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Bio-inorganic interfaces, in which biomolecules intimately contact inorganic materials, have
become the centerpiece for advanced technologies in medicine, catalysis, and electronics.
Considering the convolutional complexity of interfaces involving environmental conditions and
biomolecular and inorganic surface intricacies, it is of utmost importance to obtain a fundamental
understanding of molecular conformations, interactions, and hybrid interfacial properties. Based
on such basic understanding, it becomes feasible to engineer molecules with the tailored ability
to spontaneously build-up, via self-assembly, a bio-inorganic interface with desired device
relevant properties. It has been recognized in this Thesis that solid-binding peptides are suited
perfectly for this molecular engineering task due to their vast sequence space, labile
conformational nature, and reliance on soft intermolecular interactions that can be fine-tuned
through environmental controls, and ability to form long-range ordered structures. Here, solid-
binding peptides designed to bind and assemble on graphite surfaces are interrogated using
scanning probe microscopy techniques and molecular dynamics simulations to explore and

control their self-assembly pathway. Thermal selection of peptide conformations is shown to

direct the long-range ordering of peptides at graphite surfaces. Through energetic analysis of



peptide-graphite interactions, using a technique dubbed Intrinsic Friction Analysis, the molecular
implications of thermal conformational selection are elucidated and used to rationally design a
peptide with tailored binding energy and assembly structure. The impacts of these thermally
selected conformations on electron transport across the bio-inorganic interface are interrogated
via scanning tunneling spectroscopy and metadynamics, revealing control over device relevant
properties. Peptide-substrate recognition is explored using atomic resolution microscopy to
understand peptide miscibility and nucleation in binary assemblies. Finally, the role of lateral
confinement on self-assembly is explored, revealing unexpected peptide adsorption and
assembly phenomena enabling tailored self-assembly at various length scales. From these
fundamental insights, novel bio-inorganic devices can be rationally designed for targeted

technological applications.
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Chapter 1.
Introduction:
Molecular Engineering of Peptide-Inorganic Interfaces: From

Agueous Conformations to Complex Surface Assemblies

Since the advent of nanoscience, nanomaterials have been at the forefront of
biomedical research due to their tunable electronic properties and size.? Nanomaterials,
such as nanoparticles, have been successfully implemented in biomedical diagnostics,
drug delivery, and imaging.3® The potential technological applications of nanomaterials
were significantly broadened by the discovery of graphene, an atomically thin sheet of
sp? hybridized carbon.®’ Much of the research exploration of nanomaterials has focused
on fabricating, characterizing and developing technologies based on this family of two-
dimensional (2D) single layer atomic materials.®? In particular, significant effort has been
placed in leveraging the exceptional electronic properties of graphene and other 2D
nanomaterials for the development of highly sensitive and selective bioelectronic

technologies.10-1?

In the field of bioelectronics, in which biomolecules are integral components of the
device, the molecular scale structure of the bio/nano interface is critical for controlling
device functionality. For instance, proper biomolecular orientation is needed to display
functional epitopes, while changes in biomolecule-substrate coupling will directly affect
electronic transport phenomena across the interface. A multitude of functionalizations
have been created to link biomolecules to nanomaterial surfaces and tailor the properties
of the nanomaterial, e.g. imparting biofunctionality and anti-fouling properties.'® The two
primary functionalization methods are covalent chemical linkages and non-covalent
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physical adsorption. Covalent surface functionalizations, such as self-assembled
monolayers or polymeric coatings, may impart electronic defects into the nanomaterial
resulting in decreased sensing capabilities. 101419 Physical adsorption, on the other hand,
preserves the nanomaterial but does not allow for easy tailoring of the nano- to micron

scale structure of the interface.

Biomolecules that bind and self-assemble at inorganic surfaces are a promising
means to control the molecular to micron scales structure of bioelectronic interfaces.
While a variety of biomolecular systems have been engineered for such applications, this
work focuses on solid-binding peptides. Solid binding peptides are small biomolecules
that are combinatorially selected to bind tightly to target inorganic or polymeric surface.?
22 In addition to material type, solid-binding peptides (SBPs) also have selectivity towards
substrate crystal facets or molecular structure.?®24 SBPs have been shown themselves
to be extremely useful surface functionalization for bioelectronics since they are inherently
biocompatible, easily bio-conjugated, and do not impede the electronic properties of the

nanomaterial.25-30

In addition to acting as biomolecular linkers, SBPs have been used to tailor the
nano- to micron scale structure and chemistry of 2D inorganic surfaces through self-
assembly. Recent work revealed that SBPs can form both long-range ordered confluent
films and unstructured (amorphous) monolayers on two-dimensional surfaces, such as
graphite, MoS2, and Au(111), depending on the peptide sequence and the assembly
conditions.?>3132  |ong-range ordering of the peptide assembly mirrors the
crystallographic symmetry of the underlying lattice suggesting a supramolecular

recognition between the peptide and inorganic crystals. In the language of material



science, the interface between the peptide and inorganic materials is coherent.
Analogous to traditional inorganic devices, development of these coherent interfaces
promises to seamlessly merge biological and man-made systems and aid the
development of hierarchically assembled functional bioelectronics. Thus, the rational
design and fabrication of self-assembling bio-inorganic interfaces with desired structure
and properties is paramount.
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Figure 1.1. Schematic of peptide adsorption and self-assembly at atomically flat inorganic interfaces.

Assembly

As schematized in Figure 1.1, the self-assembly of soft peptide-inorganic
interfaces results from several interconnected steps, namely, the adsorption, surface
recognition, diffusion, nucleation, and, finally, growth of the long-range ordered phase. All
these assembly steps are intimately dependent on the peptide-peptide and peptide-
substrate intermolecular interactions, and hence, on the peptide sequence, conformation,
and environmental parameters of the system. For the rational design of SBPs and device
relevant peptide-inorganic interfaces, engineers need to be guided by molecular

fundamentals describing the complex relationships dictating peptide surface assembly as



outlined above and presented in Figure 1.2. Along these lines, this work focuses on
developing such molecular insights and illustrates their utility in engineering the self-
assembly of peptide-graphite interfaces via environmental parameters and sequence
modifications. First, the experimental and theoretical methodologies that were used and
have been developed are described in Chapter 2. The impacts of temperature, specifically
thermal conformational selection, on self-assembly structure are discussed in Chapter 3.
The energetic implications of this thermal conformational selection are discussed and
leveraged to rationally design a self-assembling SBP in Chapter 4. The impacts of peptide
conformation and substrate coupling on the electron transport across the hybrid interface
are discussed and compared in Chapter 5. The role of divergent peptide-substrate
molecular recognition in the nucleation of binary assembled peptide systems is the focus
of Chapter 6. Finally, the effects of lateral confinement on peptide diffusion and self-

assembly are explored in Chapter 7.

Rational Molecular Design

Sequence

Molecular s Intermolecular Assembled Interfacial
Conformation Energetics Structure Properties

Environmental
Stimuli

Figure 1.2. Overview of the presented research project in which fundamental molecular understanding about the
sequence, conformation, and interfacial properties will be determined and implemented to tailor the hybrid peptide-
inorganic interface.



Chapter 2:

Theoretical and Experimental Methodologies

Each step of the complex process leading to the self-assembly of peptides on
inorganic surfaces, as schematized in Figure 1.1, is greatly impacted by the peptide
sequence, conformation, and environmental assembly parameters. In this chapter, the
theoretical considerations critical for understanding the experimental system are
discussed followed by a detailed description of the experimental techniques used herein

to analyze the system.

2.1 Theoretical Underpinnings of Peptide Surface Binding and Assembly

2.1.1 Peptide Conformational Dynamics

Peptides are naturally occurring short biopolymer analogues to proteins with
biological activity and importance, such as signaling and biomineralization. Given the
ease of synthesizing and engineering peptides, they have become key components of
functional biomaterials. Peptides selected through directed evolution techniques for
binding to inorganic surfaces, called solid-binding peptides (SBPs), typically range from
7-14 amino acids in length. These short peptides are typically considered intrinsically
disordered as the limited intramolecular interactions present are not sufficient to stabilize
a consistent conformation. As schematized in Figure 2.1, proteins are characterized by a
deep free energy well in their conformational landscape related to the folded protein
structure. In contrast, the conformational landscape of short solid binding peptides is more
aptly described as a corrugated surface with small energetic barriers separating local
free-energy minima. That is to say, short peptides in aqueous solution have a multitude

of metastable conformational states that are easily transitioned between. The dispersity
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of conformations in solution is therefore determined by a Boltzmann distribution of the

metastable states.

Protein vs. Short Peptide
GT Denatured
W
AG > KT S3 Si
Folded AG ~ kT

Figure 2.1 Comparison of conformational free energy, G, landscapes of globular proteins and short
peptides. Differing conformational metastable states of the peptide are denoted by S1, S2, and S3.

The dispersity and stability of the peptide’s solution conformations have been
shown to depend on environmental parameters such as pH and temperature.3334
Moreover, as a result of SBP’s environmental dependent conformational dispersity, SBP
binding and interactions with inorganic surfaces are similarly dependent on the agueous
environmental conditions. For example, work on titanium binding peptides showed how
the ionic conditions of the aqueous solution mediated the binding conformation and
energetics.®® Given the relationship between peptide conformational dispersity and
environmental parameters, the environmentally variable interfacial region between the

bulk solution and solid surface is of critical importance to peptide adsorption.

2.1.2 Complexity of the Bio-Inorganic Interface

Generally, experimental investigations into biomolecular interactions with solid
surfaces view adsorption as a binary state change from the bulk solution state to the
equilibrium surface state (see Section 2.1.3). While this approach allows for determination
of overarching kinetics and energetics of protein adsorption, the transitory regime
between the bulk solution and surface with bulk-deviating properties, a critical parameter
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space dubbed going forward as the “boundary regime”, is neglected. It is the properties
and interfacial phenomena within the boundary regime that play a pivotal role in
determining the adsorption process and interactions at the surface for conformationally
pliable biomolecules like SBPs. Not only does the boundary regime possess a locally
varying chemical potential, |, it also exhibits dimensional constraints due to its small size
on the 1-10 nm scale.3¢-38 Dimensional constraints substantially alter mixing properties,
leading to altered adsorption resonances (times), as well as preferential (species specific)
diffusion.3®

Characteristics of the boundary regime result from the confluence of bulk
environmental properties and the inherent surface properties of the substrate. The
boundary regime greatly depends on the aqueous context with which the inorganic
surface interacts. Figure 2.2A schematizes the boundary regime between a bulk solution
and inorganic surface accompanied by the key properties dictating and describing this
complex interface. The bulk solution can be described by the temperature, ionicity, pH,
and biomolecular concentration. A given biomolecular species may be further described
by specific chemistry (i.e., sequence, charge, hydrophilicity, etc.) and conformational

dispersity, B, as discussed in Section 2.1.1.
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Figure 2.2 (A) Complexities of the boundary regime between bulk solution and an inorganic surface.
Red and blue circles are negative and positive charges, respectively. (B) Schematic describing how
environmental gradients in the boundary regime and intermolecular biases induced by the substrate
can modify the free energy landscape of the peptide confromation during the adsorption process.

Resulting from the combination of the bulk solution and the substrate will be a
boundary regime with a defined thickness, 6. Parameters considered to be isotropic within
the bulk solution phase will be dependent on the distance from the surface within the
boundary regime. Specifically, there will be a gradient in the pH and ion concentration
within the boundary regime. This gradient will result in a varying electrostatic potential, ¥,
with a specific decay length known as the Debye length, Ap, that depends on the ionicity

and temperature, as shown in Equations 2.1 and 2.2.

Y =Y, exp(—1px) Equation 2.1

2e272\"/?
Ap = <£€0kT> Equation 2.2



Where W is the potential of the surface, x is the distance from the surface, e is the
elementary charge, z is the charge number of the ion, &g is the dielectric of the solvent,
and KT is thermal energy. Moreover, due to adsorbed ions at the surface, a charge, known
as the zeta-potential, will develop. While not equivalent to a surface charge, the zeta-
potential is critical when understanding electrostatic interactions with the substrate.
Changes to either the bulk solution or the inorganic surface will have an outsized effect
on these boundary parameters thereby effecting how peptides in solution interact and
adsorb to the surface. Due to these bulk-deviating properties, intermediate peptide
conformational states may be stabilized within the boundary regime, mediating the
transition from bulk solution to surface adsorbed, as schematized in Figure 2.2B. These
transitory interfacial states are critical for understanding why and how SBPs interact with

inorganic surfaces.

2.1.3 Molecular Adsorption Kinetics and Energetics

Molecular adsorption to surfaces is critical for many technologies from sensing to
catalysis. For the fabrication of robust bioelectronics interfaces utilizing self-assembling
solid binding peptides, it is critical to determine the peptide’s binding kinetics and
energetics to their target inorganic surface at a variety of environmental conditions.
Several theoretical and empirical models have been developed to interrogate the
molecular adsorption. The simplest among these models is the Langmuir Isotherm first
derived by Irving Langmuir to describe the adsorption of gas molecules to a solid

surface.®® The Langmuir Isotherm assumes:

1. The molecule-surface interaction energetics are consistent for all molecules and

surface sites. Specifically, the surface is homogenous with all surface sites having



the same adsorption activity, and the molecular adsorption mechanism is the

same for all molecules

2. Only molecule-surface interactions exist such that the adsorbed molecules do not

interact in-plane or form multilayers.

As shown in Figure 2.3, the Langmuir model considers the adsorption of a molecule M to

a surface adsorption site S to generate a surface adsorbed species, MS, as described by

the reaction:

M+S2MS Equation 2.3

"
\kd Figure 2.3. Langmuir adsorption schema of a
\ MS molecule, M, binding to surface sites, S, to
ka generate a surface adsorbed species, MS.
Adsorbed molecules only interact with the
substrate and not with each other.

S

As MS is generated the fractional occupancy of surface sites (surface coverage), I, will
increase. Therefore, the rates of adsorption, ra, and desorption, rq, can be represented in

terms of I and the molecule concentration, [M].
7y = kq[M](1 —T) Equation 2.4
ry = ky(I') Equation 2.5

ka and kq are the rate constants for adsorption and desorption, respectively. At
equilibrium. the rates of adsorption and desorption will be equivalent, thus, providing the

functional form of the Langmuir Isotherm.
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k, r

= " ma-m

Equation 2.6

Or equivalently,

_ K[M]
14+ K[M]

*

Equation 2.7

where K is the equilibrium adsorption rate constant and " is the equilibrium surface
coverage, respectively. Experimentally, K is determined by measuring " as a function of
[M] and fitting to Equation 2.5. The standard free energy of adsorption, AGags, can be

determined from K by the following relationship.
AG,qs = —RT X In(K) Equation 2.8

Due to the simplistic nature of the Langmuir model, it has been consistently used
to measure the kinetics and energetics of more complex systems. However, it must be
noted that the assumptions of the model do not typically hold for biomolecular systems,
such as solid-binding peptides. For example, solid-binding peptides form complex
assembly structures that rely on a multitude of intermolecular interactions. Moreover, the
heterogeneous nature of experimental inorganic surfaces, e.g., step-edges or defect
sites, allows for site specific adsorption enthalpies. Empirical models and extensions to
the Langmuir model have been made to address such discrepancies. Table 2.1 compares

different adsorption models.4%-42
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Table 2.1 Molecular Adsorption Models Beyond Langmuir
Adsorption Model Equation Notes

Describes adsorption to a
heterogeneous surface. K and n are fit
parameters.
Assumes that the heat of adsorption
decreases linearly with coverage.
Considers molecule-molecule
interactions. g is an additional fit
parameter.
a[M]¢ Empirical modification of Langmuir
=1 c model for adsorption to a

/K +[M] heterogeneous surface. C, a, and K are
fit parameters.

Freundlich T =K[M]"/n

Frumkin In (ﬁ) =1In(K) + gI

Toth re =

Beyond the intermolecular interactions and the possible chemical heterogeneity of
the system, the labile nature of the peptide’s conformation with environmental parameters
may result in differing peptide-substrate interactions, and therefore, K and AGags values
that reveal non-Arrhenius temperature dependences. This level of molecular complexity
is not adequately addressed by theoretical model equations, thus, experimental
techniques for the direct determination of binding energetics is critical. As will be seen in
Chapter 4, the effect of temperature on the peptide binding energetics and kinetics is
elucidated via a novel scanning probe microscopy-based technique (technique outlined

in Section 2.2.3).

2.1.4 Principles of Molecular Self-Assembly

To control the self-assembly process of peptides at solid surfaces, it is critical to
unravel how the energetics of peptide-peptide interactions and self-assembly are related
to peptide sequence, conformation, and environmental parameters. As a simple basis for
understanding the self-assembly energetics of peptides one can look to the kinetics of

molecular aggregation*?® as schematized in Figure 2.4.
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N

Figure 2.4. Schematic of two-dimensional
aggregation of spherical monomers into circular
aggregates.

The rate of association of N monomers, Ra, and the rate of dissociation for an

aggregate of size N, Rq, can be described by Equations 2.9 and 2.10, respectively,
R, = kXY Equation 2.9
R; = ky(Xy/N) Equation 2.10

where ki and ky are the rate constants for association and dissociation, respectively, and
X1 and Xn are the chemical activity of the monomer and the aggregate, respectively.
Moreover, the equilibrium constant for monomer aggregation, K, can be related to the
standard chemical potential difference between the aggregate, uy, and monomer, u?, by
Boltzmann statistics as presented in Equation 2.11.

_N o _ ,0
K=exp< (uy — 1)

T > Equation 2.11

Collectively Equations 2.9, 2.10 and 2.11 imply that the molecular system is in

thermodynamic equilibrium, Equation 2.12.
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. KT /Xy ,
u=ud+kTIn(X;) == ux +W In (W) = const. Equation 2.12

Equation 2.12 describes the first of two thermodynamic conditions that must be met for

stable aggregates to form, which are:

1. The combined chemical potential of all identical molecules in an aggregate must
be equivalent for different sized aggregates (Equation 2.12), and

2. There must be a favorable difference in the cohesive interaction energies within
aggregates relative to the aqueous monomer, i.e., the standard chemical potential

of the aggregate must be smaller than that of the monomer, u? > uy.

