re-
ceived. Tris(hydroxymethyl) aminomethane (Tris) and sodium phosphate dibasic (99.2%) was
purchased from Fisher Scientific (Hampton, NH USA) and used as received. Water was purified
(18.2 MQ-cm) using Direct-Q 3 UV-R system (Millipore). Silicon wafers with 1 pm thermal
oxide were purchased from Silicon Quest International (San Jose, CA USA; 4” diameter, phos-
phorus doped). Indium tin oxide (ITO) was purchased from University Wafer (Boston, MA
USA; 20 Q /sq). Sylgard 184 (Polydimethylsiloxane) was purchased from Dow Corning (Mid-

land, MI USA). Borosilicate glass hemispherical probes were purchased from Edmund Optics
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(Barrington, NJ, USA; 6mm diameter). Epoxy was purchased from Loctite (Dusseldorf, GER,;
Aqua Marine Epoxy). 3-aminopropyltriethoxysilane (APTES) was purchased from Gelest
(Morrisville, PA USA). UV Glue was purchased from Norland Product (Cranbury, NJ USA;

Norland Optical Adhesive 81).

4.2.2 PDA Films for Electrochemical Measurement Preparation

PDA films were deposited through auto-oxidative polymerization from aqueous dopa-
mine solutions.?® 1TO substrates were cleaned by sonication in acetone and isopropyl alcohol
(IPA) respectively and then rinsed with deionized water. Substrates were then cleaned by UV
and ozone (30 mW/cm?, 20min; Jelight, Irvine, CA USA). Cleaned ITO substrates were im-
mersed in 2 mg/ml of dopamine hydrochloride in 50mM carbonate/bicarbonate buffer solution
(pH = 8.5) for 16 h under rotary shaking (65 rpm). The same deposition procedure was repeated
up to three times, changing the dopamine hydrochloride solution with freshly prepared ones

every 16 h.

4.2.3 Electrochemical Measurements of PDA Samples

Potentiostat

Reference
Electrode

(&)

Working
Electrode

-‘_ Counter
Electrode

Figure 4.3: Schematic of a three-electrode electrochemical cell
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All electrochemical experiments were done in a conventional three-electrode setup, with
an Ag/AgCI electrode (Koslow Scientific, Englewood, NJ USA) as a reference electrode and
with Pt foil as a counter electrode in 0.01M phosphate buffered saline solution (Figure 4.3).
Electrochemical Impedance measurements were done with a Gamry Interface 1000 potentiostat
(Gamry Instruments, Warminster, PA USA) in the frequency range of 0.1Hz to 100kHz while
keeping PDA films at various dc potentials from -0.6V to 0.6V versus Ag/AgCl. PDA samples
used for EIS went through a cyclic voltammetry treatment until the reversible redox peaks disap-
peared, prior to the EIS measurements. EIS fitting was done using Z_fit module in EC-Lab
Software (Bio-Logic Science Instruments SAS, Claix, France). Cyclic Voltammetry was done
with a Gamry Interface 1000 potentiostat from -1.0 to 1.0 V versus Ag/AgCI at the scan rate of

0.5 mV/s.

4.2.4 Morphological Characterization of PDA Films for Electrochemical Meas-
urements

Atomic force microscopy (NTegra AFM, NT-MDT, Tempe, AZ USA) was performed in
tapping mode. Scans were 10 um x 10 um at 0.8 Hz using tips with a reported radius of <10 nm
(Budget Sensors, Sofia, Bulgaria; k = 40 N/m). Thicknesses were measured by scratching the
films with a razor blade and measuring the height difference between scratched and unscratched

regions. Data were analyzed via Gwyddion AFM software (http://gwyddion.net).

4.2.5 PDA Samples for Indentation Measurement Preparation

Silicon wafers with 1 um thick thermal oxide were cleaned by sonication in acetone and
isopropyl alcohol followed by rinsing in ddH20. Substrates were further cleaned by UV-ozone
treatment (5 min at 30 mW-cm; Jelight, Irvine, CA USA). Substrates were then immersed in 60

ml of hexane mixed with 72 ul of APTES. Substrates were incubated for 16 h, then sonicated in
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acetone, isopropyl alcohol, and then rinsed in ddH20 and methanol, and were dried under an N>
stream. Substrates were incubated in 2 mg/ml dopamine hydrochloride in 10 mM Tris buffer
solution in ambient air and under rotation (65 rpm) for 4 h, followed by sonication in 50 mM
Tris HCI solution of pH = 8.5 for 2 h. PDA Samples were then rinsed in ddH20 and stored in

ddH-0.

4.2.6 Elastomeric Probes for Indentation Measurement Preparation

Hemispherical molds for elastomeric probes were created by using 6 mm diameter boro-
silicate glass hemispherical lenses and Norland Optical Adhesive 81 UV Glue. Polydime-
thylsiloxane (PDMS) blend was prepared by mixing 10 parts base to 1 part curing agent, went
through degassing in mild vacuum for ~ 5 min three times. PDMS blend was poured in hemi-
spherical molds (Diameter = 6 mm) and cured at 80 °C for 18 h. Silica-modified PDMS probes
were prepared by exposing PDMS probes to UV-ozone treatment (10 min at 30 mW-cm).

Silica-modified PDMS probes were used immediately after the UV-ozone treatment.