The monomer aggregation process can be fully thermodynamically described by
the conservation of species, Equation 2.13, and by the chemical activity of the aggregate,

XN, represented in terms of the monomer, Equation 2.7 (as derived from Equation 2.12).

C = Z Xy Equation 2.13

N=1
Xy = N(Xyexp[(ul — u3)/kTDHN Equation 2.14

In Equation 2.13 and 2.14, C is the total concentration of molecules, k is the Boltzmann

constant, and T is the absolute temperature in Kelvin.

The standard chemical potential of an aggregate, uy, is the sum of the molecule-
molecule interaction energies within the aggregate relative to an aqueous monomer. As
the molecules at the aggregate’s edge lack some possible molecular interactions, these
interaction energies must be subtracted from the expected total interaction energies for

an aggregate of size N. Thus, the chemical potential of the aggregate will depend on its
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dimensionality, shape, as well as on the monomer’s shape. Equation 2.15 is a generalized
representation of uy in which a describes the strength of the intermolecular interactions,

and p is a number that depends on the shape and dimensionality of the system.

o _ o , akT )
Un = Hoo +_Np Equation 2.15

Combining Equation 2.14 and 2.15, provides an important relationship between a and Xn.
Xy = N[X,e%]N Equation 2.16

This relationship implies that when the activity of the monomer, X, reaches e the
monomer concentration can no longer increase, denoting a critical aggregation

concentration, CAC, at which aggregates of size N must start forming.
(X1)erie = CAC =~ e™* Equation 2.17

The relationship presented in Equation 2.10 holds for all p and, more critically, provides
a way to translate an experimental observable CAC to the fundamental interaction
energetics between the monomers. Analogous equations to Equation 2.17 can be
constructed to relate concentrations of larger aggregates of size M, where M < N. While
the above discussion provides a way to analyze the energetics of aggregating molecules,
it does not distinguish between “amorphous” aggregates and “crystalline” aggregates that
are observed during the peptide self-assembly process. In fact, the bond counting method
used to derive the prior equations assumes the aggregate has a type of crystallinity or

periodicity within the bulk.

In terms of the energetics of the system, the experimentally observed amorphous

to crystalline transition requires that the standard chemical potential of the crystalline
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phase is lower than that of an amorphous aggregate of the same size, uy . ystar <
U amorphous- AMOrphous aggregation can thus be viewed as an aggregate with irregular

(or non-specific) intermolecular interactions between the monomers within the bulk
amorphous aggregate. This irregularity is rationalized by the chemical heterogeneity of
biomolecules and the multitude of possible configurations by which the biomolecules
interact. To extract the free energy of self-assembly from the observed transition, a
concentration analogous to the CAC with a similar relationship to the interaction strength
of the monomers is used, namely, the critical self-assembly concentration, or as denoted
in this work, Cso. Cso is the monomer concentration at which 50 % of the monomers are

contained within the self-assembled crystalline phase.

_AGassembly/ )
Cso € kT Equation 2.18

As will be seen in Chapter 3, the energetics of self-assembly as discussed in this section
are applied to extract the free energy of assembly for two graphite binding peptides of

differing sequence.

2.1.5 Thermodynamics of Crystal Nucleation

As detailed in Section 2.1.4, equilibrium thermodynamics of molecular aggregation
can be used a basis for understanding peptide self-assembly. However, the presence of
the metastable intermediate amorphous phase during the self-assembly process
indicates there exists an energetic barrier to the formation of the crystalline aggregate. In
this section the fundamentals of crystal nucleation are described to address this

shortcoming.
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From a thermodynamic perspective, the nucleation rate of a crystal, dn/dt, is
proportional to the Boltzmann probability that monomers overcome an energetic

nucleation barrier, Agnuciei, and form a cluster of critical radii, as shown in Equation 2.19:

44,45

d_nerX (Agnuclei
dt kT

) Equation 2.19

where A is a pre-exponential factor related to the diffusion and sticking probability of the
monomer, k is the Boltzmann constant, and T is the absolute temperature in Kelvin. The
nucleation barrier, Agnuciei, IS dependent on the dimensionality of the nucleating crystal,
the shape of the crystal, and whether the nucleation process is homogenous or
heterogeneous. The total free energy of the cyrstal, Agcrystal, arises from the balancing of
the free energy of the bulk molecules in the crystal, Agouk, and the free energy of the

crystal interface, Agedge, @s schematized in Figure 2.5 for a two-dimensional nucleation

process.

Figure 2.5. Depiction of the free energy of a
growing two-dimensional circular crystal nucleus
as a function of radius. The system has a critical
radius, rc, and barrier to nucleation of Agnuciei. The
inset depicts a crystal nucleus of critical radius.
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Given that solid binding peptide self-assembly is confined to two-dimensions and
at a solid interface, we can approximate the nucleation rate using a classical 2D
nucleation model. For 2D nucleation of circular monomers, the free energy of the bulk

crystal, Agoui, and the free energy of the crystal interface, Agedge, are as follows:

2
nr .
AGcrystal = DGeage + Agpuk = 2nrAd — A—Au Equation 2.20

m

Where r is the radius of the nuclei, A is the line-tension of the crystal-substrate interface,
Am is the area per monomer, and Ay is the chemical potential difference between the
monomer and the crystal phase. The critical radius occurs, rc, when the gradient of Agcrystal

is 0.

_ dgcrystal 27'”‘6

0 e 2mA — . Au
A, .
1, =——  Equation 2.21
Ap

The free energy barrier associated with forming a nucleus of critical radius, Agnuciei, IS thus

A\
My . "UAu A A2 _
AGnuciei = 2T A A— ™ Ap = A Equation 2.22

The chemical potential, Ay, is most generically defined as Ay = kTln(a), where Kk is the
Boltzmann constant, T is the temperature in Kelvin, and a is the activity of the system
(note this is a different parameter than is discussed in Section 2.1.4). For practical
purposes it is beneficial to represent a in terms of an experimental observable in relation
to a reference condition scaled by an activity coefficient, y, that captures non-ideality.

Herein, we use the peptide concentration, C, in reference to an equilibrium concentration,

18



Ce, that denotes the concentration at which a critical nucleus will neither grow nor

dissolve. Moreover, we assume y = 1 for single phase nucleation, i.e.,

C C C _
Au = kTIn (y—) = kTIn (—) — kT (— - 1) Equation 2.23

Ce Ce/ Lcci \Ce

Ce

for low concentrations. Combining Equations 2.19, 2.22 and 2.23, the nucleation rate is

given by Equation 2.24.

dn A, A2 B ,

(kT)? (é - 1) o1

The fit parameters A, B, and Ce from this model can be used to compare the nucleation
properties of peptide self-assembly at solid surfaces as a function of peptide sequence
and experimental conditions. As will be seen in Chapter 6, this model fits well with the
self-assembly of the graphite binding peptides used in this work. However, this model
ignores the conformational complexity of peptide monomers as well as asymmetric
growth direction of the studied peptide surface assemblies. For these reasons, other
nucleation model may fit experimental data well, for instance, a 1D nucleation model has

been successful in interrogating peptide nucleation at surfaces.

2.2 Experimental Methodology

2.2.1 Self-Assembly Sample Preparation
Substrate quality and preparation are critical for reproducible self-assembly of
peptides. For the studies presented in this work graphite substrates are used. Graphite is

composed of layers of stacked atomically flat two-dimensional sheets of sp? bonded
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carbon in an A-B-A configuration. Figure 2.6 schematizes the structure of graphite as well

as the typical sample preparation processes used in this work.

AQ@ Figure 2.6. (a) Schematic of A-B-A stacking of
— planar graphene sheets that compose graphite.
Standard sample preparation process for self-
Bc@;} assembly of peptides on (b) highly oriented
pyrolytic graphite and on (c) graphite flakes

:@@ exfoliated onto silicon wafers.
A

(b)

HOPG /\ HOPG HOPG
( )Cleave with Tape Incubate with Peptide Wick and Dry Surface
c J

~ g ) _

Exfoliate Graphite Transfer to Si Incubate with Peptide Wick and Drv Surface

A renewed interest in graphite has emerged since the discovery of graphene, a
single layer of graphite, has repeatedly shown unique electronic properties.”*® While self-
assemblies on graphene surfaces are the target for many applications, controlling the
size, cleanliness and purity of graphene remains a challenge. In this work, high grade
highly oriented pyrolytic graphite (HOPG Grade 1, SPI, Inc.) is used to ensure
reproducible sample surfaces with minimal to no stack faults and a low density of step-
edges. While HOPG is a very well-defined substrate for peptide self-assembly
experiments, it is not the only type of graphite used in peptide self-assembly experiments
presented herein. Graphite flake is the preferred material when preparing graphene

samples through exfoliation. While exfoliation of graphite flakes provides a facile way of

20



producing graphene for testbed devices, this graphite can have a higher density of stack
faults or other defects. Additionally, the resulting substrate sizes range from 10 to 100s
of microns in lateral dimension, i.e., several orders of magnitude smaller than the “gold
standard” of cleaved HOPG surface. As will be shown in Chapter 7, this variability in

lateral size can have measurable impact on peptide surface coverage and self-assembly.

While the bulk concentration of peptide solutions is typically addressed as the
variable parameter in many self-assembly experiments, the true variable is the relative
ratio of peptide monomers to available graphite sites. Therefore, to ensure consistency
between samples the graphite area and the volume of peptide solution must be held
constant while other parameters (such as bulk concentration) are varied. For most self-
assembly experiments presented in this work graphite surfaces with approximate area of
0.25 cm? were prepared by mechanically cleavage using scotch tape. After cleavage, 40
puL of peptide in DI water of varying concentrations were incubated on the graphite
surfaces for 3 hours. For many of the kinetic and energetic analyses presented in Section
2.1, the system is assumed to be at equilibrium. The incubation time of 3 hours is used
to reach this required equilibrium, as previous studies showed that the structure of the
peptide assembly does not significantly change after this time point. To prevent peptide
solution evaporation during incubation, the samples is kept in a sealed chamber with
saturation vapor pressure. In the subsequent chapters, specifics on sample preparation

are provided for experiments that diverge from this standard discussed here.

2.2.2 Scanning Force Microscopy Imaging and Peptide Structure Analysis
To interrogate the self-assembly phenomena of solid-binding peptides at inorganic

interfaces the structure needs to be visualized with micrometer scale precision. Scanning
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probe microscopy (SPM) since its advent with the scanning tunneling microscope has
been key to characterization of nanoscale and molecular scale systems. All SPM
techniques are based on the raster scanning of a sample surface via lateral x-y positioning
of a nanoscale probe controlled by a piezoelectric material or solenoid motor. Interactions
between the sample and probe are used to control the probe’s z-displacement via a
feedback controller allowing for the imaging of the sample surface. The type of interaction
used for the feedback control depends on the specific SPM technique. Scanning force
microscopy (SFM), also called atomic force microscopy (AFM) in the literature, relies on
a combination of long- and short-range interactions, such as electrostatics and van der
Waals interactions, between the sample and a probe microfabricated onto the end of a
cantilever. As schematized in Figure 2.7, the z-displacement is monitored using a laser
reflected off the back of the cantilever and tracked by a photodiode. This general set-up
makes SFM an extremely versatile technique for the imaging of a diverse set of material

classes under a variety of environmental conditions.

Figure 2.7. Schematic of a scanning force
microscope in which a x-y-z piezo raster a
nanoscale probe across a sample surface.
The tip-sample distance is tracked by
reflecting a laser off the cantilever and
monitored by a photodiode. Deviations in
photodiode signal are used for PID
controlling of tip-sample interactions (not
shown).

Photodiode

Piezoelectric

Cantilever
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The most commonly implemented SFM variation for the imaging of soft systems,
such as the peptide-inorganic interfaces focused on in this work, is dubbed intermittent-
contact mode (“Tapping Mode™” or “dynamic mode” depending on company branding).
In intermittent-contact mode SFM, the cantilever is driven at a frequency close to its
resonance. As the probe comes closer to the sample surface, the intermolecular
interactions perturb the cantilever resonance frequency and thus the amplitude and phase
of the oscillation. Typically, the probe-sample distance is monitored by keeping the
oscillation amplitude constant via a standard PID controller. Intermittent contact mode
SFM has a lateral resolution of 2-5 nanometers (as limited by the probes radius) and
vertical resolution of 0.1 nanometers allowing for the high-resolution imaging of peptide
self-assembly structures. For SFM imaging conducted herein, dried peptide samples
were visualized under ambient conditions using a DI Nanoscope llla SPM (Digital
Instruments) in Tapping Mode™ using soft tapping mode probes (HQ:NSC14/No Al,
MikroMasch). Through the analysis of such SFM images a multitude of key structural
details can be extracted. Of specific interest to this work are details that can be analyzed
in light of theoretical models discussed in Section 2.1 such as : (i) the peptide surface
coverage and assembly height (Adsorption — Section 2.1.3) , (ii) the percentage of long-
range ordering (Molecular Assembly — Section 2.1.4), (ii) the number of long-range
ordered structures (Nucleation — Section 2.1.5), and (iv) the dimensions of those long-

range ordered structures.

SFM images presented herein were analyzed using the Gwyddion SPM data
analysis software.*” All images were flattened with a 2D plan fit and the individual scan

lines were aligned using built in Gwyddion functionality. Height measurements can most
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simply be determined by taking several line profiles of the self-assembly structure and
calculating the distance between the top and valley of extracted features. When this
technique is employed it is best practice to extract single scan lines and not to analyze
line-profiles that include several scan lines as image flattening or processing may distort
relative height values. Other structural features are determined by isolating the peptide
structures from the underlying substrate via a “masking” process. The peptide mask can
then be further edited or analyzed to extract the desired information. Example masking

and analysis is presented in Figure 2.8.

)

 Filtered Maskes b

Figure 2.8 (a) The images are flattened and cropped to remove graphite step edges or other defects that
complicate further processing. (b) A mask is applied to flattened image based on height so that the
peptide is clearly distinguished from the underlying graphite surface. Some additional manual editing of
the mask was performed to remove erroneously masked graphite when the computer was unable to
automatically exclude it. The mask is then filtered by a variety of grain parameters. In part (c) the mask
is filtered by grain size. This was often the most effective at separating the ordered and amorphous
regions.

For instance, the total surface coverage was determined by first flattening the
image and then masking based on height to separate the peptide from the graphite
surface. The percent of ordering was deduced from the fraction of the total surface
coverage that is part of a long range assembled structure. The ordered regions were
subsequently determined by thresholding the initial mask based on either the area or

aspect ratio of individual peptide domains. Manual editing of the mask is typically needed
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for samples of densely packed peptide to distinguish between ordered and amorphous
regions. Statistics on the mask, such as number of ordered domains, average domain
size, perimeter, etc. can be further determined for nucleation and growth analyses. At
least three one micrometer-square AFM images were analyzed for each sample and
averages and standard deviations were determined from all individual image

measurements.

2.2.3 Molecular Energetic Determination: Intrinsic Friction Analysis

While high-resolution imaging and structural analyses can provide insights into the
assembly and nucleation processes, the molecular complexity of peptide-inorganic
interfaces make interrogation of their intermolecular interaction energetics difficult. As will
be seen in Chapter 3, peptide adsorption kinetics are non-Arrhenius and, thus, binding
energetics are not accurately described. To elucidate the desired energetic information a
novel SPM technique dubbed Intrinsic Friction Analysis (IFA) is implemented in Chapter
4. Intrinsic Friction Analysis was originally formulated by Sills and Overney and
implemented to interrogate polymeric films.#8-%0 |[FA is a local energetic analysis based on
the well-established lateral force microscopy (LFM),% and therefore, provides a molecular
and energetic description of relaxation processes that are associated with structural
transitions. In IFA, the SFM probe acts as a mechanical scatter by transferring kinetic
energy to molecular modes possessed by the material under study, for instance,
activating side chain rotations in glassy polystyrene or bonding-debonding interactions
for 2D inorganic materials. As demonstrated in Chapter 4, IFA interrogations of self-
assembled peptides on 2D surfaces provides the binding energy between the peptide

and the substrate, Figure 2.9a.
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Lateral (friction) forces are determined as the hysteresis in the torsional cantilever
deflection between forward and reverse scans. To deduce the apparent activation energy
of the molecular mode, friction force isotherms are obtained by varying scanning
velocities at various constant temperatures. These friction-velocity isotherms are then
treated based on the theory of time-temperature equivalence.5252 All isotherm curves are
superimposed to an arbitrary reference isotherm by shifting them with horizontal
distances In(ar), where ar is the thermal shift factor. Shifted isotherms generate a master
curve that describes the relaxation landscape of the material making IFA analogous to
other relaxation methods such as dielectric spectroscopy and dynamic mechanical
analysis. Fast molecular processes that the rate of disturbance, i.e., the scan velocity,
cannot reach, are represented by a log-linear line. For slower material relaxation times
that can be accessed by the scan velocity, the master curve will contain a characteristic
relaxation peak. Enthalpic contributions to the molecular energetics, Ea, are obtained from
the thermal shift factor, In(ar), as function of inverse temperature using an Arrhenius

relationship presented in Equation 2.25, where R is the universal gas constant. Vertical
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friction shifts, AFr, may also be necessary to generate the master curve and are related
to the entropy of the molecular mode as shown in Equation 2.26 in which ¢’ is the contact
area normalized stress activation volume, AS is the entropy, and T is the temperature in
Kelvin. The decoupling of entropic and enthalpic contributions to molecular energetics is

unique to IFA and is not obtainable from other time-temperature superpositions.

d1n(a
E,=— [ (ar) Equation 2.25

a(1/T) |,

TAS )
AFr = —7 Equation 2.26

The experimental set-up for IFA is as follows. Friction measurements of the dried
peptide samples were obtained using a contact mode stand-alone Explorer SPM
(Topometrix, Veeco, CA) with contact mode silicon probes in a low humidity nitrogen
atmosphere to avoid capillary formation.3” The sample stage temperature was controlled
using a programmable temperature controller (K-20, MMR Technologies heating stage).>*
Lateral forces were determined as the half-amplitude of the square-wave lateral
photodiode signal monitored using an oscilloscope. Lateral forces were scaled using a
blind calibration method in which the friction coefficient of a cleaned silicon wafer is
obtained and scaled to the known silicon-silicon friction coefficient to determine a
geometric calibration factor.%® The silicon wafer was cleaned by sonicating in acetone and
then in methanol for 10 and 40 minutes, respectively. The cleaned silicon wafer is rinsed
with deionized water, followed by a 20-minute UV treatment before being dried in a
vacuum oven at 120°C under a nitrogen atmosphere for 2 hours to create a natural oxide

layer.
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Prior to friction measurements the cantilever thickness, t, was calculated using the
out-of-contact normal cantilever resonance frequency, fc [Hz], via Equation 2.27. From
the calculated thickness, t [m], known cantilever length, L [m], width, W [m], and elastic

modulus, E, the cantilever spring constant, kn, was determined using Equation 2.28.
t = 0.000723L%f, = [m] Equation 2.27

3 Et3W
N3

Equation 2.28

During IFA experiments the total normal force, Fn, is kept constant to maintain isobaric
conditions. The total normal force, Fn, is calculated using Equation 2.29, by taking into
consideration the apparent contact stiffness, S, of the cantilever and the adhesion force,
Fadh, between the probe and sample as extracted from force-distance curves, the out-of-

contact top-bottom photodiode signal, Frg, and the applied force, Fapp.
ky .
Fy = ?(FApp + Fpan — FTB) Equation 2.29

Friction-velocity isotherms were generated by scanning 1 mm x 1 mm areas with a low
resolution of 25 lines per scan to prevent memory effects from prior scans. Friction
measurements were averaged over multiple scans at the same scan velocity and
temperature. To generate the isotherms, measurements were taken at least five

temperatures and six scan velocities.

2.2.4 Scanning Tunneling Microscopy and Spectroscopy

The prior sections on scanning probe microscopy detailed how insights into the
self-assembly process and intermolecular energetics can be experimentally elucidated.
This section details how device relevant electronic properties of the self-assembled
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interface can be interrogated through the application of scanning tunneling microscopy
and spectroscopy. The scanning tunneling microscope (STM) was the first member of the
SPM family developed in 1981 by Binnig and Rohrer and catapulted the field of

Nanotechnology to the forefront of scientific research.

(a) (b)

Sample
Tip Sample  Tip Tip
e- Sample
E e
STM Tip F -~ e
—
z<1lnm —
V=0 V>0
V<0

Sample
| |
Figure 2.10. (a) Schematic of metal-insulator-metal (MIM) junction created by a conductive STM tip with

an atomic asperity with a conductive sample. (b) Electron tunneling within the MIM junction is controlled
by the voltage difference between the tip and sample. Applying a bias raises electron energy levels of
either the tip or sample above the Fermi energy level allowing for electrons to pass across the junction.

While SFMs rely on long- and short-range interactions between the probe and
surface to track surface features, the STM uses the tunneling current between an
atomically sharp conductive tip and conductive sample as schematized in Figure 2.10. To
get electrons to tunnel between the tip and sample, a voltage is applied to excite electrons
above the Fermi level of the tip (or sample depending on the direction of the bias). As the
tunneling current depends exponentially on the distance between the tip and sample,
small variations in tunneling current that occur while scanning the tip across the sample
surface at a constant tip-sample bias are translated into an STM image. STM image
features represent the local magnitude of the tunneling current and, thus, are a
combination of topographical surface features and surface electronic properties. The
exponential dependence of the tunneling current with the tip-sample distance combined

with an atomic probe radius, STM allows for higher resolution imaging over SFM.
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Beyond the gap distance, z, between the probe and sample, the tunneling current,
l, is greatly affected by the density of states at the Fermi level, Ds(Er), the bias V, and the

potential barrier or work function, ¢, as shown in Equation 2.30.
[ < VD,(EF) exp(—1.025\/5 X z) Equation 2.30

In addition to high resolution imaging, scanning tunneling microscopes can be used to
interrogate the local current voltage (I-V) characteristics of the sample and insulating
junction between the tip and sample. Scanning tunneling spectroscopy (STS) can be
determined by monitoring the tunneling current as a function of voltage at a constant z
value. The first derivative of this I-V spectra provides experimental access to probe the
local work function and local density of state of the material. For peptide-inorganic
interfaces, this may provide information about doping of the inorganic material by the

peptide which will affect device characteristics.

2.2.5 Molecular Dynamics Simulations

While experimental interrogations previously outlined can provide a multitude of
insights into how peptide sequence and environmental conditions affect the self-assembly
structure and process, atomistic details of the peptide-inorganic interface are still
inaccessible. Computational approaches, and in particular, molecular dynamics
simulations allow for the atomic level description of molecular conformations, interactions

and energetics that can be corroborated by and flesh-out experimental data.

For molecular simulations, molecules are represented by a collection of point
particles with simple mechanical model representations for interactions. Non-bonded

interactions are represented using a combination of Lenard-Jones potentials and
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electrostatic potentials. The specific formulation and parameters used to represent the
potentials depend on the force field used. Nonetheless, the total interaction potential, U,
for a molecular system is given by the summation of the bond, angle, dihedral, van der
Waals and electrostatic energies as seen in Equation 2.31. Table 2.2 provides general
representations for the bonded and non-bonded interactions present in molecular

mechanics models.
U=E,+Eg+E,+ Epqw + Eciec Equation 2.31

Table 2.2. Molecular Mechanics Equations

Interaction Type Mechanics Model
Bonded E, = Z Ky, (b; — by )?
i
Angle Eg = ) Kou(0; = 60,)°
i
Dihedral E, = Z Koy, [1 — cos (nz x (i — <Po,i))]
: r 12 T
van der Waals Epaw = Z € ( 0”) - Zsi,j( 0'”) l
— rl] rij
Lj
qi9;
Electrostatics Eelec = Z (#>
) Tij

K is the spring constant of the interaction. b and by are the bond length and equilibrium bond length,
respectively. 6 and 6y are the bond angle and equilibrium bond angle, respectively. ¢ and ¢, are the
dihedral angle and equilibrium dihedral angle, respectively. rj is the distance between the two atoms, g
is the charge of the atom, and ¢ is the dielectric constant. These parameters are tailored for every force
field to achieve accurate results.

By applying a time-dependent integration of the total interaction potential allows
for the determination of forces acting on every atom contained within a molecule. Using
standard Newtonian mechanics, the velocities of every individual atom can be calculated
for small timesteps. This process allows for the simulation of a molecule’s dynamics and

conformational properties. In this work, molecular dynamics simulations are used to study
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the conformational space of peptides in aqueous solution and at inorganic surfaces.
Several force fields have been developed from a combination of first-principle calculations
and fits to experimental data. In the work presented here the four different force fields
have been used; namely, the in lucem Molecular Mechanics (ilmm) package with a
flexible three-center (F3C) water model, the OPLSe force filed with the TIP3P water
model, and the CHARMM27 force field with Interface Force Field modifications.56-61

Specific simulation approaches are addressed in the following chapters.

As discussed in Section 2.1.1, the conformational space of the short peptides of
interest in this work is extraordinarily complex and is, therefore, not adequately searched
by standard molecular dynamics approaches. Several enhanced sampling techniques
have been developed to search the conformational and configurational space of
molecular systems more thoroughly, e.g., Monte Carlo, umbrella sampling, replica
exchange.®283 In this work we implement metadynamics to explore the peptide’s
conformational space throughout the entire adsorption process.®4%¢ In metadynamics,
history dependent gaussian biases are applied to variables, s, (called collective variables,
or CVs) with slow dynamics to force the molecular system to search the unsampled
regions of the thermodynamic landscape. The gaussian biases, V, have the mathematical

form:

2_2 2
S .S']'
=

o

1
V(s) = TZ w exp (_E
j=0

) Equation 2.32

where T is the time step, w is the deposition rate of the gaussian function, g is the width
of the gaussian, and s; is the value of the collective variable at an instantaneous timepoint

in the simulation. The free-energy landscape of the system can be directly reconstructed
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by summing the gaussian biases and allows us to understand the conformational

propensities of the peptide and the energetics of the peptide-substrate binding energetics.
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Chapter 3:

Thermal Selection of Peptide Conformations for Self-Assembly

3.1 Introduction

Molecular self-assembly involves spontaneous structuring or self-organization of
molecules in solution and at interfaces and is a key strategy in building biological
architectures and molecular machines that execute life’s functions.®”-’0 Inspired by nature,
a wide variety of methods have been developed to aid nanoscale organization of
molecules and nanomaterials in solution and at free surfaces enabling bottom-up
fabrication in both nano- and bio-technologies.’*-"3 Molecular assembly relies on relatively
weak forces, such as van der Waals (VdW), hydrogen bonding, and electrostatic

interactions.”* 7>

In biomolecular systems, monomer structural differences profoundly affect self-
assembly due to the orientational dependence of intermolecular interactions, and, the
increased conformational degrees of freedom of the molecule. This conformational
dependence of the self-assembly process typically necessitates interactions between
monomers with well-defined biomolecular structures and chemistries, e.g. “lock-and-key”
associations, as found for ligand-receptor or antibody-antigen interactions.’®"’
Biomolecules either possess well-defined structures, or adopt them upon interacting with
their binding partners, described by the “induced fit model”.”® Due to the complexity and
specificity of biomolecular interactions, biomolecules have garnered interest as a means
of engineering complex hierarchical assemblies of technological importance.’884
Traditional kinetic models apply to the assembly of thermally stable biomolecules, such

as micelle formation, fibrillation, etc., enabling their use in engineering applications.808586
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Conformational dependences of biomolecular interactions can be utilized to
dynamically control assembly by inducing an *“active” conformational state, e.g.
cytoskeleton filament assembly.’%87.88 \Well-defined structures are not a priori required for
assembly, as long as there exists a conformational state that leads to assembly.
Intrinsically disordered proteins, a class of biomolecules ranging from completely
unstructured to dynamically structured conformations, highlight the phenomenon of self-
assembly with metastable conformational states with increased intermolecular

interactions.89-92

Peptides genetically selected to bind to metal, ceramic and mineral surfaces are
commonly viewed as part of this class of intrinsically disordered biomolecules.?1:93.94
Despite the assumed structural disorder of solid binding peptides (SBPs), some exhibit
long range ordered assembly on solids for which they were selected.3!:3? The material-
specificity and self-assembling capability of SBPs are core in their use as molecular
linkers, assemblers, and inorganic synthesizers for bio-enabled technologies.?5-27:95.9
The assembly process of SBPs has been shown to depend on the adsorption kinetics
and strength, surface diffusion, and intermolecular interactions between peptides.3! For
example, two chemically similar graphite binding peptides that differ in the composition of
the C-terminal aromatic residues (GrBP5-WT and GrBP5-M2), detailed in Figure 3.1,
assemble into two different structures on graphite.3® As was previously published,
GrBP5-WT (WT) form long-range ordered nanostrips up to microns in length with six-fold

symmetry, mirroring the underlying graphite lattice. GrBP5-M2 (M2), on the other hand,
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form confluent amorphous films. The difference in assembly was attributed to increased

aromaticity of M2 leading to tighter binding and slower surface diffusion.3!
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Figure 3.1. Sequence and physical properties of GrBP5-WT and GrBP5-M2. The displayed charge is the net charge of
the peptide at pH 7, in which the N and C terminus as well as the central E and D are charged. The molecular weight
(MW) is in Daltons. The isoelectric point, pl, was determined using the IPC — Isoelectric Point Calculator.® The Grand
Average Hydropathy (GRAVY) scores were determined as the sum of the individual amino acid hydropathies divided
by the length of the peptide. The color coding for the amino acids is as follows: green — hydrophobic, yellow — sulfur
containing, red — charged, orange — hydrophilic, blue — aromatic.

Since the observed SBP assemblies exhibit low-dimensionality and high
coordination, it is reasonable to assume the assembly process/structures rely on
orientationally and structurally sensitive interactions, as discussed above. Thus, it is
necessary to complement the underlying adsorption and assembly parameters of SBPs
with information about the conformational state (or states) of the peptides in solution. For

instance, sequence differences between WT and M2 could result in different
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conformational or structural states in solution, and exhibit disparate responses to
environmental conditions, such as temperature. In this light, the "rigid" monomer structure
description of molecules must be replaced by a “soft” conformable depiction of the peptide
structure in solution. This dynamic interpretation of structure suggests that solution
conformational states could be biased to favor a particular self-assembly via changes in
the solution environmental condition, e.g., incubation temperature. To predict and direct
the assembly of SBPs, an understanding of how sequence and environmental conditions
affect the peptide structure and the assembly must be developed. To this end, we
investigate here (i) the energetic and structural effects of temperature on self-assembly
with thermal and kinetic property experiments, in addition to (ii) molecular mechanics

simulations of the solution dispersity of peptide conformations.

3.2 Experimental Methodology

3.2.1 Peptide Synthesis

The GrBP5-WT and GrBP5-M2 were synthesized in-house using an automated
solid-phase peptide synthesizer (C2336X, CSBio Inc., Menlo Park, CA) employing
standard batch process Fmoc (Fluorenylmethyloxycarbonyl) chemistry procedures as
reported previously.37 Fmoc deprotection was achieved using 20% piperidine in dimethyl
formamide (DMF) and the reaction efficiency was monitored by UV absorbance at 301
nm. The peptides were cleaved from the resin and side chains were deprotected via
mixing in a cleavage “cocktail” for 2 hours under a N2 atmosphere. The cleavage cocktail
contained trifluoroacetic acid (TFA) / thianisole / diH20O / phenol / ethanedithiol (EDT)
(87.5:5:5:2.5) or TFA / tri-isopropylsilane / diH20 / EDT (94:1:2.5:2.5) for GrBP5-WT and

GrBP5-M2 respectively. The peptide was separated from the resin, subsequently
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precipitated with cold ether, and reconstituted using various ratios of deionized water and
acetonitrile. Purification by HPLC (Waters Deltaprep 600, Semi-preparation Mode) was
performed using a linear gradient of 1% per minute at a flow rate of 10 mL/min. Retention
times were anywhere between 30 and 50 minutes. The synthesized peptide’s molecular
weight was confirmed by MALDI-TOF mass spectrometry (Autoflex Il, Bruker Daltonics,

Billerica, MA). Spectra are provided in the supplementary materials.

3.2.2 Isothermal Peptide Assembly

Highly-oriented pyrolytic graphite (HOPG, Grade 1, SPI Inc.) was mechanically
cleaved with scotch tape and attached via double sided tape to steel pucks. For peptide
assembly, 40 uL of either 500 nM, 1 uM, 2.5 uM, or 5 uM peptide in deionized water was
incubated for 3 hours on a freshly cleaved HOPG surface in a chamber with saturated
water vapor at temperatures from 5°C to 47°C. After the incubation time elapsed the
peptide solution was wicked from the surface using a laboratory tissue paper and

subsequently dried under a gentle nitrogen flow for at least 30 seconds.

3.2.3 Non-Isothermal Peptide Assembly

Two sets of dynamic heat-treatment experiments were performed to differentiate
between thermal effects on solvated peptide structure versus peptide surface dynamics.
In the first set of experiments, 200 pL of 2.5 uM peptide was heated to an elevated
temperature (37°C for WT and 47°C for M2). After 15, 30, and 60 minutes of exposure to
heat, 40 pyL of the heated peptide solution was quenched to room-temperature and
incubated on a freshly cleaved HOPG surface (see substrate preparation above) in a
chamber with saturated water vapor for 3 hours. To test the effect of temperature on the

peptide surface dynamics, 40 uL of peptide solution was incubated at room temperature
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on HOPG surfaces for 1 hour, at which point the sample was exposed to an elevated
temperature for an additional 3 to 6 hours. The samples were dried using the same

procedure as isothermal experiments.

3.2.4 AFM Imaging and Image Analysis

Dried self-assembled peptide samples were kept in a dry environment until imaged
by atomic force microscopy (AFM Nanoscope llla, Digital Instruments) in tapping mode
under ambient conditions using soft tapping mode AFM probes (HQ:NSC14/No Al,
MikroMasch). AFM images were analyzed using Gwyddion 2.52 analysis software
(gwyddion.net). Images were flattened and corrected for line errors. Total surface
coverage was determined by masking the AFM images based on a threshold height that
distinguished the peptides from the HOPG surface. The percent of ordering was deduced
from the fraction of the total surface coverage that is part of a long range assembled
structure. These regions were determined by thresholding the initial mask based on either
the area or aspect ratio of individual grains. For samples of densely packed peptide,
manual editing of the mask was used to distinguish between ordered and amorphous
regions. Example masking and analysis is available in the supplementary material. At
least three one micrometer-squared areas were analyzed for each sample. Averages and

standard deviations were determined from all individual image measurements.

3.2.5 Molecular Dynamics Set-up and Analysis

Simulations were performed using the in lucem Molecular Mechanics (ilmm)
package with the microcanonical NVE (constant number of particles, volume, and energy)
thermodynamic ensemble, and the flexible three-center (F3C) water model.43-45 All

simulations were performed at 298 K, pH 7, with no additional salt. Protein Data Bank
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(PDB) files were built using UCSF Chimera (www.cgl.ucsf.edu).46 Hydrogen atoms were
modeled onto the protein structure and minimized for 500 steps of steepest gradient
minimization. Afterwards the entire system is minimized for an additional 1000 steps.
Water molecules were subsequently added, minimized for 100 steps, simulated for 500
steps, and minimized for an additional 500 steps. The peptide was then minimized in the
presence of the water for 500 steps. An unbiased extended starting structure (¥, W =
180°) was simulated for 5-ns to generate a slightly collapsed structure to be used for the
subsequent 200-ns simulation. An 8 A buffer region of water was used to prevent edge

effects.