4.2.7 Micro-indentation Measurements

The indentation probe was mounted on a 25g load cell (GSO-25, Transducer Techniques,
Temecula, CA USA), attached to a stack of a vertical motorized stage (MFA-CC, Newport Cor-
poration, Irving, CA USA) for vertical motion and a manual tilting stages (Newport GON40-L)
for alignment, motion of which was controlled by Newport ESP 301 motion stage. Custom
written LabView software was used for control. All measurements were performed at room
temperature under aqueous condition. The acidic solution (pH = 4) was prepared by mixing 39
ml of 0.2 M NaxHPO, with 61 ml of 0.1M Citric Acid. The basic solution (pH = 10.5) was pre-
pared by mixing 100 ml 0.05M NaHCOs, 36 ml of 0.1M NaOH, and 15 ml of 1M NaCl. The pH

values of the solutions were measured using an Ag/AgCl electrode (Hach, model 5014T; Love-
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land, CO USA). ddH20 (pH = 7) was used as a neutral solution. All measurements were done
with the PDA sample and the probe fully submerged in one of the solutions (pH 4, 7, and 10.5).
Prior to the measurements, probes were briefly dipped into the ethanol and air dried for ~ 5 min.
The indentation probe was positioned over a PDA/PDMS substrates at arbitrary heights and
approached at a vertical speed of 0.5 um/s until reaching a preload of 1 mN, allowed to dwell for
120 s, and then retracted at 0.5 um/s until the detachment occurred. Force-displacement curves
were generated during the indentation. A single probe was used only for up to two measurements.
For the cyclic experiment, a PDA sample went through the aqueous medium change after each
measurement, and the wait-time of 3 min or >30 min was employed between the medium change

and the measurement in that condition. A new probe was used for each measurement.

4.3 Results and Discussion

4.3.1 Electrochemical Assessment of Catechol Moieties Retaining Reversible
Chemistry in PDA
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Figure 4.4: Cyclic Voltammogram of PDA on ITO in 0.01M PBS at the scan rate of 0.5 mV/s in
the equilibrated state after several cycles.

98



PDA films (thickness = 40 nm; see Appendix) were deposited onto pre-cleaned Indium
Tin Oxide (ITO) substrates. As reported in the literature, while the first few cycles of cyclic
voltammetry (CV) showed considerable redox peaks, after several cycles, cyclic voltammetry
profile of PDA on ITO did not show appreciable redox peaks (Figure 4.4).3%31 As mentioned in
the section 4.1.1, the origin of irreversibility is likely traced back to the fact that quinones under-
go a nucleophilic attack by hydroxyl ions, losing their reversible oxidation state changeability,
although several other mechanisms could come into play.?°?? An intuitive conclusion to be
drawn from the CV results would be that PDA has lost the reversible oxidation state controllabil-
ity of the catechol groups in PDA,; the conclusion would be true if PDA were a homogeneous

material with its conductivity independent of the catechol redox state.

Studies show that a comproportionation equilibrium exists between catechols (H2Q) and

quinones (Q) in PDA producing semiquinone radicals (SQ):
H,Q 4 Q + 2H,0 < 2H30" + 2SQ" Eqn. 4.13

Semiquinone radical population directly governs the electronic and ionic conductivity of PDA
through complex mechanisms involving proton migration, comproportionation equilibrium, and
redox processes.?? In essence, semiquinones serve as a conduction pathway within PDA, and

the percolation theory could be used to shed light on the currently observed phenomenon.

In percolation theory, a continuous conductive path is needed for electrical conduction
across the material, which in the case of PDA is semiquinone molecules.®® As the irreversible
oxidation or any other insulating mechanism?* occurs, the population of catechols that can partic-
ipate in comproportionation equilibrium decreases, which in turn leads to decrease in the number
of conduction pathway decrease and subsequent disappearance or attenuation of the redox peak

in CV. However, given the heterogeneous nature of PDA, there is a possibility that the popula-
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tion of catechols retaining reversible chemistry, severed from the conductive pathways thus

doesn’t manifest as a pronounced redox peak in CV, still remains within the PDA matrix (Figure

4.5).
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Figure 4.5: Schematic illustrating the proposed mechanism for the possible existence of catechol
moieties with retained reversible chemistry within PDA after the irreversible oxidation or any
other insulating mechanism. Even after the irreversible oxidation, a population of reversible
chemistry catechols could exist severed from the conduction pathways.

To test the proposed assertion, EIS measurements were done on PDA samples after some cyclic
voltages have been applied. EIS can provide additional insights as the EIS is a more sensitive
technique that could capture the more nuanced-phenomena. Additionally, PDA could undergo a
saturation like partly transient insulating behavior due to the depletion of the semiquinone
population near the current injecting electrode (i.e. metal or presently ITO) through accumulation
of fully oxidized or reduced population of catechols near the conducting electrode interface,?
and use of small ac signal is likely to alleviate the saturation issue that can’t be circumvented in

CV measurements.