(P, W) pairs were binned into a 2D histogram with 72 x 72 bins comprising 5° x 5°
increments. The bins were scaled by the total number of (P, W) pairs generating a
population distribution for the backbone angles. These backbone angle distributions were
used to calculate entropy values using S= - RY A(i,j) In[A(i,j)], in which A is a population
distribution and A(i,j) is the population density in one 5° x 5° bin. Free energy values for
conformational states were determined using G = -RT x In[pi/(1-pi)], in which pi is the
probability of the conformational state based on the relative frequency of the state versus
all observed states. The frequency and number of conformational states was obtained by

ensemble clustering implemented in UCSF Chimera.
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3.3 Results and Discussion

3.3.1 Kinetic and Structural Analysis

To test the thermal effects and to probe the energetic landscape of WT and M2,
we analyzed experimentally the equilibrium structures resulting from a variety of
isothermal incubations. Atomic force microscopy (AFM) images displayed in Figure 3.2a
reveal for WT comparable equilibrium surface coverages at 23°C and 5 °C. At these
incubation temperatures, the degree of ordering is above 60% for all samples with

solution concentrations greater than 1 uM. Estimation of the equilibrium kinetics from
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Figure 3.2. WT Isothermal Assembly (a) Representative images of GrBP5-WT assembled structure for a variety of
incubation temperatures and peptide concentrations. All images are 1 um? and insets are Fast Fourier Transforms
(FFTSs) of the image. (b) Langmuir isotherms of equilibrium surface coverage. Dashed lines are fits from the Langmuir
adsorption isotherm. (c) Percent ordering observed for each incubation condition tested. (d) Arrhenius plot of
estimated equilibrium adsorption kinetic rates versus temperature showing non-linear relationship. Guiding line is a
quadratic fit to show non-linearity only.
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Figure 3.3. Isothermal M2 Assembly. (a) Representative images of GrBP5-M2 assembled structure for a variety of
incubation temperature and peptide concentrations. All images are 1 um?and insets are Fast Fourier Transforms (FFTs)
of the image. (b) Langmuir isotherms of equilibrium surface coverage. Dashed lines are fits from the Langmuir
adsorption isotherm. (c) Percent ordering observed for each incubation condition tested. (d) Arrhenius plot of estimated
equilibrium adsorption kinetic rates versus temperature showing non-linear relationship. Two linear fits are displayed

to show discontinuity.

Langmuir fits, Figure 3.2b, show that adsorption kinetics and equilibrium surface
coverages of WT decrease when the incubation temperature is increased beyond 23 °C.
Similarly, the degree of ordering decreases with increased incubation temperature, Figure
3.2c. Samples incubated at 37 °C had a maximum surface coverage of ~40 % and

exhibited no ordering, even at high solution concentration of 5 pM.

In contrast to WT, the maximum surface coverage for M2 remains high (80 to 90%)
for concentrations of 2.5 and 5 uM up to 47°C incubation temperatures, as revealed by

AFM images and Langmuir isotherms in Figure 3.3a and 3.3b, respectively. The
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equilibrium surface coverage at lower concentrations is more variable and affected by the
incubation temperature. The degree of ordering in M2 samples, Fig. 3.3c, increases with
elevated incubation temperature reaching above 80 % for 5 uM samples incubated at
47°C. Although increasing temperature aids M2 assembly, the results are inconsistent
and do not follow an obvious trend with temperature. For example, more ordering was
observed at 27 °C than at higher temperatures for 1 pM samples. Only the 2.5 uM
samples followed the expected trend of increasing ordering with increasing temperature.
The lack of observed ordering for 5 uM samples may be attributed to the high packing
density in these samples. High packing density provides two challenges: (i) Restricted
surface diffusion, and, thus annealing towards ordered assembly structures, as well as,

(i) Experimental difficulties in distinguishing the ordered from amorphous regions.

The equilibrium adsorption kinetics for both WT and M2 are non-Arrhenius, i.e.,
not loglinear with inverse temperature, as shown in Figure 3.2d and 3.3d. Non-Arrhenius
adsorption, with temperature dependent activation energies, suggests the structural
dispersity of the peptide in solution changes, given the adsorption of biomolecules has
been shown to depend on the solvated conformation.®”.® We observed aggregation
(bright globular structures in Figure 3.2a and 3.3a) at high temperature and low
concentration for both WT and M2 samples, reducing the accuracy of the Langmuir fits

for adsorption kinetics.

For WT, the non-Arrhenius behavior is a continuous curved line that can be
interpreted as denaturation, or, increased dispersity of the solvated structures. Increasing
the incubation temperature results in reduced adsorption and subsequent loss in degree

of ordering. In contrast to WT, non-Arrhenius behavior observed for M2 is discontinuous,
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with two regimes separated by a transition at a critical temperature around 30 °C (Figure
3.3d). Above this critical temperature, ordering in M2 samples increases, especially for
2.5 uM samples (Figure 3.3c). We attribute this transition to a change in the structural

dispersity towards a conformation with a higher propensity of ordering at the surface.

3.3.2 Deconvoluting Solution and Surface Dynamics

The non-Arrhenius adsorption kinetics for WT and M2, Figure 3.2d and 3.3d,
suggest a temperature dependent chemical potential difference, Au(T), between the
solvated peptide’s self-energy and the self-energy of the adsorbed states. To investigate
our hypothesis that changes in Ay are a result of thermally induced conformational
changes of the solvated peptides, we conducted non-isothermal assembly experiments

(Figure 3.4a). Briefly, 2.5 uM peptide solutions were exposed to an elevated temperature
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Figure 3.4. Non-isothermal Assembly. (a) Schematic of the non-isothermal procedure used to obtain the data presented
in (b). (b) Representative images of the self-assembled structures of WT and M2 as a function of exposure time to
elevated pre-incubation temperatures. Quantification of the degree of ordering present in the self-assembled structures
is displayed to the left. (¢) Schematic of the non-isothermal procedure used to obtain data presented in (d). (d)
Representative images of the self-assembled structures obtained from pre-incubating the peptide and thermal
annealing for different durations (right) and the quantification of the degree of ordering (left). A temperature of 37°C
was used for WT samples while M2 was exposed to 47°C. Inset percentages on AFM images are the total surface
coverage of the samples.
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prior to introducing them at room temperature to HOPG surfaces for 3 hours. A 2.5 uM
solution concentration was chosen for its clear change in assembly properties for both

WT and M2 in isothermal experiments.

As shown in Figure 3.4b, increasing the exposure time of the peptide solution to
elevated temperatures, improved the degree of ordering for M2, while slightly impeding
the ordering of WT. The surface coverage of WT samples decreased from 87% to 45%
upon exposure to 1 hour of elevated temperature, corroborating the change in adsorption
kinetics observed in isothermal experiments to be in part due to thermal effects on the
solvated peptide conformation. The lack of ordering in isothermal experiments of WT can
be interpreted to originate from an increase in the desorption rate at elevated
temperatures, affecting the aggregation and assembly. The surface coverage of pre-
heated M2 remained high for all exposure times, as expected from isothermal
experiments. These results corroborate the hypothesis that thermal energy affects the

peptide in solution, and consequently leads to a different self-assembled structure.

Although preheating M2 in solution biased the peptide towards assembly, the
extent of ordering is lower than observed for isothermal assembly. Peptide self-assembly
on solid-surfaces is a multistep process involving the solution state, adsorption, diffusion
and peptide-peptide interactions; all of which can be thermally modulated. To further
interrogate the effects of temperature on the surface dynamics of the peptide, a second
set of non-isothermal experiments were performed, Figure 3.4(c-d), in which room-
temperature peptide solutions were incubated on a fresh HOPG surface for 1 hour before
“annealing” the incubated sample at an elevated temperature for three hours. The

assembly structure of WT from a room-temperature peptide solution showed to be
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unaffected, i.e., thermally stable after annealing for 6 hours at 37 °C, Figure 3.4d(top).
The M2 assembly, on the other hand, showed an increase in ordering at a rate of
approximately 10% every 3 hours, Figure 3.4d(bottom), implying the assembly process

to be thermally activated on the surface, albeit a slower kinetic rate.

Combining the isothermal and non-isothermal experimental results, it can be
concluded that peptide self-assembly is dependent on the solvated conformation. In the
case of WT, peptides can be primed conformationally for assembly at room-temperature
and colder incubations. Increasing the thermal energy of the peptide solution denatures
the solute conformation leading to lower adsorption coverage and rate, thus, impeding
ordering, as demonstrated in Figure 3.2a, 3.2d and Figure 3.4b. For M2, the transition to
a conformation with higher propensity of ordering is similarly controlled via the
temperature and can occur either in solution or at the surface. However, as demonstrated
by the isothermal experiments, the combination of thermal exposure through-out the
assembly process greatly enhances the adsorption kinetics, as well as, the degree of

ordering.

3.3.3 Simulated Structural Propensities and Energetics

The experimental results highlight the role of solvated GrBP5 conformations in the
peptide assembly kinetics and structure. To further elucidate the structural and energetic
differences between WT and M2 in solution, we modelled their conformational
propensities using in lucem Molecular Mechanics (ilmm).6® To identify stable
conformational states, an automated clustering algorithm within UCSF Chimera was
implemented.®® The theoretical analysis revealed 56 distinct conformational states for

WT, and 80 states for M2. Representative structures from the top three most frequent
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conformational states are shown in Figure 3.5a, along with a composite structure of the
three states superimposed. For WT, states 1, 2, and 3 composed 35%, 15% and 8% of
the 200 ns simulation, respectively. For M2, states 1, 2, and 3 composed 27%, 13%, and
9% of the simulation time, respectively. All other observed conformational states for WT
and M2 compose the remaining 42% and 51% of their respective simulations. Individually,
these infrequent states each lasted for less than 7% of the simulation. Additional
discussion on ensemble clustering and structural transitions can be found in the

supplementary.

As evidenced by the representative structures in Figure 3.5a, amino acids Val-Thr-
Glu-Ser form an a-helical structure in both peptides. Based on the residence time, the a-
helix is more stable in WT than M2. Composite structures of states 1, 2, and 3 for WT,
Figure 3.5a, shows the overall conformation is (i) quite similar regarding the high
structural overlap for the a-helix, and, (ii) different in the relative location of the tyrosine
rings. For M2, states 1 through 3 show little structural overlap since (i) state 1 lacks the
a-helix present in the other states, and (ii) the a-helices in state 2 and 3 do not align as
observed with WT. Thus, WT is more uniformly structured in solution than M2. Inspection
of amino-acid contacts revealed that Trpl2 in M2 made frequent contacts with the N-
terminal amino acids potentially destabilizing the observed secondary structure. These
side-chain contacts were much less frequent with Tyrl2 in WT providing a rationale for
why the substitution of Trp affects the molecular structure of the peptide. This suggests

that truncating the peptide to remove Trpl2 may stabilize the structure.

Additional structural comparisons between WT and M2 are provided in greater

detail in the supplementary. Backbone angle population distributions of WT and M2 were
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Figure 3.5. Conformational Propensities and Energetics of Solvated GrBP5s. (a) Representative structures of the three
most stable states as determined by proportion of simulation time and ensemble clustering. The inset energetic values
are based on the probability of the peptide being in the given conformational state out of all the observed states during
the 200 ns simulation using G = -RT x In[pi/(1- pi)] in which pi is the probability of the state. The comparison of the three
states was obtained by aligning the peptide by amino acid sequence and orienting to obtain the lowest Ca RMSD value.
(b) The room-temperature structural dispersity of the solution state was estimated using a Boltzmann distribution, and
the free energy estimates based on conformational state probabilities. The high energy states are the collection of
infrequent states observed for the respective peptide (n= 53 for WT and n=77 for M2). (c) The temperature dependence
of the solution dispersity for WT and M2 was then estimated using the same Boltzmann distribution.

similar, however M2 sampled more conformational space suggesting greater
conformational entropy. From said angle distributions, backbone entropies for WT and
M2 were estimated as 563 and 597 J/mol K, respectively. Using the relationship between
frequency/probability and energetics, we estimated the free energy values for all the
observed conformational states. For states 1, 2 and 3, i.e., the lowest energy states, we
estimated free energies of 1.56, 4.36, and 6.23 kJ/mol, respectively, for WT, and energies

of 2.47, 4.82, and 5.81 kJ/mol for M2 (Figure 3.5a). All other observed conformational
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states for WT and M2 were determined to be high energy states given their low frequency.
It is important to note that for WT, the free energy differences between state 1 and the
other states exceeds the molar thermal energy, RT, at room temperature, while the
energy differences between all M2 conformational states is less than the molar thermal
energy. This goes along with the suggestion that M2 is more structurally disperse in

solution than WT at room temperature.

To estimate the structural dispersity differences between solvated WT and M2, we
determined the probability of every observed conformational state using Boltzmann
statistics (Figure 3.5b). At room temperature, the lowest energy WT state, state 1, is the
most probable conformation (44%), outnumbering the collection of all the high energy
infrequent states. For M2, the collection of high energy infrequent states is the most
dominant (46%). If we assume that the adsorption rates of the various conformational
states are on the same order of magnitude, then we can assume that the surface
adsorbed M2 is similarly disperse to the solution state. This finding supplements our
experimental results by elucidating the non-uniformity of solute conformation as cause for
M2 forming an amorphous rather than ordered room-temperature assembly. Assembly of
a more conformationally uniform peptide in solution, like WT, is not impeded by an

additional kinetic conformational transition.

Estimation of the solution dispersity as a function of temperature shows that at
approximately 40 °C the collection of high energy WT states, i.e., all states besides states
1, 2 and 3, overcome state 1 to be the most probable in solution (Figure 3.5c¢). This finding
further suggests denaturation as the mechanism leading to the experimentally observed

decrease in adsorption and degree of ordering. For M2, the collection of high energy
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states remains the most probable with increasing thermal energy. The experimentally
observed increase in ordering for M2 then can be interpreted as a result of populating an
infrequent state with greater propensity to assemble. State 3 of M2 is one such
conformational state given it is within 0.6 A RMSD of WT’s state 1. However, the
population increase of M2’s state 3 is minimal compared to the increase in the high energy
states (Figure 3.5¢). Since our analysis relies on conformational states observed at 298K,
the sampling of high energy states of interest is limited, i.e., the conformational state of

interest could not have been observed in our simulations.

The presented computational results supplement our experimental analysis of WT
and M2 on HOPG and broaden our understanding of polypeptide assembly and thermal
effects prior and post assembly. Taking the experimental and computational results
collectively an assembly mechanism for graphite-binding peptides can be developed. As
schematized in Figure 3.6, ordered assembly results when the solution state has a large
population of a conformation with propensity for assembly, allowing it to adsorb, diffuse,
and interact with other peptides to form a long range ordered structure. In the case of
M2, thermal energy aids in the transition to this assembly prone conformation both in

solution and at the surface. Amorphous assembly results when a more conformationally
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disperse peptide adsorbs, retains the dispersity and simply aggregates upon interacting

with other peptides.

(a) Ordered Self-Assembly Process
WTat Low T, M2 at High T

Conformationally
Primed Solute

Adsorptron Diffusion Assembled

(b) Amorphous Aggregation Process
WT at High T, M2 at Low T
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P 4 Adsorption,

Q» Dispersity Diffusion &
'.zéo Retained Inconsistent Amorphous

S - COnformation
Change

Figure 3.6. Proposed mechanism for thermally directed and conformationally mediated self-
assembly of graphite-binding peptides. For simplicity, the scheme only shows the WT structure.
The blue, red and black coloring represents the hydrophobic, hydrophilic, and aromatic domains
of the peptide, respectively.

3.4 Concluding Remarks on the Thermal Selection of Peptides towards
Assembly

In this complementary experimental and computational study of peptide
conformational dynamics, adsorption kinetics and structural characterization of the
assembled state, it is shown that the self-assembly of "soft" (conformationally flexible)
biomolecules, can be directed by specific environmental conditions that affect the
structural dispersity of the solvated molecules. Peptides with structurally uniform solution
conformations, for example WT, readily self-organize into long-range ordered

nanostructures, given the peptide conformation has a propensity to assemble. Increasing
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the thermal energy elevates the dispersity of the peptide conformations in solution, which
negatively impacts the adsorption and assembly process. Similar to the case of thermal
destabilization, peptides that are already conformationally disperse at room-temperature,
such as M2, do not readily assemble. Interestingly, increasing the supplied thermal
energy allows peptides, such as M2, to sample the conformational space, and consolidate

to a structure with increased propensity for self-assembly.

The profound effect of temperature on the adsorption kinetics and assembly
behavior of these two solid-binding peptides suggests that SBPs are conformationally
tunable, and thus, belong to the class of stimuli responsive materials that have use for a
wide variety of practical applications, such as functional bioelectronic devices. From a
general fundamental perspective these results expand the view of the effect of
temperature on the molecular assembly process. For conformationally "soft" molecules,
the temperature does not only affect the assembly kinetics, but also changes the

aggregation structure due to the modification of solution conformational states.
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Chapter 4.
Intermolecular Energetic Implications of Thermally Selected

Conformations

4.1 Introduction

Structural dependencies are especially pivotal when assemblies rely on well-
defined, directional interactions between the monomeric units as well as on specific
interactions with the underlying solid substrate.19%101 Given this structural dependence,
further tuning of the equilibrium assembled states is achieved by external solution stimuli,
such as temperature, pH, and salt concentration that modify or perturb the molecular
conformation and intermolecular interactions dictating the assembly process.88102.103
Soft, flexible biomolecules, such as short peptides, are particularly sensitive to external
solution conditions and can interchangeably assume different stable conformations.8”:104-
106 This dynamic yet controllable nature of soft biomolecules have made them highly
valuable for a variety of technological applications, such as sensors and molecular

electronics.105.107

One such group of conformationally labile biomaterials with technological
application are combinatorially selected solid-binding peptides (SBPs) that bind to their
inorganic target and can form amorphous or long range ordered monolayers on two-
dimensional surfaces.?%31.108 As demonstrated in Chapter 3, in addition to the molecular
sequence, the equilibrium self-assembled structure of a SBP was demonstrated to be
tunable via environmental stimuli prior to adsorption, such as thermal pre-treatment,
affecting the conformation of the aqueous peptide.1%° SBPs have thus become potential

candidates for the directed assembly of two-dimensional devices with active interfaces
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that possess tunable physical transport and chemical properties that are desired for

bioelectronic devices.?>110

While the impact of external stimuli on the assembled structure of SBPs has been
studied extensively, our understanding of the intermolecular interactions within the
assembly and interfacial bonding interactions with the solid substrate has remained
limited. Common methods to determine energetics of self-assembly, and intermolecular
interactions within the assembly lack molecular resolution as they rely on visual,
gualitative, classification of micrometer scale structural differences between ordered and
amorphous regions.3%1% The lack of quantitative molecule-level description of the
energetics of the assemblies hampers the engineering of active interfaces with tailored
transport properties, i.e., heat, mass, or electronic, which are affected by the binding
strength and mobility of the assembled molecules.''*13 To illuminate the effects of the
amino acid sequence and incubation temperature-controlled peptide conformation on the
energetics of two-dimensionally assembled graphite binding peptides, we analyzed their
thermally most active energetic states at the nanoscale by scanning probe methods and

molecular dynamics simulations.

4.2 Experimental Methodology
4.2.1 Peptide Synthesis

The graphite binding peptides were synthesized on a preloaded support resin
using HBTU activation chemistry and Fmoc deprotection as previously reported.?%-2* The
peptides were purified by HPLC (Waters Deltaprep 600, Semiprep. Mode) using a linear

gradient of 1% per minute at a flow rate of 10 mL/min. The synthesized peptide’s
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molecular weight was confirmed by MALDI-TOF mass spectrometry with reflectron

(RETOF-MS) (Autoflex Il, Bruker Daltonics, Billerica, MA).

4.2.2 Sample Preparation for Peptide Self Assembly and AFM Imaging

Highly oriented pyrolytic graphite (HOPG Grade 1, SPI, Inc.) sample surfaces with
an approximate area of 0.25 cm? were mechanically cleaved using scotch tape. After
cleavage, 40 uL of peptide in DI water of varying concentrations were incubated on the
graphite surface for 3 hours to reach an assumed equilibrium. Samples of GrBP5-WT,
GrBP5-M2, GrBP5-M4, and SS-GrBP5 as shown in Figure 4.1a were prepared using 1
MM peptide solutions. In addition, 2.5 uM peptide solutions of GrBP5-WT and GrBP5-M2
were used for investigating effects of temperature induced conformational changes as
shown in Figure 4.3a. The peptide solution was pre-heated for 30 minutes at the
incubation temperature as this was shown to thermally bias the conformational states of
the peptide in solution.?* After pre-heating, 40 pL of pre-heated peptide solution was
incubated on a fresh graphite surface at the same temperature for 3 hours. Non-
equilibrium peptide assemblies of GrBP5-WT and GrBP5-M2 were prepared by stopping
the incubation before the peptide had enough time to form long-range ordered assembled
structures. This was accomplished by incubating 1 uM peptide solutions for 30-minutes
at 296 K for GrBP5-WT and 320 K for GrBP5-M2. Peptide solutions were wicked from the
incubated HOPG surfaces and subsequently dried under a gentle nitrogen flow for 30
seconds. Dried peptide samples were visualized under ambient conditions using a DI
Nanoscope llla SPM (Digital Instruments) in tapping mode using soft tapping mode AFM
probes (HQ:NSC14/No Al, MikroMasch) before IFA analysis to confirm and ensure

consistency in the self-assembled structure.

55



4.2.3 AFM Image Analysis

AFM images were analyzed using the Gwyddion SPM data analysis software.3?
The percent of ordering was deduced from the fraction of the total surface coverage that
is part of a long range assembled structure. Total surface coverage was determined by
first flattening the image and then masking based on height to separate the peptide from
the graphite surface. The ordered regions were subsequently determined by thresholding
the initial mask based on either the area or aspect ratio of individual peptide domains.
Manual editing of the mask was needed for samples of densely packed peptide to
distinguish between ordered and amorphous regions. At least three 1 pm? AFM images
were analyzed for each sample and averages and standard deviations were determined

from all individual image measurements.

4.2.4 Microscopic Energetic Analysis

Our microscopic energetic analysis employs a nanoscale mechanical scattering
technique originally dubbed Intrinsic Fiction Analysis (IFA), as it is based on lateral force
AFM, described in detail previously.?® 33 Briefly, IFA relies on the coupling of the sliding
AFM probe with fluctuating molecular modes in or at the interfaces of the sample material.
Examples of fluctuation modes are sidechain or backbone rotations, bonding-debonding
interactions, and probe-sample free surface dispersion interactions.?® 3436 In the work
here, the prominent fluctuation mode that is coupling with the AFM probe is the adhesive

bonding mode of the polypeptide with the HOPG substrate.

Force spectra (friction-velocity isotherms) are obtained by varying scanning
velocities at constant temperature. Spectra obtained at different temperature are then

treated based on the theory of time-temperature equivalence and superimposed by
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shifting them either horizontally for fluctuation energy determination, or vertically for
entropic cooperativity measurements.® In this study we focused on the fluctuation
energetic analysis. Shift factors, ar, obtained from horizontal shifting of the force spectra
were plotted against the inverse recording temperature according to the well-established
Arrhenius method. Activation energies were averaged over multiple repeated IFA
experiments, and the standard deviation was taken as the error inherent in the Arrhenius

curve propagated across all measurements.

IFA measurements of the dried peptide samples were obtained using a contact
mode stand-alone Explorer SPM (Topometrix) in a low humidity nitrogen atmosphere.
The sample temperature was controlled using a MMR heating stage.®? Lateral forces were
determined from the lateral deflection of the AFM tips using a blind calibration method in
which the friction coefficient of a cleaned silicon wafer is obtained and scaled to the known
friction coefficient to determine a geometric calibration factor.3” The silicon wafer was
cleaned by sonicating in acetone and then in methanol for 10 and 40 minutes respectively.
The cleaned silicon wafer is rinsed with deionized water and dried in a vacuum oven at

110°C under a nitrogen atmosphere for 2 hours to create a natural oxide layer.

4.2.5 Molecular Dynamics of Peptide Adsorption

Pep-Fold 3 was employed to generate the solution structure used in molecular
dynamics simulations.383° Two-hundred iterations were performed and grouped by the
SOPEP energy value. The lowest energy structure was used for adsorption studies in
Maestro-Desmond (Schrédinger Release 2019-2: Desmond Molecular Dynamics
System, D. E. Shaw Research, New York, NY, 2019. Maestro-Desmond Interoperability

Tools, Schrodinger, New York, NY, 2019).40 A graphene sheet was constructed to be
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40 x 37 A using the built-in Nanostructures generator. The peptide structure was oriented
9 A above the graphene surface, the cut-off for long-range interactions. The graphene
was infinitely bonded, and the simulation box had a buffer region of 1x1x15 A. The TIP3P
water model was used with the OPLS3e force field.4!-4? Before running the simulating, the
peptide-graphene system was relaxed by performing 100 ps of Brownian dynamics
followed by 2000 iterations of steepest descent minimization. Molecular dynamics
simulations were 10 ns in length using the NVT (constant number-volume-temperature)
thermodynamic ensemble at a temperature of 298 K, with a Langevin thermostat, and
time step of 2 fs. Simulations were then subsequently analyzed with UCSF Chimera using
the built-in ensemble clustering algorithm to determine the most frequent adsorbed
peptide conformation.*® Distances between the graphene surface and the apparent
contacts were measured. Amino acid residues were considered in contact if the distance

was less than or equal to 3.8 A, the equilibrium van der Waals radius.

4.3 Results and Discussion

4.3.1 Amino acid sequence and peptide-graphite interaction

First, we investigated the effect of sequence and chemistry in polypeptides on the
self-assembled structure and binding energy with HOPG, involving the wild-type graphite
binding peptide, GrBP5-WT, and three rational mutants of it, i.e., GrBP5-M2, GrBP5-M4,
and SS-GrBP5. The sequence and relevant properties of these peptides are provided in
Figure 4.1a. GrBP5-WT was chosen as the champion of all graphite binding-peptides
from a combinatorial mutagenesis study involving millions of polypeptides.3! GrBP5-WT
forms a stable long-range structured assembly on graphite surfaces at room-temperature

with an incubation time of 3 hours and concentration of 1 uM in deionized water, as
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specified in the experimental section. GrBP5-M2 has increased aromatic content, GrBP5-

M4 is a completely hydrophilic peptide, SS-GrBP5 retains this amphiphilicity of GrBP5-

WT and GrBP5-M2 while increasing the overall hydrophilicity relative to GrBP5-WT. The

self-assembled structures of the mentioned peptides are shown in Figure 4.1b. While

GrBP5-WT and SS-GrBP5 both form long range ordered structures with six-fold

symmetry, GrBP5-M2 and GrBP5-M4 form amorphous monolayers, as previously

reported in the literature.?® 25 All self-assembled peptide structures have thicknesses

around 1.5-2 nm, suggesting monolayers with high surface coverage (> 80%).

(a)

Name Sequence MW GRAVY pl
GrBP5-WT IMVTESSDYSSY 1381.5 -.242 3.55
GrBP5-M2 IMVTESSDWSSW 1427.5 -175 3.55
GrBP5-M4 TQSTESSDYSSY 1354.3 -1.54 3.55
SS-GrBP5 SQIMVTESSDYSSY 1555.6 -.321 3.55

— negatively charged, orange — hydrophilic, blue — aromatic.

Flgure 4, 1‘i Chemlstry and self‘é\ssembly of graphlte blndlng peptldes at 296 K. (a) Prb-p')'ertles of the four
graphite binding peptides including the molecular weight (MW) in Daltons, the grand-average hydropathy
(GRAVY), and isoelectric point (pl). (b) Atomic force microscope images of the equilibrium self-assembled
structures resulting from 1 uM peptide incubated for 3 hours on a graphite surface. Insets are the fast-Fourier
transform of the AFM images. Color coding of the peptide sequence is as follows: green — hydrophobic, red
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IFA energetic data obtained from the four peptide samples (Figure 4.1b) are shown
in Figure 4.2a. GrBP5-M2 reveals the strongest mode energy of Em2 = 35.5 + 1.0 kcal/mol,
stronger than the wild-type GrBP5-WT mode energy of Ewr = 31.8 + 1.3 kcal/mol. GrBP5-
WT and SS-GrBP5 (Ess = 31.2 + 0.6 kcal/mol) have similar IFA mode energies. GrBP5-
M4, the completely hydrophilic mutant, has an IFA mode energy of approximately half of
GrBP5-WT, Ema = 14.9 + 0.8 kcal/mol. The following discussion will show that the IFA
energies are congruent with the molecular binding fluctuation energy between the

peptides and HOPG.
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Figure 4.2. Energetic analysis of peptide-graphite binding energy at 296 K. (a) Shifted friction-velocity spectra from
Intrinsic Friction Analysis (IFA) of graphite-binding peptides. The Arrhenius curve of the thermal shift factors is inset,
and the resulting energy is displayed below. (b) The most frequently observed graphene adsorbed peptide from a
molecular dynamics simulation. Only amino acids contacting the graphene surface are displayed for clarity. Oxygen
is colored in red, sulfur in yellow, hydrogen in white, and nitrogen in blue.

Based on previous studies reporting the importance of aromatic residues in peptide
adsorption to graphite, we anticipate that the tyrosine or tryptophan residues to be the
primary anchoring groups with graphite.3%%* In addition, we can expect that the binding
energies will include all side-chain and main-chain contacts with the graphite surface. To

further interrogate the peptide molecular contacts and match them to the observed
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experimental IFA fluctuation energies, we performed molecular dynamics (MD)
simulations of the peptide adsorption to a single sheet of graphene. The most frequently
observed adsorbed peptide conformation during the 10 ns simulation is shown in Figure

4.2b. Only the sidechains contacting the graphene and main chain are shown for clarity.

As expected, the tyrosine (Tyr) or tryptophan (Trp) residues are in contact with
graphene for all peptides. The interaction strength of Tyr and Trp with graphene were
determined via DFT to be Emyr=12-14 kcal/mol and Emp = 15-18 kcal/mol,
respectively.14115 Moreover, as shown in Figure 4.2b, both GrBP5-WT and GrBP5-M2
have additional molecular contacts between isoleucine (lle) and methionine (Met) with
graphene. The interaction strengths of Ille-graphene and Met-graphene have both been
estimated to be 5 to 8 kcal/mol depending on the computational force field.}® Based on
the computationally determined contacts and energetics we can assign the
experimentally observed 4 kcal/mol difference between Ewr and Ewm2 to the amino acid
mutation from Tyr to Trp, i.e., Em2- Ewr ~ 2 x (E1rp - E1yr). Additionally, both Ewr and Em2
are approximately 6-7 kcal/mol greater than what would be expected from aromatic
interactions alone. We ascribe this additional energy to the hydrophobic contacts between
the lle and Met residues and the graphite surface, i.e., Ewrv2 = Eie/Emet + 2 X Etyrrrp. FOr
GrBP5-WT and GrBP5-M2, neither of these hydrophobic residues made complete contact
with the graphene surface suggesting why the experimentally observed binding energy is
about half of the computationally suggested binding energy of both lle and Met. For
GrBP5-M4, the C-terminal Tyr was intermittently in contact with the graphene suggesting
that it may not be in contact in the dried state explaining why Evs ~ Etyr. In addition to the

aromatic rings, the CY of the glutamine residue in GrBP5-M4 was also in contact. We do
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not anticipate a single C-graphene interaction to be strong enough to be experimentally
discernible. SS-GrBP5 contacts with graphene were analogous to those of GrBP5-WT,
save the Met-graphene interaction, explaining the equivalence between Ewr and Ess.
Overall, the binding energy discussion let us conclude that the measured IFA fluctuation
energies correspond to the molecular adhesive energies between the peptides and
graphite, and that the amino acid sequence plays a prominent role in the interaction of

the peptides with graphene.

4.3.2 Conformational partitioning of peptide-graphite interaction energy

While IFA and MD (Figure 4.2) energetic analyses established a strong correlation
between the peptide amino-acid sequence and the substrate interaction energies, there
is no apparent correlation between the strength of the binding energies (Figure 4.2a) and
the assembled structures (Figure 4.1b) as previously postulated.®! For instance, GrBP5-
WT and GrBP5-M2 exhibit highly divergent self-assembled structures despite their similar
binding energies. This is, on first sight, a surprising result. However, what is lacking in the
prior discussion is information about the conformational states of the adsorbed peptides,
which is an additional important parameter for molecular assembly. To this end, we further
investigated the conformational dependence of peptide-graphite binding energies for
GrBP5-WT and GrBP5-M2 as work presented in Chapter 3 showed they have thermally
controllable self-assembled structures initiated by conformational changes of the peptides
in solution. In the following, we analyzed the self-assembly structures and binding

energies as a function of the incubation temperature for both GrBP5-WT and GrBP5-M2.
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The AFM temperature series in Figure 4.3a illuminates the structural transition
observed with increasing incubation temperature. GrBP5-WT exhibits an unstructured
assembly at an elevated incubation temperature of 310 K that is contrasted to the highly
ordered structure at a low temperature of 296 K. While GrBP5-M2 also shows a change
in the order of the structure with temperature, Figure 4.3a, the behavior is opposite to that
of GrBP5-WT. In parallel to the structural transition from long-range ordering to

amorphous structuring, GrBP5-WT adsorption decreases with increasing temperature
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Figure 4.3. Thermal Partitioning of Peptide-Graphite Binding Energy. (a) Characteristic self-assembled structures
resulting from 3-hour isothermal incubations of 2.5 puM GrBP5-WT (top row) at temperatures from 296 K to 310
K. The bottom row is the analogous images for GrBP5-M2 incubated at 296 K to 315 K. IFA determined binding
energies of GrBP5-WT (b) and GrBP5-M2 (c) as a function of incubation temperature. The sigmoidal fit is
described by Equation 1. The fit parameters are AT = 1.47 K and Tso = 303 K for GrBP5-WT and AT =1.95 K and
Tso = 307 K for GrBP5-M2.
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going from an equilibrium surface coverage of nearly 100% at 296 K to 30% at 310 K.
The percentage of the adsorbed GrBP5-WT found in ordered states, as determined by
AFM image analysis (see experimental section), decreases from close to 100% and 296
K to ~0% at 310 K. On the other hand, GrBP5-M2 adsorption remains high from low to
elevated temperatures and the percentage of ordered peptide structures increases from

0% at 296 K to ~40% at 320K.

IFA of the peptide assemblies, presented in Figure 4.3a, exhibited a sigmoidal
relationship between peptide-graphite binding energy and incubation temperature for
both GrBP5-WT and GrBP5-M2, Figure 4.3b and Figure 4.3c respectively. This result
reveals that the thermally induced conformational change that leads to different
assembled structures is associated with different peptide-graphite interactions. The
energy difference between the two plateaus for GrBP5-WT and GrBP5-M2 are
AEwr = 18.7 £ 2.2 kcal/mol (31.8 £ 1.3 kcal/mol — 13.1 + 0.9 kcal/mol) and AEw2 = 14.9
+ 2.1 kcal/mol (35.5 £ 1.0 kcal/mol — 20.7 + 1.1 kcal/mol), respectively. We assign the
thermally induced change in binding energy to the decoupling of an aromatic residue from
the graphite surface. For GrBP5-WT, Ewr, 310k IS comparable to the theoretical binding of
a single Tyr with graphite, and for GrBP5-M2, AEwm. is approximately the theoretical
binding energy of a Trp to graphite. AEwr is approximately 5-7 kcal/mol larger than the
theoretical binding energy of Tyr suggesting that at 310 K the hydrophobic molecular
contacts (present for GrBP5-WT at room temperature) are lost in addition to the aromatic
Tyr contact. In effect, GrBP5-WT at 310 K binds with a similar strength to the graphite
surface as GrBP5-M4. The closeness in binding energy of GrBP5-WT at 310 K and

GrBP5-M4 at 296 K in conjunction with their associated amorphous equilibrium
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assembled structure, Figure 4.3a and 4.3Db, respectively, suggests that GrBP5-WT adopts
a conformation similar to that of GrBP5-M4 in response to increasing temperature. This
result highlights the molecular insight that can be obtained from the molecular energetic
analysis of the peptide-graphite interface, yielding crucial information about the peptide

conformational changes in solution.