The EIS responses of a bare ITO and a 40 nm thick PDA on ITO at open circuit potential
(no voltage applied) are shown in Figure 4.6. The Nyquist plot (Figure 4.6¢) shows that the bare

ITO shows typical almost 90-degree capacitive line, while the PDA film’s response deviates
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from the capacitive line. Impedance responses of both ITO and PDA interfaces are largely gov-
erned by frequency independent ohmic components such as external circuit and solution re-
sistance in the system at the high frequency region (f > 1 kHz), evidenced by plateau region in
the modulus plot and almost 0 degree region in the phase plot (Figure 4.6a and b).3**> However,
for frequencies lower than 100 Hz, ohmic components that are insensitive to frequency are sup-
pressed, and interfacial impedance dominates the response of the system (Figure 4.6a). Almost
90-degree phase at low frequencies (f < 100 Hz) for ITO indicates ion & electron blocking
interface where no faradaic reaction takes place, and capacitive double layer charging is the
dominant mechanism.3® However, for the case of PDA, the constant rise in phase angle from 10
Hz hints at the presence of the redox reaction (Figure 4.6b).3**® The rise of the phase angle is
not as evident as for the case of systems showing strong redox activity,3¢3" but is still present.
The fact that PDA interface shows a lower interfacial impedance compared to ITO, even though
the former has significantly lower conductivity hints that there still remain redox-active moieties,
though not contributing directly for conduction, that decrease interfacial impedance by pseudo-

capacitive mechanism.38
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Figure 4.6: Bode plots and Nyquist plots from EIS measurements on a 40nm thick PDA film on
ITO and bare ITO in the frequency range of 10! — 10°Hz (Sample area 1 cm?) at open circuit
potential. (a) Modulus plot (b) Phase plot (c) Nyquist Plot

For further investigation, EIS was performed while subjecting PDA and ITO Control
samples to dc biases (Eqc)varying from -0.6V to 0.6V versus Ag/AgCI. As expected, the response
of bare ITO electrodes was insensitive to the applied bias and did not show sign of redox reac-
tion except at highly negative biases where the response is likely to be attributed to H* reduction
(see Appendix). For the case of the PDA interface, a strong voltage dependency is shown (Fig-
ure 4.7). At negative biases, as the dc potential became more negative, the onset of semicircle
became clearer, signifying stronger redox activity, and thus smaller R¢t with increased bias as the

radius of semicircle directly translates to Rt (Figure 4.7a).3* For the case of positive biases, at
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0.4 V and 0.6 V biases, larger semi circles are observed with linear tails at the end, indicating a
possible transition to the mass-transfer region. At 0.2 V, 45-degree straight line is shown, indi-
cating the fastest charge transfer (lowest Rcr).>* The following discussion could be an explanation

for the observed phenomena.

For the case of mixed electronic ionic conductors, Rct can be correlated with the mixed
electronic and ionic conductivity of the system.*® As the semiquinone population is directly
linked to the conductivity of PDA, high mixed electronic and ionic conductivity means high
concentration of semiquinones; the fact that a significant population of semiquinones is present
right near the redox potential of catechol and that a PDA’s impedance behavior is voltage
sensitive, serve as evidence that a fairly significant portion of catechol moieties exist within PDA
with reversible chemistry even after the irreversible oxidation. An additional explanation for the
absence of redox peak in CV other than the irreversible oxidation could be provided by the
transient high conductivity only shown at 0.2 V; despite the fairly significant portion of catechols
retaining their reversibility, as the relatively high-conductance is only achieved at 0.2 V and
rapidly decays as the applied voltage deviates from the redox potential of 0.2 V, a large portion
of reversible catechols cannot go through oxidation state change due to the low-conductivity at
potentials outside the narrow range near 0.2 V. The aforementioned saturation like build-up of

insulation layer is likely to play a role as well.
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Figure 4.7: Evolution of impedance response of PDA in 0.01M PBS in the frequency range of
10~1 — 105Hz, applying biases between -0.6 V to 0.6 V versus Ag/AgCl (Sample area 1cm?). a)
Nyquist plots for negative biases. b) Nyquist plots for positive biases. ¢) A representative fit
between experimental data and the modified Randles circuit model. Parameters are as follows:
solution resistance (Rs); film capacitance contribution of the constant phase element (Cm, CPE);
out of plane resistance of the film (Rm); double layer capacitance contribution of the constant
phase element (Cai, CPE); charge transfer resistance (Rct). d) A tabulation of extracted values of
Rct using this model for 0.2 V, 0.6 V, and -0.6 V bias against Ag/AgCl.

To confirm the qualitative observation, EIS data for 0.2 V, 0.6 V and -0.6 V was fit to an
equivalent circuit to extract the values of Rct as a function of the applied voltage. Since the focus
of fit is dedicated to understanding the evolution of R, data were fit by focusing on the f >1 Hz
region (kinetic region) where the most data for Rct is present. A parallel RC element was added
in series with the double layer capacitance at the conventional Randles circuit to account for non-

negligible film resistance and thickness-dependent capacitance at high frequencies.*® The evolu-
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tion of Rct agrees with the qualitative observation such that 0.2 V shows the lowest Ret. Through
electrochemical measurements, two-points were confirmed: 1) PDA’s electrochemical behavior
remains to be voltage sensitive even after irreversible oxidation. 2) PDA’s conductivity is transi-
ent exhibiting highest value at 0.2 V, near the catechol redox potential. Sensitive voltage de-
pendency of PDA and high conductivity at 0.2 V, though not directly, confirms the presence of

the significant number of catechols retaining reversible chemistry.