Given the link between binding energies and the conformation of peptides in
solution, we analyzed the conformational transitions for GrBP5-WT and GrBP5-M2 from
binding energy — incubation temperature plots, Figure 4.3b and 4.3c, employing sigmoidal

fits with two fit parameters, AT and Tso,

ELow T EHigh T

Tso —T[K]>

E=Eowr—
1+exp( AT

Equation 4.1

The fitting parameter AT represents a critical temperature step related to the energy
required for the transition. Tso represents the temperature at which the binding energy is
halfway between the upper and lower bounds. In terms of the peptide conformation,
equimolar amounts of peptide are in the two conformational states at T = Tso. For GrBP5-
WT, the best fit yields AT = 1.47 K and Tso = 303 K. For GrBP5-M2, the best fit is for AT
= 1.95 K and Tso = 307 K. The range of values obtained for AT and Tso based on the
steepest and shallowest sigmoidal fits were 0.4 K and 0.1 K, respectively, for GrBP5-WT,
and 0.3 K and 0.3 K, respectively, for GrBP5-M2. The larger AT for GrBP5-M2 suggests
that the transition to the high temperature peptide conformation requires more thermal
energy than the corresponding transition in GrBP5-WT. Equation 4.1 represents the
temperature dependent partitioning of the binding energy with graphite as dictated by the

conformational change in the peptide. Thus, with incubation temperature as a control
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parameter, not only can the assembled structure of the peptide be dictated but also the
molecular coupling strength with the substrate, in this case graphite. The molecular
coupling strength is a critical parameter for bioelectronic devices that rely on bioactive

interfaces.

Since Equation 4.1 represents the partitioning of peptide conformational states,
further interrogation allows for determination of the energetic differences between the low
and high temperature conformations. From the conformational transition described by

Equation 4.1, the probability of the high temperature conformation can be defined as,

= Equation 4.2

Eiowr — E 1
> <T50 ZYT[K])

Pyight = (

ELowT - EHighT B 1+ exp

Using the relationship between probability and energetics, one can determine the
relationship between the sigmoidal fit factors, Tso and AT, and the free energy difference,

AG = Ghigh 1 -GLow T, between the low and high temperature states:

1 1 |
Tso - T[K] - AG Equatlon 4.3

1+ exp (T) 1+ exp (W

where, T is the absolute temperature in Kelvin, and R is the universal gas constant.
Equation 4.3 yields that the sigmoidal dynamics is linear regarding the inverse-
temperature with slope AG/R. The linearity is confirmed, Figure 4.4, for both peptides.
The free energy difference for GrBP5-WT is AGwr = 125 * 4 kcal/mol, while for GrBP5-
M2 itis AG m2 = 98 £ 2 kcal/mol. It should be noted here that the larger energy difference
for GrBP5-WT implies that GrBP5-WT is more conformationally stable than GrBP5-M2 at

room-temperature.
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Figure 4.4 Linear relationship between the sigmoidal fit parameters of Equation 1 and the inverse
temperature as described by Equation 4.3. Error bars were propagated from the ranges of Tso and AT.

While Equation 4.2 provides an insightful relationship between the incubation
temperature and the extent of the peptide’s conformational change, the relationship
between the micrometer scale assembled structure and peptide conformation remains
still open. To develop this relationship, the concentration of the assembly active peptide
conformations (APC) of GrBP5-WT and GrBP5-M2 is required. From Equation 4.2, the
effective concentration of the high temperature peptide conformation can be defined as,

Co

Tso ZYT[K]>

Cerr = CoPrignt = Equation 4.4

1+ exp (
where C, is the peptide solution concentration. Since GrBP5-WT assembles at low
temperature and GrBP5-M2 assembles at high temperatures, it follows that Equation 4.5a
describes the concentration of the assembly-active GrBP5-M2, while Equation 2-5b
describes the concentration of assembly-active GrBP5-WT.

Co

Tsomz — TIK]
ATy

Capcmz = Ceprmz = Equation 4.5a

1+exp<
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CAPC,WT = CO - eff,WT = CO - Equatlon 45b

Plotting the effective concentration, as determined from Equations 4.5a and 4.5b for the
experimental temperatures tested versus the associated degree of ordering, ¢, from AFM
images (Figure 4.3a) yields a sigmoidal relationship for GrBP5-WT and a partial sigmoidal

relationship for GrBP5-M2, as shown in Figure 4.5a and 4.5b, respectively.
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Figure 4.5 Sigmoidal relationship between micron scale assembly and assembly-active peptide conformation
concentration for GrBP5-WT (a) and GrBP5-M2 (b). The solid black line is the sigmoidal fit with functionally
described by Equation 6 using the fit parameters inset. (c) IFA binding energy of non-equilibrium amorphous
assemblies of GrBP5-WT (open circle) and GrBP5-M2 (open square). Assemblies were obtained from 1 uM peptide

incubated for 30 minutes on the graphite surface. AFM images of the assembled structure are inset. The scale bars
for both images represent 200 nm.

Since only the APC forms the observed long-range ordered structures, a sigmoidal
relationship of Capc with C is expected. The appropriate fit function (Equation 4.6) with its
two fit parameters, Cso and k, describes the change in the assembly’s long-range order
as a function of the APC concentration, Figure 4.5a and 4.5b, providing the desired
conformation-assembly structure relationship. Cso is the concentration required for a 50%

long-range ordered assembled structure, and k describes how significantly changes in
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Carc impacts ¢. Hence, k can be seen as an indirect measure of the rate of assembly in

units of inverse concentration.

1
1+ exp(k X [Cs — Capc])

¢ Equation 4.6

The data fits in Figure 4.5a and Figure 4.5b, yield the following fit parameters for GrBP5-
WT and GrBP5-M2, respectively: Cso, wr = 0.67 pM and Cso, m2 = 3.00 pM, and, kwr = 3.76
UMt and kmz = 1.35 uM-L. While k qualitatively gauges the rate of assembly, Csois dictated
by the energetics of assembly, i.e., a more favorable assembly process results in a
smaller Cso. The large Csp value for GrBP5-M2 as compared to the one for GrBP5-WT is
congruent to work reported in Chapter 3 in which only 5 uM assemblies at 320 K yielded
¢~ 0.8 — 1. If we assume an average temperature of 303 K for GrBP5-WT and 308 K for
GrBP5-M2, we may estimate the free energy of assembly based on these Csg values. For
GrBP5-WT the free energy of assembly is approximately -8.6 + 1.3 kcal/mol, while the
free energy of assembly for GrBP5-M2 is -7.8 + 0.1 kcal/mol. The magnitude of this free
energy is on the order of a few intermolecular hydrogen bonds. The reported Cso, m2 IS
imprecise in comparison to Cso, wt Since we are extrapolating as opposed to interpolating,
thus, the estimated free energy of assembly is a very rough estimate for GrBP5-M2.
Nonetheless, the estimates show that GrBP5-WT assembly is more energetically

favorable than GrBP5-M2 assembly as expected.

The analysis discussed has been made under the assumption that the peptide
conformation is set in the liquid phase in close vicinity to the substrate, and, unaltered
during the assembly process. To validate this assumption, we let the thermally incubated

peptides only assemble for 30 minutes instead of 3 hours. Within the shortened timescale,
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the assembly process is interrupted and yields amorphous non-equilibrium structures, as
demonstrated by the inset AFM images in Figure 4.5c. If our assumption above is correct,
we would expect the binding energy of peptides with the graphite substrate to be
independent of the incubation time and assembled structure. Thus, we picked the two
most extreme incubation temperature conditions for GrBP5-WT and GrBP5-M2 of 296 K
and 320 K, respectively, for which 3-hour assemblies showed long-range ordering, Figure
4.3a. As expected, the non-equilibrium assembled structures were in both cases
amorphous, and showed energetic values of Ewr" = 30.2 £ 1.8 kcal/mol and Em2" =
20.1 £ 1.0 kcal/mol for GrBP5-WT and GrBP5-M2, respectively, closely resembling the
values for 3 hours, as illustrated in Figure 4.5c. This result suggests that during the
assembly process, the peptide is part of a conformational ensemble that is stable, i.e.,
locked in its conformational state, and maintains consistent contacts with the graphite
surface, and thus, substantiating our assumption. Additionally, this result suggests that
differences in peptide-substrate energetics are completely missed by microscale

structural characterizations.

4.3.3 Rationally designed assembly and peptide-graphite coupling

Based on the energetic analysis above, it was shown that with the appropriate
temperature stimuli and process time, the binding energy and the assembled structure
can be tailored for peptide adsorption on free surfaces. The interpretation on the energy
values above relied on simple energetic accounting of computationally derived amino
acid-graphite interactions. To further validate the presented interpretation, but also to
show the predictive capabilities, we chemically modified the GrBP5-M2 peptide to show

long-range assembly at 296 K. As molecular analysis of AEw2> presented in Figure 4.3c
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suggested that a decoupling of Trp from the graphite allowed GrBP5-M2 to form long-
range ordered assemblies at 320 K, we predicted that a truncated version of GrBP5-M2,
i.e., IMVTESSDWS, could potentially form long-range ordered assemblies at 296 K with
a binding energy of ~20 kcal/mol. As anticipated, and shown in Figure 4.6a, the truncated-
M2 forms long-range ordered assemblies on graphite surfaces with six-fold symmetry
after incubation of 1 uM peptide for 3 hours at 296 K. The average height and width of
the truncated-M2 nanostructure was 1.1 + 0.1 nm and 120 £ 60 nm, respectively. These
structural results diverge slightly from GrBP5-M2 assemblies as they are slightly shorter
and wider. Further investigation of the truncated-M2 assembly process is needed to
explain these structural differences. IFA of the truncated-M2 assembly, Figure 4.6b, yields
a binding energy of Etmunc-m2 = 19.7 + 1.2 kcal/mol. This energy is within error of the
binding energy predicted based on the high-temperature assembled GrBP5-M2, Figure
4.3c. Molecular contacts between truncated-M2 and graphene were determined to be
Met, Trp, Val, and lle via adsorption simulations, Figure 4.6¢c. These contacts are
congruent with the analysis of data presented in Figure 4.2, i.e., that Met, lle, and Trp
dictate the binding energy of high temperature GrBP5-M2. These results validate our
interpretation of the IFA data and showcase its ability to predict self-assembled structures

and binding energies.
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Figure 4.6 Self-assembly and binding energy of Truncated M2 at 296 K. (a) AFM images of self-assembled
truncated M2 showing 6-fold symmetry. Inset: Fast-Fourier transform (FFT) of the AFM image. (b) IFA of truncated-
M2 assembly shown in (&) revealing an activation energy within error to that of high-temperature M2 assemblies.
Inset is Arrhenius curve of thermal shift factors versus inverse temperature. (c) The most frequently observed
graphene adsorbed peptide from a molecular dynamics simulation. Only amino acids contacting the graphene
surface are displayed for clarity. Sulfur is colored in yellow, hydrogen is in white, and nitrogen is in blue.

4.4 Concluding Remarks on Conformationally Dependent Interfacial Energetics
and Assembly

In summary, the peptide binding energies with HOPG at room temperature,
involving a wild-type graphite binding peptide, GrBP5-WT, and three rational mutants
(e.g., GrBP5-M2 and SS-GrBP5) were mainly attributed to surface interactions with
aromatic residues of the peptides. While there were no correlations found between the
magnitude of the interaction strength and the structure of the assembly (amorphous vs
long-range ordered), the amino acid sequence was found to play a prominent role in the
interaction. In addition, the effect of temperature, in particular the temperature
pretreatment of the peptide solution, was found to be an extraordinary parameter to
control the assembled structure, not because of thermal effects on surface kinetics and
diffusion, but because of the environmental selection of specific peptide conformational

states in solution, confirming previously reported work.1%°
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As per the nanoscale probing of the molecular structure and energetics of peptide
assemblies on graphite, thermally selected conformational variations of aqueous peptide
were found to translate into a partitioning of binding energies. This was illustrated by
studying the binding energy as a function of the incubation temperature that sets the
probability for each conformational state. Our results show that any primary peptide
conformational state in the liquid phase can prevail during the adsorption process, if
thermally selected prior to the adsorption. This was illustrated for a binary set of peptides
(GrBP5-WT and GrBP5-M2), each possessing two primary conformational states. Tuning
the incubation temperature resulted in sigmoidal transitions between high and low binding
energy states that could be assigned to the dominant conformational states in solution.
We found that the more favorable state, i.e., the high binding energy state, resulted in a
long-range ordered assembled structure for GrBP5-WT, and, an amorphous structure for
GrBP5-M2. The second, less favorable liquid conformational state of each of the two
peptides, yielded low binding energy and resulted in the opposite assembled structures,
i.e., amorphous structures for GrBP5-WT and long-range ordered structures for GrBP5-
M2. Phase segregated amorphous and long-range ordered structures were found for
intermediate incubation temperatures, where both primary conformational states are
present during assembly. The observed binding energy differences between the two
states was ascribed to a change in the number of aromatic groups anchoring with graphite
for both GrBP5-WT and GrBP5-M2. The more favorable states provided for GrBP5-WT
and GrBP5-M2 twice the anchoring groups of tyrosine and tryptophan, respectively, to

bind with graphite, than the less favorable state.
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This study highlights (i) the importance of the molecular conformational state of the
peptides in solution, as they dictate the availability of anchoring groups to substrates for
weak non-specific interactions, and (ii) the tunability of the conformational state of short
peptides with a simple external parameter, such as the temperature. Furthermore, the
energetic results also reveal that long-range order in assemblies is independent on the
magnitude of the binding energy. The degree of order in molecular assemblies depends
on the specific conformation of the peptide in solution and the time of assembly, as the
initial peptide conformation persists during the assembly process. Based on an effective
concentration analysis of the assembly active peptide conformation, it was shown that the
magnitude of the free energy difference between the amorphous and ordered states of
GrBP5-WT is larger than for GrBP5-M2, and thus, provides a greater driving force
towards order. Furthermore, by considering the self-assembly implications of thermally
selected GrBP5-M2 conformations, a modified peptide was designed to assemble with
predictable binding strength and structural order. The outcome was as expected, and,
validated our interpretation of external thermal tuning of peptide solutions towards

controlled assembly and binding energetics.

The results of the study presented herein on the coupling of peptides with a solid
has fundamental and practical implications for the design of soft interfaces. Firstly, the
nanoscale energetic analysis of molecular binding provides a quantitative description of
both the aqueous peptide phase and intermolecular forces at the surface that can
facilitate the development of molecule models of soft bio-inorganic interfaces.
Additionally, the presented results on conformational selection and directed assembly

enables a more complete understanding of the sequence-structure-function correlations
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of soft interfaces. This fundamental understanding is the starting point for the functional
design of soft bio-inorganic interfaces with tailored properties to seamlessly couple
biology with solid-state bioelectronic devices, for example, biomolecular fuel cells,

diagnostics, and field-effect transistors.?®
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Chapter 5:
Impacts of Molecular Conformation & Self-Assembled Structure

on Interfacial Electronic Transport

In the previous two chapters (Chapters 3 and 4), the impact of thermal pre-
treatment on graphite-binding peptide adsorption and self-assembly was investigated
showing the impact that peptide conformation has on the propensity to form long-range
ordered structures. In this chapter the analysis is extended to interrogate how molecular
parameters and self-assembly may affect the electronic properties of the peptide-

inorganic interface through the implementation of scanning tunneling microscopy.

5.1 Introduction

Bioelectronic devices in which biological systems are in intimate contact with man-
made electronic material have become a promising avenue for disease diagnostics,
therapeutics, bioreactors, as well as fundamental interrogations of cellular and neuronal
systems.t7-11% A wide variety of materials have been explored for their use in such
bioelectronic applications, e.g., semiconducting polymers and inorganic nanomaterials.
The material type is often chosen for certain desirable properties, e.g., high electronic or
ionic conductivity, flexibility, biocompatibility, etc.*®'20 While the choice of substrate
material is important, a critical parameter space controlling the device functionality is the
material linkers with which the system bridges the interface between the biological

environment and device substrate.

For inorganic materials, polymeric or other chemical functionalizations are often

used to bridge this nano-bio divide and display functional biological epitopes for improved
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interfacial bio-inertness, cell adhesion and proliferation.%14121 One class of inorganic
nanomaterials of increasing interest for bioelectronic applications is single layer atomic
materials such as graphene and two-dimensional (2D) transition metal dichalcogenides.®
11117 The electronic transport within these 2D nanomaterials is extremely responsive to
adsorbed molecules, thus enabling extremely sensitive bioelectronic devices.1827
However, preserving this sensitivity prevents the application of many covalent linkages
as they would impart point defects into the material and impede device functionality. To
avert such electronic defects, engineers implement non-covalent functionalizations that
rely on soft intermolecular interactions between adsorbed molecules and the 2D
nanomaterial surface.’®'?2 However, control over such weak interactions is typically
limited and restricts the optimization of the nanoscale interfacial structure and resulting

device performance.

In recent years, control over the nanoscale structure of linker molecules at
inorganic material interfaces has been advanced by rationally engineered self-
assembling biomolecules.31.83123 As presented in this work and previous work, solid-
binding peptides are ideal tools for the molecular engineering of bio-inorganic interfaces
for biomedical applications.?%21:31-33.95 Fine-tuned control over the equilibrium self-
assembly structure and intermolecular energetics acting at the bio-nano interface has
been achieved through proper selection of the polypeptide amino-acid sequence,
environmental conditions (temperature, pH, ionicity, etc.) and assembly parameters

(concentration, incubation time, binary mixtures, etc.) as demonstrated in Chapters 3 and

4124127
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Perhaps more critical for the development of bio-nano interfaces with bioelectronic
applications, is understanding how the adsorbed peptide molecules and their self-
assembled structure effects device relevant properties. Prior work in by Hayamizu et al.
found that peptide adsorption and long-range ordered structuring at graphene field effect
transistor interfaces n-type doped the device while maintaining high charge mobility.2
Additionally, Akdim et al. linked the coupling between peptide’s aromatic residues with
the graphene to explain experimentally observed p-type and n-type doping of their
devices.'?® While these important early studies elucidated electron transport phenomena
within the hybrid bio-nano devices, the electronic transport across the bio-nano interface

is equally crucial for designing bioelectronic systems.

Electronic transport across the peptide-inorganic interface results from the
collective impacts of peptide sequence, conformation, and peptide-substrate
interactions.105129-131 Eor instance, aromatic tryptophan residues have been shown to
“dope” simple peptide, e.g., polyalanine self-assembled monolayers, while distinct
electron transport properties were demonstrated for peptides with canonical secondary
structure, e.g., beta sheet, alpha helix, and 3/10 helix.13? Solid binding peptides, due to
their short length and breadth of sequence space, are typically conformationally labile
and without canonical secondary structure. Additionally, since solid-binding peptides rely
on non-covalent interactions, in contrast to the oft-studied thiol-based monolayers, the
pathway for electron transport is ill-defined. While the extraordinary complexity of solid
binding peptide promises to allow for fine tuning of bio-nano interfacial properties, this
complexity simultaneously hinders the system’s rational design and engineering. As a

first step towards rational design, we investigated the impacts of sequence, peptide
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conformation, and peptide-graphite coupling on the electron tunneling across peptide-
graphite interfaces produced from a set of self-assembled solid-binding polypeptides via

a combination of scanning probe microscopies and metadynamics simulations.

5.2 Experimental Methodology

5.2.1 Peptide Synthesis

Graphite binding peptides were synthesized in-house (C2336X, CSBio Inc., Menlo
Park, CA) on a preloaded support resin using HBTU activation chemistry and Fmoc
deprotection as previously reported. The peptides were purified by HPLC (Waters
Deltaprep 600, Semi-preparation Mode) using a linear gradient of 1% per minute of water
to acetonitrile and a flow rate of 10 mL/min. Purity of the synthesized peptide was
confirmed by MALDI-TOF mass spectrometry (Autoflex I, Bruker Daltonics, Billerica,

MA).

5.2.2 Peptide Self-Assembly

All peptide self-assemblies were prepared by incubating 40 pL of peptide solution
on to freshly cleaved highly oriented pyrolytic graphite with an approximate area of 0.25
cm? for 3 hours in a humid environment to prevent droplet evaporation. After incubation,
peptide solution is wicked from the graphite surface using a laboratory tissue and the
surface is blown dry with a gentle stream of nitrogen for at least 30 seconds. For high
temperature assemblies, peptide solutions and cleaved graphite surfaces were both pre-
heated to the desired temperature, 37 °C and 47 °C for WT-GrBP5 and M2-GrBP5,
respectively, for 30 minutes prior to incubating for 3 hours at the elevated temperature.
Room-temperature samples were incubated at ambient conditions of 22 °C. WT-GrBP5
samples were prepared using 2.5 UM concentrations, while M2-GrBP5 assemblies were
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prepared using 2.5 uM and 5 pM concentrations for the room-temperature and high
temperature assemblies, respectively. The higher concentration was used for M2-GrBP5
high-temperature samples to ensure significant degrees of long-range ordering as

previously demonstrated.

5.2.3 Scanning Force Microscopy and Image Analysis

Dried peptide samples were visualized under ambient conditions using a DI
Nanoscope llla SPM (Digital Instruments) in tapping mode using soft tapping mode SPM
probes (HQ:NSC14, MikroMasch). Several 1 um x 1 um scans were obtained for each
sample for further analysis. The average and standard deviations were determined from
all sample images. SFM images were analyzed using Gwyddion SPM data analysis
software.*” Images were plane flattened and scan lines were aligned using built in
Gwyddion functionality. Total surface coverage was determined by masking images
based on height to separate the graphite surface from the peptide structures. The percent
ordering was deduced from the fraction of peptide coverage that is part of a long-range
ordered structure. To determine this fraction, the mask was manually edited to distinguish
between ordered and amorphous regions. The amorphous regions were then
subsequently filtered out by thresholding the initial mask based on either the area or

aspect ratio of the individual peptide domains.

5.2.4 Scanning Tunneling Microscopy and Spectroscopy

Scanning tunneling microscopy (STM) images and spectra were obtained using a
DI Nanoscope llla SPM (Digital Instruments) in ambient conditions. Peptide assemblies
on graphite were electrically connected using colloidal silver paste. The STM tip was

prepared from Pt/Ir wire cut under ambient conditions. All images were acquired in a
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constant-current mode. Typical imaging conditions are bias voltages of (0.2to 2 V and a
tunneling current of 1 pA to 1 nA. Images were manipulated with the Scanning Probe
Image Processor (SPIP) software. The relative tunneling spectroscopy was determined
from |-V measurements by sweeping the voltage from — 1 to + 1 V. The relevant surface
area was imaged before and after scanning tunneling spectroscopy (STS) measurements
to ensure no tip or sample alterations occurred during the experiment. Images of the same
area showed no changes after STS, except for a small lateral drift of the sample between
the two scans. Presented STS are averages of 10-20 spectra taken from at least two
different locations. Spectra were smoothed before differentiating to obtain the local
density of states (LDOS). Bandgaps were determined from the LDOS as the distance
between the onsets (inflection points) of the highest occupied molecular orbital and lowest

unoccupied molecular orbital.

5.2.5 Metadynamics Simulations

To computationally sample the conformational space of WT-GrBP5 and M2-GrBP5
in both aqueous and graphene bound states, metadynamics with well-tempered
ensembles was implemented.5>% All simulations were performed using GROMACS
2020.2 with biasing being carried out using the Plumed 2.6.1 plugin.33134 The peptides
were modeled using the CHARMM27 force field with TIP3P water, while the polarizable
INTERFACE forcefield was used to model the graphene surface.®”:58135 All simulations
were conducted at 295 K using the NVT ensemble with velocity rescaling, and a 2 fs
timestep. Van der Waals interactions were calculated below a cut-off of 1 nm, and
electrostatic interactions were calculated with particle-mesh Ewald summations with a 1

nm cut-off. Two sodium ions were added to the simulation box to preserve charge
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neutrality. The simulation box was approximately 5 nm x 6 nm x 8 nm in dimension. The
graphene surface was kept at a constant z-position of 0.5 nm throughout the entire
simulation. The center of mass of the peptide was initially placed at the center of the
simulation box, with a z-position 3 nm way from the graphene surface. The initial peptide
conformation was produced by simulating a collapsed peptide structure in agueous

conditions for 10 ns.

Before production simulations were conducted the peptide-graphene system was
energy minimized using a steepest descent algorithm. The system was then solvated with
water molecules and sodium ions. The solvated system was then energy minimized a
second time using the steepest descent algorithm, after which the peptide was position
restrained and the solvent was allowed to adjust to the peptide conformation. The
minimized system was then simulated for 500 steps to temperature couple the simulation,
after which the production simulation was initiated and continued until system
convergence. Two collective variables, CVs, were chosen to bias the simulation: the
peptide radius of gyration of the full peptide, and the z-distance between the all-atom
center of mass of the peptide and a reference surface atom. These CVs were biased
using sigma values of 0.2 nm, and initial hill height of 2 kJ/mol, a bias factor of 10, and a
deposition rate of 1 hill/l ps. The center-of-mass distance was restrained using a
harmonic half-potential to keep the peptide within 4 nm of the surface. This was done to
limit sampling to one side of the graphene surface and accelerate convergence.
Convergence was determined by tracking the relative energy difference between the

adsorbed state (z < 1.5 nm) and the aqueous state (z > 1.5 nm) as a function of simulation
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time. When the adsorption energy remained within thermal energy of the average energy

value for the last 20-30% of the simulation, the simulation was considered converged.

5.3 Results and Discussion

5.3.1 Peptide Assembly Structure

The graphite binding peptides (GrBPs) used in this study are presented in Table
5.1. WT-GrBP5 was previously selected in our lab as the tightest binder from a
combinatorial phage display library. Rationally mutated peptides, M2-GrBP5 and
Truncated-M2, were designed to study the impacts of sequence on the self-assembly and
binding to graphite surfaces. Our previous work demonstrated that WT-GrBP5 forms long-
range ordered structures upon incubation with graphite surfaces while M2-GrBP5 forms
amorphous clusters. We expanded upon this initial observation by elucidating how WT-
GrBP5 and M2-GrBP5 surface binding and assembly can be modulated by thermal pre-
treatment of the aqueous peptide. Namely, WT-GrBP5 forms long-range ordered
structures at room-temperature while pre-heating leads to amorphous surface structure.
The inverse trend was observed for M2-GrBP5. The change in self-assembly was
causally related to the peptides’ conformation and interactions with the graphite substrate
via binding energy analysis. The experimentally determined peptide-graphite binding
energies are displayed in Table 5.1. As will be seen, the GrBPs investigated herein are a
prime set of peptides to study electron transport across the bio-inorganic interface due to

their breadth of binding energies, self-assembly structures, and differences in sequence.
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Table 5.1. Peptide sequences and graphite binding energies

Binding Energy (kcal/mol)*
Peptide Name Sequence
Low Temperature High Temperature
WT-GrBP5 IMVTESSDYSSY 31.8+1.3 13.1+0.9
M2-GrBP5 IMVTESSDWSSW 355+1.0 20.7+1.1

Color coding represents the chemistry of the amino acid. Blue — hydrophobic, orange —
hydrophilic, red — negatively charged, black — aromatic. *Data taken from Jorgenson et al.

As seen in Figure 5.1, the temperature dependent self-assembly structure of WT-
GrBP5 and M2-GrBP5 after a 3hr incubation on graphite surfaces confirms prior results.
Specifically, at room-temperature WT-GrBP5 forms full surface coverage confluent long-
range ordered surface assemblies, as evidenced by the inset fast-Fourier transform in
Figure 5.1a showing six-fold symmetry. Pre-heating and incubating WT-GrBP5 at
elevated temperatures results in amorphous self-assembly structures with lower total
surface coverage (~28%). M2-GrBP5 maintains high surface coverage (> 60%) at both
experimental temperatures studied. Room-temperature self-assemblies of M2-GrBP5 are
amorphous while pre-heating and incubating at elevated incubation temperatures leads
to full surface long-range ordered structures. The thicknesses of the peptide self-
assembly structures presented in Figure 5.1 were within measurement error of each other
with average thicknesses between 1.1 and 1.4 nm. These thicknesses suggest the
peptides from monolayer structures at all studied temperatures. On average the higher-
temperature assemblies were shorter than the room-temperature assemblies by

approximate 0.1 nm for both WT-GrBP5 and M2-GrBP5. This subtle decease in height
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suggests that at elevated temperatures the peptide conformation is flatter on the graphite

surface.

WT—GrB PS5

Figure 5.1. SFM images showmg the self-assembly structure of (a) WT GrBP5 and (c) M2-GrBP5 at
room temperature. WT-GrBP5 (b) and M2-GrBP5 (d) self-assembly structure resulting from pre-heating
and incubation at elevated temperatures. All insets are the fast Fourier transforms

5.3.2 Peptide Binding and Conformational State

As previously discussed in Chapter 3, the differences in assembly structure for
WT-GrBP5 and M2-GrBP5 resulting from thermal pre-heating of the aqueous peptide
solution, shown in Figure 5.1, are causally related to a peptide conformational change
with differing peptide-graphite interaction strengths. The binding energies of WT-GrBP5
and M2-GrBP5 assemblies as previously determined are provided in Table 5.1. The
experimentally determined decrease in binding energy for both WT-GrBP5 and M2-
GrBP5 was suggested to result from the decoupling of aromatic residues from the
graphite interface. For WT-GrBP5, an additional decoupling of hydrophobic interactions
was hypothesized. To validate these suggested conformational details and elucidate the

peptide conformations relating to the observed experimental binding energies and self-
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assembly structures, metadynamics simulations were employed to map the
conformational space of WT-GrBP5 and M2-GrBP5 as they absorb to a graphene
surface. Figure 5.2 shows the free-energy of WT-GrBP5 and M2-GrBP5 as a function of

distance from a graphene sheet at 295 K.
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Figure 5.2. Free-energy profile for WT-GrBP5 and M2-GrBP5 adsorbing to graphene reweighted along
the distance between the peptide’s center of mass and the surface.

From the free-energy surfaces presented in Figure 5.2, the adsorption energy for
WT-GrBP5 is found to be -16 kcal/mol at 295 K. For M2-GrBP5, the free-energy surfaces
reveal an adsorption energy of -20.4 kcal/mol at 295 K. At first glance these adsorption
energies do not appear to correspond the experimentally determined binding energies
presented in Table 5.1. The computationally determined adsorption energies for both WT-
GrBP5 and M2-GrBP 5 are approximately 15 kcal/mol lower than the experimental
energies. One possible explanation for the deviation between the experimental and

computational binding energies is that the computational system considers a single
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graphene sheet while the experimental system considers bulk HOPG. Direct
measurement of graphene’s Hamaker constant by Lakshmi et al. revealed graphene’s
Hamaker constant to be approximately 55% lower than that of bulk HOPG.'3 If we
assume that this decrease in interaction potential translates to a decrease in the binding
energy of a peptide to graphene relative to HOPG, then the computationally observed
binding energies are reasonable, i.e. 0.55 x 35.5 kcal/mol = 19.5 kcal/mol for M2-GrBP5

and 0.55 x 31.8 kcal/mol = 17.5 kcal/mol for WT-GrBP5.
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0.4 0.6 0.8 1 12 1.4
Radius of Gyration (nm)

X

Figure 5.3. Reweighted free-energy profile for WT-GrBP5 and M2-GrBP5 on graphene reweighted along
the radius of gyration. Dashed lines mark the free-energy minima marked with letters matching to the
corresponding dominant conformation for WT-GrBP5 (a), and the three present conformations of M2-
GrBP5 (b, c, d).

To understand what conformations of the two peptides are dominant, we analyzed
the distribution of peptide conformations at the graphene surface (z < 1.5 nm). In Figure

5.3, the free-energy of WT-GrBP5 and M2-GrBP5 at the graphene surface as a function
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of the peptide’s radius of gyration is shown. WT-GrBP5 has one dominant well at a radius
of gyration of approximately 0.78 nm with metastable but unfavorable conformational
states present at higher and lower radius of gyrations. M2-GrBP5 has two equally
probable conformational wells centered at radius of gyration values of 0.74 nm and 0.93
nm, respectively. A third metastable well is observed at a radius of gyration of 1.38 nm.
The free energy difference between this metastable well and the main conformational

wells for M2-GrBP5 is approximately 4 kcal/mol.

As shown in Figure 5.3, the dominant conformations of the peptide extracted from
the different free-energy surface locations are visualized. We can assume that since WT-
GrBP5 readily assembles at room-temperature that the lowest energy conformation with
a radius of gyration of 0.78 nm is closest to the self-assembly conformation. The dominant
WT-GrBP5 conformation is a collapsed structure with all the hydrophobic and aromatic
residues contacting the graphene substrate. Heating of WT-GrBP5 would excite the
peptide and allow it to take more conformations at the surface likely complicating its ability
to self-assemble. One of the most dominant conformations for M2-GrBP5 at the surface
is also a collapsed structure, however, comparison of backbone Ca positions between
the WT-GrBP5 and M2-GrBP5 structures yields an RMSD of 4.1 A revealing subtle
conformational differences along the backbone. These observed differences in peptide
conformation may be enough to prohibit M2-GrBP5 from self-assembling in the observed
collapsed state. Additionally, the small energetic barrier between the two most dominant
conformational states of M2-GrBP5 suggests that M2-GrBP5’s conformation dispersity is
higher at the surface relative to WT-GrBP5. High levels of conformational dispersity, as

discussed in Chapter 3, would prevent self-assembly. The metastable conformation of
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M2-GrBP5 at 1.34 nm radius of gyration is a consistent extended structure with a

tryptophan decoupled from the graphene surface.

Since thermal energy would be required to access this metastable extended
conformation and the observed decoupling of tryptophan from the surface matches our
experimental predictions, we predict this metastable conformation is the self-assembling
conformation. Moreover, the extended structure aligns perfectly with the graphene
explaining the decrease in observed height for M2-GrBP5 assemblies at elevated
temperature. Collectively, the metadynamics simulations presented here correspond well
with previous experimental results presented in Chapter 3 and 4 elucidating the role
peptide conformations and conformational dispersity play in the long-range ordering self-
assembly process. In addition, the presented simulation results provide better atomistic
detail about the possible self-assembling conformations of WT-GrBP5 and M2-GrBP5.
However, as the peptide can take on many conformations with the same or similar radius
of gyration, it is of interest to investigate the conformational space of the peptides at the
surface using a different data representation so to better elucidate these conformational

differences.