4.3.2 Reversible control of PDA Adhesion with Oxide Surface through Chemical
Modulation

From the previous section, the presence of catechols with retained reversible chemistry
was confirmed even after PDA went through irreversible oxidation; yet the transient conductivity,
only near the narrow potential range within the redox potential of PDA, suggests that several
complications could arise in a voltage-driven adhesion variance scheme. To test the reversibility
of PDA’s adhesion, a more facile pH control driven tests were carried out. To prevent the
possible delamination of PDA under a strong alkaline condition, PDA films were covalently
bound to the substrate using 3-aminopropyltriethoxysilane (APTES) layer.!*4! Briefly, APTES
layer was first deposited onto the pre-cleaned SiO> substrate through incubation in APTES hex-
ane solution. Afterward, the substrate was immersed in dopamine hydrochloride solution for 4 h.
Prepared PDA films were immersed in aqueous solutions of varying pH (pH = 4, 7, 10.5) made
by mixing different combinations of solutes (See Appendix). The sodium concentration in acidic
(pH 4) and basic (pH = 10.5) solution was roughly equal. Catechol molecules are known to
oxidize to quinone as the pH approaches its first dissociation constant of the hydroxyl group
(pKa = 9.3),4%24 and the redox state equilibrium shows a variance over a broad range of pH

values when the reactive oxygen molecule or other molecules are involved.?>4 pH value of 4
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where the high quinone reduction potential (E° ~ 0.28 V)* is likely to assure catechol stability
was chosen to bias motifs on PDA toward catechols, pH of 7 as an intermediate, and pH of 10.5
toward quinones. The adhesion of PDA films was measured through micro-indentation meas-
urements in solutions of different pH levels. Poly(dimethylsiloxane) hemispherical probe that
went through UV-ozone treatment (PDMS + SiO.) were used. UV-o0zone treatment is known to
create a silica-like oxide layer on the PDMS surface.*® As the catechol is known to interact with
silica layer through H-bonding,*’ the adhesion strength between PDMS + SiO2 probe and PDA
will directly related to the number of reduced catechols participate in bonding with the probe.
As-is poly(dimethylsiloxane) (PDMS) probe was used as a negative control. PDA is likely to
interact with PDMS hydrophobically through the aromatic rings present in catechol moieties
regardless of their oxidation states,*® and relative insensitiveness to the pH level is expected for

the PDMS probe.

Micro-indentation measurements generate force-displacement curves, and the maximum
tensile force, i.e. pull-off force (F,,,;;) was used as a figure of merit to measure adhesion of PDA
under different conditions (Figure 4.8). Foun values for different experimental conditions were
generated. At pH 4, Fpun value for measurements with PDMS + SiO> probe reach up to 1.93 mN,
reaching an equivalent work of adhesion (Wag) of 137 mN/m (Wag = Fpu/1.5nR;*® R = radius of
the probe (3 mm)) (See Appendix). The measured Fpun value usually can’t be directly compared
to the thermodynamic interface energy calculation whenever the viscoelastic dissipative mecha-
nism is present at the interface,>® which is often true for the mechanically soft systems such as
PDMS.%*2 However, the silica layer created through UV-ozone treatment on PDMS has the

modulus range in the Gpa range,*®> and the viscoelastic effect in water is minimal for PDMS.>*
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Figure 4.8: a) Schematic of the micro-indentation measurements. Either PDMS or PDMS +
SiO2 probe was indented against PDA in solutions of varying pH, and the pull-off force was
identified from the force-displacement curve. b) Representative force-displacement curves for

different combinations of the probe material and pH levels.

Thus, it could be cautiously posited that the calculated Waq value for PDMS + SiO: could

be taken as a close approximation to the thermodynamic work of adhesion between PDA and

PDMS + SiO; interface. The high Wag value ( ~ 100 mN/m) between two PDMS + SiO interfac-

es has been reported, the cause of which has been accounted to the high energy functional moie-

ties (hydroxyl groups) and the possible molecular rotational freedom of those high-energy moie-
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ties.> The measurement presented here is remarkable in that the PDA interaction with PDMS +
SiO; interface shows high thermodynamically accountable Waq value even in saline aqueous
condition, attesting for the remarkable catechol-driven molecular adhesive capability of PDA.
For the case of PDMS probe, Wag (Fpu/1.57R) value reaches up to 28 mN/m, which could have
been affected by the effect of roughness (Chapter 2), but since the same is true for PDMS + SiO>

probe, there is a possibility that Wag is even higher.

Figure 4.9a shows the Fpun values at different pH level. For measurements at pH 4 and 7,
Fpun values with PDMS+SiO> probes was consistently higher than those with PDMS probes in
consistence with the proposed scheme that the energetically more favorable H-bonding is in-
volved with PDA’s interaction with PDMS + SiO; interface. Fp,; measured with the PDMS
probes didn’t show much variance between pH 4 and pH 7 as expected, given the hydrophobic
nature of the interaction. A variance in adhesion (Fpu) for PDMS + SiO, probe was observed
such that Fpun at pH 4 is higher than that at pH 7. A higher population of reduced catechols could
be responsible for the difference, as well as the change of interaction mechanism in the reduced
state of catechols with a silica layer.*® An interesting point to be noted is that the presence of
salts, which is only present in the acidic solution, does not adversely impact the adhesion for
PDA (Figure 4.9b). Silica and PDA has an isoelectronic point (IEP) of about 3 ~ 4,°5°8 and both
could be regarded as effectively anionic surfaces in the acidic and neutral conditions in the study.
Cation driven surface hydration layer is one of the main hindrances in underwater adhesion for
polar surfaces, a situation often encountered in the nature as the natural surfaces underwater bear
negative surface charge regardless of their original polarity due to sea organics.?® Even though

the interactive mode between PDMS and PDA is of hydrophobic nature,
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sive mechanisms in each experimental condition. Top: PDA interaction with PDMS + SiO;
probe. b-top-left) In acidic condition, amines prevent the cations from disrupting surface adhe-
sion and the high population of reduced catechols adhere to silica through H-bonding. b-top-
middle) In neutral condition, a lesser amount of reduced catechols participate in adhesion
through H-bonding. b-top-right) In basic condition, surface cation hydration layer can’t be
disrupted due to the oxidation of amines and catechols. Bottom: PDA interaction with the PDMS
probe. b-bottom-left) In acidic condition, amines prevent the cations from disrupting surface
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surface cation hydration layers forms on the PDA side, preventing the adhesive interaction.
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since PDA is anionic, if cations strongly bind to PDA surfaces, diminished adhesion must mani-
fest. Yet, the invariance in adhesion shown between acidic saline solution and neutral salt-free
solution for PDMS interaction demonstrates the effectiveness of PDA chemistry in preventing
cations from influencing interfacial binding; higher adhesion at pH 4 compared to pH 7 for
PDMS + SiO- interface also demonstrates PDA chemistry effectively screens the cation-driven
effect to allow catechol chemistry to participate in interfacial binding. This effectiveness in

screening cationic effect is likely due to the surface amine groups in PDA (Figure 4.9b).>°

At pH 10.5, adhesion was abolished for both PDMS and PDMS + SiO; probe. For the
case of PDMS + SiO; probe, the loss of H-bonding capability with oxidation of catechol and the
loss of capability to displace surface cations with the oxidation of amines likely lead to the ob-
served adhesion loss. For the case of PDMS, it is speculated that the similar mechanism is in
play as described above; even though the hydrophobic interaction is the main mechanism with
which PDA interacts with PDMS, PDA is close to being a hydrophilic (anionic) surface with
hydrophobic interactivity. As the amines in PDA oxidizes at high pH, it could lead to an inability
to displace surface salts at PDA, leading to failure to establish the connection with PDMS inter-
face. Overall, the strong pH dependency of PDA with silica surface was observed, supporting the
assertion that PDA interacts with silica oxide surface through catechol’s H-bonding capability

driven interaction.

Reversible control of PDA’s adhesion with the PDMS+SiO; surface was tested in a cy-

clic experiment (Figure 4.10). Fy,,;; between PDMS + SiO2 probe and PDA sample was meas-

ured by alternating between acidic (high-adhesion) and basic (low-adhesion) solutions. Wait-

time of 3 min was employed between each measurement. While the switching behavior was

110



observed up to 10 cycles, hysteresis was observed, where the Fpui value in the acidic condition

showed grad
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Figure 4.10: Demonstration of reversible modulation of PDA adhesion through pH control.
Adhesion measurements were done using PDMS + SiO» probes onto a PDA sample by alternat-
ing between solutions of pH 4 and pH 10.5 while employing the wait-time of 3 min or > 30 min
in-between. Plot of the pull-off forces vs. cycles. Decay in the adhesion (Fpui) was observed with
successive cycles when the wait-time of 3 min was employed, but the adhesion was recovered
after employing the longer-time, demonstrating the kinetic nature of the day.

ual decrease after each cycle. Hysteresis was reduced by a significant amount after the longer
wait-time (30 min) was employed, hinting that the observed hysteresis is mostly from the slow
kinetics of catechol to quinone transition rather than a permanent interfacial chemistry recon-
struction. The observed behavior confirmed the reversible chemical controllability of PDA’s
adhesion in and serves as evidence that a significant portion of catechols retains reversible chem-

istry at least within the time-frame employed.

4.4 Conclusion
Chapter 4 has discussed the chemical modulation of PDA’s adhesion. Contrary to the ful-

ly-reversible single molecule chemistry of catechol, a significant portion of catechols in PDA go
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through irreversible oxidation. Yet, electrochemical measurements show that a significant popu-
lation of catechols retain their reversibility, a fact further confirmed by the pH modulation of
PDA’s adhesion. At acidic and neutral pH, hydrophobic interaction driven adhesion scheme
between PDMS and PDA did not show much fluctuation, yet adhesion between silica and PDA
showed considerable variance. Adhesion was abolished for both silica (PDMS + SiO2) and
PDMS at the strong alkaline condition of pH 10.5, a phenomenon cautiously attributed to the
failure of amines to dispel cations at PDA’s interface at this pH level. PDA’s adhesion showed
reversible controllability through the cyclic application of different pH levels, but the Kinetic-
driven hysteresis was observed, which was mediated upon the use of longer wait-time. In conclu-
sion, nuances in reversible chemical control of PDA’s adhesion was investigated, which were

able to observe through experimental study.
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Chapter 5
Conclusions and Perspectives

5.1 Summary of Work

This work explores the fundamentals of macroscopic adhesion in polydopamine (PDA)
interfaces and various modulation mechanisms through which the polydopamine interfaces’
macro-adhesive behavior changes. Chapter 2 discusses the texture-dependent adhesion in PDA.
A common misconception in the literature regarding PDA adhesion is that PDA nanomembranes
should exhibit strong adhesive capability as PDA conformally coats various surfaces underwater
during in-situ polymerization. However, PDA is a rigid material with heterogeneous morphology
inevitably caused by its heterogeneous synthesis process. A framework considering both its
mechanical behavior and morphology needs to be used to understand PDA’s adhesive behavior
correctly. Studies presented in Chapter 2 confirms the presence of nanoscale texture-dependent
adhesion in PDA and validates that PDA’s adhesion is a strong function of its morphology.
Additionally, an effect of water in adhesion in relation to texture was analyzed, an often very ill-

defined problem.

Chapter 3 discusses the dynamic control of PDA interface adhesion through the
application of mechanical strains. Thin-film buckling is a common phenomenon that occurs in a
two-material sandwich structure when there is a big modulus mismatch between two layers with
one layer having a significantly lower thickness than the back layer. Thin-film buckling phenom-
enon induces surface wrinkles on the substrates, the geometry of which can be controlled by
varying the mechanical strain and other form factors. PDA nanomembranes were incorporated in

PDA/PDMS substrates, and PDA/PDMS substrates with varying wrinkle geometries were
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fabricated. PDA interface adhesion showed a strong dependency to the wrinkle geometries.
Additionally, flattening and wrinkling of the wrinkled PDA/PDMS substrates with the cyclic
application of mechanical strain was used to reversibly control PDA adhesion, demonstrating the
proposed scheme’s effectiveness in fast actuation of reversible control of PDA adhesion, con-
firming PDA’s potential as a component in the micro-structured adhesive structures. A novel
theoretical framework based on the elliptical JKR model was presented that could be used to
analyze the adhesive interaction between the spherical probe and the planar-wrinkle arrays,

which showed a good agreement with the experimental results.

Chapter 4 explores the efficacy of chemical modulation of PDA adhesion. Catechol mol-
ecule’s adhesion strength is its redox State-dependent, and its single molecule chemistry is re-
versible; however, within the PDA matrix, it is known to go through irreversible oxidation
through covalent cross-linking with adjacent molecules. Cyclic voltammetry study confirmed the
assertion and hinted that the practically idealistic approach of modulating PDA adhesion through
voltage wouldn’t be plausible at the present stage. However, the lack of redox peak doesn’t
necessarily mean the depletion of catechol groups that exhibit reversible chemistry; as the com-
proportionation mechanism is a likely conduction mechanism within PDA, some catechol spe-
cies could remain electrically isolated from the metallic interface, but still, preserve their reversi-
ble chemistry. Additional electrochemical measurements with electrochemical impedance spec-
troscopy revealed that even after going through the irreversible oxidation, a certain amount of
catechol groups with reversible chemistry remains intact. Spinning off from the electrochemical
control of PDA adhesion, chemical control of PDA adhesion was explored. Series of indentation

measurements under various pH levels revealed that PDA adhesion shows strong reversible pH
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dependency against oxide surfaces where the redox-state dependent bidentate hydrogen bonding

is the likely main adhesive mechanism.

5.2 Future Perspectives

While this work uncovered some fundamentals of PDA adhesion and explored the possi-
bility of PDA incorporation into micro-structured adhesives, there remain a significant amount of

both fundamental and practical questions that need to be addressed.

The most imperative would be a fundamental study of the synthesis route and structure of
PDA, which still is an active area of investigation. Investigation of PDA using conventional
spectroscopic techniques have proven to be challenging; a novel experimental design would be
needed to uncover some previously inaccessible correlations. A better understanding of the
molecular structure of PDA is likely to lead to solutions or alternatives to the following more

practical questions.

More homogeneous film quality will significantly accelerate PDA adaptation on a com-
mercial scale. Even though some indirect routes exist for PDA film quality improvement, cur-
rently, it is not possible to achieve the level of topological homogeneity required for the practical
adaptation of PDA in many fields. Additionally, indirect evidence in the literature point that the
same reason causing the heterogeneity in topography (adsorption of aggregates grown from the
solution) could lead to mechanical failures of PDA. Also the film growth limit in a single synthe-
sis step, which currently is at around ~ 50 nm, needs to be addressed as well, along with the

PDA’s slow growth kinetics.

Resolving the irreversible oxidation of catechol groups in PDA will also be very im-

portant. This issue is something that all the catechol chemistry driven materials suffer from.
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While this very mechanism is responsible for the cohesive strength of PDA, a strategy to stop the
unwanted irreversible oxidation after the synthesis will significantly improve the commercial
lifespan of PDA or other catecholic systems, if realized. Also, the conductivity improvement

would need to occur.

Another important area to check would be the use of PDA for geometries that permit high
adhesion. Surface wrinkle approach presented in the study showed high controllability of adhe-
sion, but the adhesion increment was not big due to the low degree of contact splitting. Transla-
tion into fibrillar structures or possibly isotropic wrinkles with much smaller features warrant a
further study; incorporation of PDA specific characteristics for tunability of adhesion would be
an interesting topic of the subject as well. After the successful demonstration of the concept
under dry condition, the realistic high wet-adhesion concept needs to be explored; even though
some principles were uncovered in the study, a more complete picture of the interfacial phenom-

ena in water could lead to some novel design principles for underwater adhesion.

Even though PDA in a native form suffers from high modulus, it might function well as a
film on soft biological tissues, as tissues will provide the needed tackiness, while PDA provides
advantageous interfacial chemistry. Thus, the use of PDA as a medical film that delivers thera-

peutic agents is worth pursuing.

It now has been a decade since the first introduction of polydopamine in 2007. Many
have been uncovered since then, but many still remain elusive. There is no doubt that polydopa-
mine will continue to serve as a source of entertainment for researchers across many fields in the

coming years, as it has been.
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Appendix

Chapter 2 Supporting Figures

Polydopamine surface tension and the thermodynamic work of adhesion between polydopa-
mine and PDMS determination procedure:

L a L
(mN/m) (mN/m) (mN/m)
Water! 72.8 22.6 50.2
Glycerol? 63.4 37 26.4
Ethylene Glycol? 48.8 32.8 16

Table Al: Total surface tension values, and dispersive and polar components of surface tension
values for liquid probes used in the study.

Contact angle data was analyzed in light of Owens-Wendt theory to recover the dispersive
and polar components of the surface tension of polydopamine (PDA) nanomembranes. According
to Owens-Wendt, the dispersive component of the surface tension of the solid (y&), the polar com-
ponent of the surface tension of the solid (ysp), the dispersive component of the surface tension of
the liquid (y{), the polar component of the surface tension of the liquid (y]f’), the overall surface
tension of the liquid (y, = ¥ + YY), and the contact angle (CA) between the liquid and the solid
(0) in air follows the following relation:?

1, p\3 1
nlCosth) _ (19): Ui + (4§): Eqn. AL
2(r{)? ()2

This equation is a linear equation (y = mx + b), wherein:

y = nlcostrt) Eqn. A2
2(rf)?
l

m= (ysp)2 Eqgn. A3
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N[

p
x = ) Eqgn. A4

(r)?

=

1

b= (yd)? Eqn. A5
With known surface tension values of liquids and the contact angle data for three liquid probes on

1
P2
PDA, an Owens-Wendt plot of 1L&%*0 g o - was constructed, and from the slope and inter-

2(y1)? )z

cept of the linear fit, each component of the surface tension of PDA was constructed.

CAwater CAGcheroI CAEthyIGchoI VdPDA VpPDA YPDA
(deg) (deg) (deg) (mN/m) (mN/m) (mN/m)
Asﬂ:f:' 56.3+1.1 350+56 153+49 283+35 106+27 479+44

Basal Side 57.9+05 405+09 188+20 29.7+3.7 179228 476146
Table A2: Contact angle (CA) data for three liquid probes on PDA nanomembranes in air. The
resulting total surface tension values, and dispersive and polar components of surface tension val-
ues for PDA nanomembranes are extracted from the Owens-Wendt Plot (n = 3).

The thermodynamic work of adhesion between PDA and PDMS in air was calculated as:*

Wag = 2 <\/ VgDMngDA + \/ VPI’)DMSVFI’)DA> Eqn. A6

Given the surface tension values of ygpys = 18 mN/m and ¥,y = 0 mN/m for PDMS,® the
thermodynamic work of adhesion between PDA and PDMS in air was ~ 40 mN/m. The thermo-

dynamic work of adhesion between PDA and PDMS in water was calculated as:*

_ d p d d p P d d
Waq = 2 (YWater + Ywater + J YppMsYppa T J YpDMsYPDA \/ YppmsYwater —

p p d d p p
\/yPDMSyWater - \/ YppAYwater — \/ VPDAyWater> Eqﬂ- AT
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The thermodynamic work of adhesion between PDA and PDMS in water was estimated to be ~ 50

mN/m.
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Figure Al: Ecoflex) Representative force-(indentation depth) curves (top) and energy release rate
versus indentation depth plots (bottom) for measurements with Ecoflex lenses against basal side
samples (himsppa = 18.1 nm & h’msppa = 0.047) and 48h PDA samples (hymspoa = 192.6 nm &
h’mspoa = 1.03) in air and water. For Ecoflex lenses, across all the roughness ranges of PDA na-
nomembranes studied (hrmspoa < 200 nm), data from the loading phase of force-displacement
measurements in air could be fit to the JKR equation (R2 > 0.995). The average value of the energy
release rates was found to be G = 31 £ 4 mN/m (n = 14). For Ecoflex lenses, in water, the non-
zero tensile force was shown only against PDA samples with himsppa < 20 nm. PDMS) A repre-
sentative force-displacement curve for measurements between PDMS lenses and PDA nanomem-
branes with himspoa > 60 nm in air. In this roughness range, JKR fit to the force-displacement data
during the loading phase was not possible.
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Computation of the theory curve in the effective work of adhesion versus RMS roughness
plot for in air measurements:

To evaluate the effect of surface roughness on the work of adhesion, the model developed
by You et al. was implemented.® While the model is similar to the multi-asperity model developed
by Greenwood and Williamson,” it simplifies the load dependence and treats different tension —
compression state that each asperity experiences in a lump-sum manner. However, this model per-
mits an intuitive tractable parametric closed form solution and showed good agreements with pull-
off forces with other experiments and for the present condition. Given any randomly rough surface,
surface roughness features can be estimated by Gaussian distribution;®° then the height distribu-

tion of the surface can be estimated as:

Py(h) = e 202 Eqn. A8

where o is the RMS roughness of the surface.

When a hemispherical lens with Young's modulus of E; is brought into contact with the
rough surface with Young's modulus of E; and the RMS roughness of o, the ratio of the actual area

in contact given the nominal contact area can be estimated as:

_ l 6_1+6_2_hmin
€ =3 erf (—ﬁa )+1] Egn. A9
Where

1
8, = 3.530 (";ﬁy> Eqn. A10

1
5, = 3.207 <";fy> Eqgn. ALl
hpin = 2.70 Eqgn. Al12
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1-v?
Eq

Ey

2
1-vq

1-v217 1
B =[ER+ 28] (B, » ELE ~ Eqn. A13
2

Then the ratio between the roughness affected pull-off force and pull-off force assuming surfaces
-
are smooth is Cz.
For the computation of the curve, E; = 1.2 MPa and E1 = 60 kPa was used for PDMS and

3 3
Ecoflex lenses respectively, and Ay = 35 mN/m was used. Cz vs. ¢ was computed, and Cz was
multiplied by 80 mN/m (the average value of the interfacial dissipation effected work of adhesion
during pull off for measurements against smooth PDA nanomembranes (hrms,poa < 60 nm)) to get

Wy vs. o curve for the theoretical fit.
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Chapter 3 Supporting Figures
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Figure A2: Representative 2D height profiles of the PDA/PDMS substrates created with different
pre-strain conditions. Sections of the samples with a minimal amount of adsorbed spherical parti-
cles, cracks, or ridges were chosen.

g0 (%) 10 20 30 40 50

A(um) 1.13+033  0.89+0.13  088+007  0.84+0.13 0.82+0.1

A (nm) 19.6+5.9 321+4 95.6 + 8.5 100.9 + 13.3 116.1+ 11.9

Table A3: Wavelength and amplitude of the PDA/PDMS substrates created with different pre-
strain conditions. Data presented as mean = s.d. for n = 10.
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Figure A3: Exemplary Force-displacement curves for the PDA/PDMS substrates created
with different pre-strains.

£ (%) 0 10 20 30 40 50

(};};‘II\III) 148+0.14 166+025 0.78+0.28 032+0.06 0.32+0.09 0.26+0.04

Table A4: Fpun values for measurements with the PDA/PDMS substrates created with different
prestrains. Data presented as mean + s.d. for n > 4.
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Construction of the non-dimensional spherical JKR curve:
Given the normalized contact radius @, the normalized load f and the normal approach &

of the spherical JKR theory for a circular contact are given in the following expressions:*!

f=a-+2a3 Eqn. Al4
§=a*-:v2a Eqn. A15

Plot of £ vs & can be constructed by establishing relationships using the same values for a. f and

5 are linked to unionized counter parts with the following expressions:

- f
f= p—h Eqgn. A16

5 _2
§ = 6R, || Eqn. Al7

where E* is the equivalent elastic modulus between interacting bodies, G¢ is the work of adhesion
between two surfaces, and Re is the radii of interacting bodies. Essentially, the spherical JKR model
equivalent to the elliptical JKR model interaction between cylinders with radius r and Ri would be

the interaction of the cylinders with the same radii, Re given as the geometric mean between the

elliptical model cylinders (R, = /TR;).
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Construction of the force versus normal approach between the hemispherical probe and the
wrinkled surface using the spherical JKR model:

For the JKR model with the spherical contact area, fi vs §; curves can be constructed by

employing the following relationships:*?

al-2 2ma;Ge
61' = ;"e — /_E* Eqn Al8
* 3
fi=T - |8nE*G a3 Eqn. A19

where q; is the contact radius, G is the work of adhesion between two surfaces, and Rie is the
geometric mean of the radius between two bodies given by R; . = /7R;. Essentially the same pro-

cedure was repeated as detailed in the flow diagram (Figure 3.11) to construct the F vs § curve

for the spherical JKR model.

g0 (%) 0 10 20 30 40 50

Elliptical Model Fpyy; (mN) 0.36% 0.42 0.23 0.083 0.078 0.065

Spherical Model Fpy;; (MN) 0.36% 1.3 0.91 0.48 0.46 0.42

a=1.51G,; G;=25.5mNand R =3 mm

Table A5: Calculated Fpun values at each pre-strain for the elliptical JKR model and the spherical

JKR model. For the case of zero pre-strain, the value was calculated using the characteristic JKR
relation.™

131



Chapter 4 Supporting Figures

111.2 nm

Figure A4: AFM scans of an ITO substrate and PDA film on ITO substrate. AFM scans were
taken with 512 x 512 pixels. a) 10 um x 10 pm scan of an ITO substrate. b) 10 pm x 10 um scan
of PDA film on ITO substrate. Thickness of the PDA sample was 40.5 £ 4.8 nm (mean + s.d. for
n=3).

Sample Ra (nm) RMS(nm)
Bare ITO 1.94+0.11 242 +0.13
40 nm thick PDA 419+6.5 79.9+8.7

Table A6: Roughness Statistics for ITO substrates and PDA films. Data presented as mean * s.d.
forn=3.
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Figure A5: Nyquist plots from EIS measurements on bare ITO at various dc biases from -

0.6V to 0.6V versus Ag/AgCl. The onset of the semicircle is clear at -0.4V and -0.6V versus
Ag/AgCl thus indicating active H* reduction.
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Figure A6: Representative Bode plots extracted from EIS measurements on PDA films and a bare
ITO at the following biases versus Ag/AgCl: (a) Open Circuit Potential; (b) Eqc=0.2 V; (C) Eqc =
0.4 V; (d) Eqc = 0.6 V; (e) Eqc = -0.2 V; (f) Eqc = -0.4 V; (g) Eqc = -0.6 V. PDA films showed
comparable or lower interfacial impedance throughout the bias range studied.
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Sample pH? pHP Composition [Na*] (M)

Acidic Solu- 4 45 38.55ml 0.2M NaxHPO,4 + ~0.15
tion ' 61.45ml 0.1M Citric Acid e
Neutral Solu- 5 7 N/A (ddH:0) 0
tion
100ml 0.05M NaHCO3 +
Basic Solution  10.5 10.16 35.6ml 0.1M NaOH + ~0.15
14.6ml 1M NaCl
a: measured using Ag/AgCl
b: theoretical
Table A7: Composition of the solutions used in the study.
pH pH=4 pH=4 pH=7 pH=7 pH = pH=10.5
Probe PDMS PDMS+SiO2 PDMS PDMS+SiO2 PDMS PDMS+SiO2
Fpur (mN) 0.39+0.08 1.93+0.39 0.37+0.11 1.19+0.21 ~0.0 ~0.0

Table A8: Measured pull-off forces Fpun for different experimental conditions. Data pre-
sented as mean + s.d. for n = 10.
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