5.3.3 Scanning Tunneling Spectroscopy and Bandgap Analysis

Thermal processing of WT-GrBP5 yields an interface with higher conductivity
relative to the room-temperature assembled interface as evidenced by I-V characteristic
presented in Figure 5.4a. As shown in Figure 5.4b, I-V characteristics of room-
temperature and thermally processed M2-GrBP5 are visually similar. The long-range
ordered WT-GrBP5 assembled at room-temperature contains negative differential

resistances at both positive (~0.1 V) and negative biases (~-0.3V - ~-0.6 V), see Figure
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5.4c. The observed negative differential resistance does not appear in the electron
transport characteristics of thermally processed amorphous WT-GrBP5 assemblies.
However, as seen in Figure 4c, a shoulder peak is observed at ~0.4 V for thermally
processed WT-GrBP5 that is not observed for the long-range ordered assembly. As seen
in Figure 5.4d, shoulder peaks are observed for room-temperature assembled,
amorphous M2-GrBP5 at ~-0.5 V and ~0.3 V. |-V characteristics and differential
resistances for thermally processed WT-GrBP5 and M2-GrBP5 assemblies have fewer,

or less pronounced, inter-band features. There does not appear to be any dependence
on the electronic properties and the long range ordered structuring of the peptide. This

result is expected since STS is predominantly sensitive to the local electronic properties

and, as such, represent the tunneling through a single molecule.
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Figure 5.4. (a) |-V characteristics of long-range ordered low temperature WT-GrBP5 (grey line) and
amorphous, 37 °C assembled WT-GrBP5 (yellow line). (b) I-V characteristics of amorphous room-
temperature assembled M2-GrBP5 (orange line) and long-range ordered M2-GrBP5 assembled at 47 °C
(grey line). (c) Differential resistance curves (dI/dV) of WT-GrBP5 I-V characteristics presented in (a). (d)
Differential resistance curves of M2-GrBP5 |-V characteristics presented in (b).
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Bandgaps, presented in Table 5.2, for the peptide-inorganic interfaces were extracted
from the differential resistance properties of WT-GrBP5 and M2-GrBP5 presented in
Figure 5.4c and Figure 5.4d, respectively. M2-GrBP5 has consistently lower bandgaps
than those of WT-GrBP5 assemblies, which we postulate arises from chemical
differences between the peptides, namely, the presence of tryptophan in M2-GrBP5
instead of tyrosine. Previous research has shown that tryptophan acts as a peptide
dopant. Lower peptide-graphite binding energies correlate with smaller bandgaps for both
WT-GrBP5 and M2-GrBP5. This is counter to our expectation that tighter binding, and
thus better coupling between the peptide and graphite electron systems, would enable
better transport across the interface. The tighter binding of the peptide does correspond
with more inter-band features in the differential resistance properties of the peptide-
inorganic interface suggesting that tight binding does create a more hybrid interface in
which the peptide plays a larger role in the electron tunneling. An explanation for the
smaller bandgap for thermally processed assemblies could be these high-temperature
assemblies possessed, on average, smaller thicknesses. Given the exponential
dependence of the tunnel current on the tip-graphite distance and the potential barrier
thickness, the thinner peptide layers can have an appreciable impact on the electron
tunneling across the interface. As shown in Table 5.2, the bandgap and binding energies
(in eV) do not correspond in a 1-to-1 fashion suggesting that the STS experiment did not
ablate the peptide from the surface and that bandgap is not simply a secondary

representation of the binding energy of the peptide to the graphite substrate.
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Table 5.2 Peptide-Inorganic Interface Bandgaps and Binding Energies

Peptide Name

Room-Temperature Assemblies

High Temperature Assemblies

Bandgap (V)

Binding Energy

Bandgap (V)

Binding Energy

(eV) (eV)
WT-GrBP5 1.09 + 0.04 1.38 £ 0.06 0.77 £0.02 0.57 £ 0.04
M2-GrBP5 0.98 + 0.04 1.54 +0.04 0.83+0.01 0.85 + 0.05

5.4 Concluding Remarks on Molecular Control over Electronic Transport across
Peptide-Inorganic Interfaces

Understanding the conformation of solid-binding peptides at their target surface is
critical to design bioelectronic interfaces with tailored assembly structures, and as
demonstrated in this chapter, with designer electronic transport properties. Even with the
same peptide sequence, differing peptide conformations of the peptide as controlled by
environmental conditions result in dramatically different electronic tunneling properties of
the hybrid peptide-inorganic interface. Thinner peptide structures with lower coupling
between the peptide and graphite surface enable better electronic tunneling across the
inorganic interfaces. While peptides more strongly bound to the graphite surface
demonstrated lower conductivity or even semiconducting properties due to the
pronounces role of the peptide’s molecular detail in determining the transport pathway.
Depending on the bioelectronic application of interest, either of these peptide-inorganic
interfaces can be of use. For instance, in electrochemical biosensor, less tightly bound,
thinner peptide structures would be beneficial as better electron transport between the
biological environment and the inorganic surface would enable more sensitive devices.
On the other hand, for molecular electronics in which the peptide layer acts as an active
material, the more tightly coupled peptide with complex electron transport pathways
would be of interest, e.g., the negative differential resistance present in ordered WT-
GrBP5 assemblies. Collectively the results presented herein show how knowledge of the
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conformational space of a peptide can be leveraged to tailor interfaces through control

over the molecular structure of the peptide-inorganic interface.
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Chapter 6:
Impacts of Molecular Recognition on Peptide Miscibility and

Binary Nucleation

As discussed in the previous chapters, the sequence in combination with the
environmental conditions dictates a peptides conformation. The conformation is critical
for determining peptide-peptide and peptide-substrate interactions. In this chapter, the
effects of sequence and peptide-substrate interactions are investigated to elucidate
fundamentals on the molecular scale miscibility of peptides in binary systems and the

nucleation of binary assemblies.

6.1 Introduction

The co-organization of disparate materials into hierarchically assembled
constructs is key to developing functional nano- and biotechnologies. For example,
multienzyme complexes enable complex chemical pathways that overcoming diffusional
limitations, while the nanoscale organization of quantum dots significantly tunes their
photophysical  properties.*®”-143  Critical to the engineering of emerging
nanobiotechnologies is the rational organization of inorganic and biological materials. To
this end a variety of strategies have been developed, such as enzyme fusions,
engineered bacteria, and surface immobilization.12.144-149

Functionalization of surfaces with biomolecules is of particular interest for the
development of biosensing, bioelectronic and biofuel cell technologies.118121145150,151
Efficiencies and efficacies of these systems could be enhanced via biomolecular
immobilization strategies that dictate the absorbed biomolecular density, orientation and

conformational stability.*?114> Detrimental effects, were found for simple physisorption
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such as protein denaturation and loss of activity, which thus, decreased the overall device
functionality.*®>® To enhance the control over biomolecular immobilization onto surfaces,
several strategies have been developed, which rely on biomolecular modifications
involving chemical groups that facilitate surface adsorption and linkage.'?2152.153 Despite
these successes, simultaneous control over the geometrical display, spatial distribution,
and organized patterning of biomolecules towards full benefit of the surface
functionalization remains limited. This level of control over the microscopic topology of
the adsorbates is especially critical for the multiplexed patterning of several biomolecules
at solid surfaces.!%3

Biomolecular self-assembly has shown to be a powerful approach to tailor
interfaces and materials in both naturally occurring and man-made systems.’1:154-156
Engineered proteins and peptides have been designed to self-assemble at atomically flat
two-dimensional solid surfaces with a variety of organized nanostructures.123.157.158
Among these biomolecules, solid binding peptides which are genetically selected through
directed evolution for substrate specificity have emerged as a prominent strategy for bio-
functionalization of inorganic surfaces.?%2%:15° Solid binding peptides have been used as
molecular building blocks to control surface immobilization and the displaying a variety of
nano-entities at solid surfaces.?%:95.% Certain solid binding peptide sequences provide the
possibility of hierarchical structuring of materials as they form confluent, long-range
ordered nanostructures that are commensurate with the underlying solid’s crystal lattice.
31,108 Additionally, external factors such as pH, temperature, and concentration provide

engineering controls over the equilibrium self-assembly structure.124-126
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The wealth of peptide sequence space allows for the facile implementation of a
great multitude of substrate and process tailored biomolecular self-assembly systems.
While self-assembling peptides have been successfully implemented to display
biomolecules at device interfaces, only recently has the fabrication of binary assembled
peptide functionalizations been appreciated and attempted.?”16° For example, two
sequence differing peptides each known to form ordered surface assemblies would
enable highly tuned mixed surface structures with designed functionality. Despite these
early realizations, for the rational engineering of biomolecular surface functionalizations
with independently tailorable phases, a better understanding of miscibility between
disparate peptides and their binary assemblies is of critical importance. Specifically,
whether the two peptide components co-assemble into a single crystalline order, or self-
sort into separate crystalline phases. Additionally, there exists a need for models that
accurately predict the binary assembly structure and identify the key parameters
controlling the total surface coverage, density, and size of the self-assembled domains.

Towards this goal we investigated the assembly structure of two solution-blended
combinatorially selected graphite binding peptides (GrBPs), a wild-type version, WT-
GrBP5, and its double serine residue N-terminated analogue, SS-GrBP5. Prior work
revealed biotinylated versions of WT-GrBP5 and SS-GrBP5 were miscible within their
respective unmodified peptide assemblies, thus, making them excellent candidates for
biofunctionalization of graphene biosensing surfaces.?’” In addition, the sequence
similarity between WT-GrBP5 and SS-GrBP5 and their high propensity to form long range
ordered structures at graphite interfaces, makes them prime candidates for investigating

two-dimensional binary assembly and local molecular miscibility. While prior works

96



extensively studied the assembly properties of WT-GrBP5, focusing on an observed
amorphous-to-ordered transition and the effects of environmental conditions, the studies
lacked a rigorous analysis of the peptide domain nucleation itself.3%:12> Here, we directly
analyze WT-GrBP5 and SS-GrBP5 nucleation kinetics in terms of the classical nucleation
theory (CNT). Herein, dubbed as symbiotic assembly of binary peptide mixtures, we
provide a rigorous understanding of the complex biomolecular patterning at atomically flat
crystal interfaces. This symbiotic assembly platform represents a highly tunable method
for the fabrication of high-density biomolecular nano-mosaics with wide ranging
nanobiotechnological applications, e.g., multiplex biosensing for binary biomarkers,

multicomponent bioelectronics, and spatially enhanced quantum dot devices.

6.2 Experimental Methodology

6.2.1 Peptide Synthesis and Assembly

The graphite binding peptides were synthesized on a preloaded support resin
using HBTU activation chemistry and Fmoc deprotection as previously described.*?®
Synthesized peptides were purified by HPLC (Waters Deltaprep 600, Semiprep Mode)
using linear gradients of 1% per minute at a flow rate of 10 mL/min. MALDI-TOF mass
spectrometry with reflectron (RETOF-MS, Autoflex II, Bruker Daltonics, Billerica, MA) was
used to confirm the purified peptides’ molecular weight.

All self-assembly samples were prepared on freshly cleaved highly oriented
pyrolytic graphite (HOPG grate 1, SPI, Inc.) with an approximate area of 0.25 cm?.
Cleaved graphite surfaces were incubated with 40 uL of peptide in DI water for 2 hours

with a variable peptide concentration. Peptide solutions were wicked from the incubated
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graphite surfaces. Residual solution was blown from the graphite surface and dried using
a stream of nitrogen.
6.2.2 Scanning Force Microscopy (SFM) Imaging

The self-assembly structure of the dried samples was visualized under ambient
conditions using a DI Nanoscope llla SPM (Digital Instruments) in tapping mode using
soft tapping mode SFM probes (HQ:NSC14, MikroMasch). Atomic resolution of the
graphite lattice was obtained using a DI Nanoscope llla SPM in contact mode with
appropriate SFM probes (VistaProbes).
6.2.3 Assembly Structure Analysis

SFM images were analyzed using the Gwyddion SPM data analysis software.*’
Features in the fast Fourier transforms (FFTs) of the SFM images were used to determine
the relative angles of the (i) peptide nanostructures in co-assemblies as well as between
(ii) peptide nanostructures and the graphite lattice. All analyzed images were 1x1 um in
size. As the broad structure of the peptide nanowires impedes the clear distinction
between directions in the FFT, SFM images were first masked to distinguish the peptide
nanostructure from the graphite substrate. The mask was then binarized and Fourier
analysis was performed on the binarized image. Angles within the FFT were measured
by hand. Angles were extracted from three images of each peptide assembly condition
from which averages and standard deviations were determined. Samples of WT-GrBP5
and SS-GrBP5 co-assemblies were averaged together. Beyond angles present in the
self-assembled peptide nanostructures, the size and density of unidirectional ordered
domains, or grains, was analyzed. The density of grains was used to estimate the

nucleation rate of the long-range ordered structures. Thereby, we assumed that the
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number of ordered domains is equivalent to the number of nuclei and that minimal
coarsening occurred. Masks separating the peptide from the graphite surface were
manually edited to separate these grains. The grain density and average area were
averaged over three different SFM images.

6.3 Results and Discussion

WT-GrBP5 was determined as the strongest graphite-binding peptide from a
combinatorial selection process.3! The addition of two serine residues at the N-terminus,
yielding SS-GrBP5, increases the hydrophilicity of the peptide while maintaining other
chemical and functional properties, i.e., high-binding affinity, binding strength, and long-
range ordered assembly.?®> The chemistry and sequence information of WT-GrBP5 and

SS-GrBP5 can be found in Table 6.1.

Table 6.1. Peptide Sequence and Chemical Information.

Peptide Name Sequence Molecular Weight (Da) GRAVY
WT-GrBP5 IMVTESSDYSSY 1381.5 -.242
SS-GrBP5 SS-IMVTESSDYSSY 1555.6 -.321

The Grand Average of Hydropathicity Score (GRAVY) identifies the relative hydrophilicity. The more negative the
number the more hydrophilic the peptide.

Figures 6.1(a-f) present 2-hour assemblies of 0.5, 0.75 and 1 uM concentrations
of WT-GrBP5 and SS-GrBP5 with indistinguishable confluent, high surface coverage films
at 1 uM. Approximate film heights of 1.5 nm for WT-GrBP5 and SS-GrBP5 suggest
monolayer assemblies. Both WT-GrBP5 and SS-GrBP5 form six-fold symmetric, long
range ordering, as evidenced by fast Fourier transforms (FFTs) (insets of Figures
6.1(c,f)). As shown in Figures 6.1(a-c) and 6.1(d-f), respectively, WT-GrBP5 and SS-
GrBP5 exhibit an increase in long-range ordered domains with increasing concentration.

Growth differences are noticeable at low peptide concentrations, where SS-GrBP5
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exhibits fewer aggregates, slimmer structures, and more ordered domains in comparison
to WT-GrBP5. The addressed dissimilarity in the nucleation process of the two peptides,
the observed amorphous-like clustering at low concentrations and inherent two-
dimensionality (2D) of the system, invites a 2D CNT analysis of the two single phase

assemblies.
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Figure 6.1. Self-Assembly structures resulting from 2-hour incubations of WT-GrBP5 at (a) 0.5 uM, (b) 0.75
UM, and (c) 1 uM at graphite surfaces. Single component self-assemblies of SS-GrBP5 at the same
concentrations (d-f).

We consider the energetic nucleation free energy Agn for the formation of an
assembly cluster to be the sum of the free energies of the bulk crystal phase, Ags, and
the crystal interface, Ags.*+*° Agp is given by the chemical potential difference of the single
peptide (monomer) and the peptide crystal assembly, Ay, the area per monomer, Am, and
the radius of the cluster, r, as Ag, = (mr?/A,,)Au. Ags is determined from the line tension

at the crystal-substrate interface, A, and the size of the cluster, as Ag, = 2nrA. Thus, at
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equilibrium, where the cluster size is determined to be r = r, = 14,,,/Au, the nucleation
free energy is Ag,, = mA,,A%/Au. If we consider further that Ay is given by the activity a of
the system, i.e., Au = kTIn(a), which can be related to the activity coefficient //, the
peptide solution concentration C and the equilibrium concentration Ce, as a = y(C/C,),
the free energy barrier, Agn, associated with a 2D circular critical nuclei is given by,

A, A2 _
Ag, = — T Equation 6.1

kT (C_e_ 1)

assuming ideality (L] = 1) for low concentration (see Supplemental Information for more

details). k is the Boltzmann constant, T is the absolute solution temperature, and, (C£ — 1)

represents the supersaturation or activity of the system. With the nuclei free energy Agn,

we can express for C > Ce the 2D nucleation rate as follows:

\ (_ rAp? > ( 5 >
dn _89n < C_
E=Ae kT = Ae (kT)z(Ce 1) = Ae (Ce 1) Equation 6.2

where n is the number of nuclei, A is a complex pre-exponential factor, and B is a
dimensionless factor combining the geometric and energetic parameters of the system.
As implied by Equation 6.2, the relationship between the nucleation rate and the peptide
concentration is non-linear, which as we present next, will fit our data well.

Figure 6.2(a, b) provide the experimentally determined nucleation rate as a
function of the peptide concentration, determined from the data in Figure 6.1 for WT-
GrBP5 and SS-GrBP5, respectively. Nucleation rates were estimated from the number of
long-range ordered domains per area and incubation time, as described in the
experimental section. The nucleation parameters in Table 6.2 were obtained from the fits

in Figure 6.2. The fit quality let us conclude that WT-GrBP5 and SS-GrBP5 nucleation is
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well described by the classical 2D nucleation theory. As anticipated from the results in
Figure 6.1, WT-GrBP5 and SS-GrBP5 nucleation kinetics are similar with only subtle
differences in fit factors. While the applicability of 2D nucleation theory shown herein is
not surprising, we note that the inherent 2D confinement does not preclude the 1D
nucleation of peptide nanostructures. As recently investigated by Chen et al., solid binding
peptides assembling at MoS: interfaces displayed no observable nucleation barrier, and,
the nucleation varied linearly with concentration.1%® We attribute the here observed non-
linear peptide nucleation processes to the complex relationship between peptide
sequence, conformation, intermolecular interactions, and self-assembly. WT-GrBP5 and

its mutations self-assembly has previously highlighted this complexity by exhibiting
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conformational dependent self-assembly that can be (de)activated by thermal pre-

processing.124125

Table 6.2. Two-Dimensional Nucleation Parameters for Peptide Assembly.

Peptide Name A (1/um?hr) B Ce (UM)
WT-GrBP5 65.2 0.34 0.68
SS-GrBP5 78.8 1.03 0.48

Obtained from fits of Equation 6.2 to the nucleation rates in Figure 6.2.

Having obtained an understanding about the individual WT-GrBP5 and SS-GrBP5
self-assembly processes, we focus next on how individual dynamics translates into the
binary assembly process involving peptide mixtures. Figure 3 shows the self-assembly
structures resulting from 50:50 mixtures of WT-GrBP5 and SS-GrBP5 at total
concentrations between 1 and 2 pM. As demonstrated in Figure 6.3(b) and its inset FFT,
the 50:50 mixtures yield high surface coverage monolayers with long-range order.
Comparing the microstructures of the mixture (Figure 3) to the single-phase assemblies
(Figure 6.1), it is apparent that the binary self-assembly structure diverges from that of
the two pure peptide assemblies. Specifically, comparing the 1 yuM total peptide
concentration of the binary mixture, Figure 6.3(a), to the 1 pM single phase systems,
Figure 6.1(c, f), revealed lower surface coverage and less long-range ordering in the
binary system. Yet, contrasting the 1 uM 50:50 mixture, Figure 6.3(a), to the equivalent
concentration of the single-phase peptides, (i.e., 0.5 uM WT-GrBP5 and SS-GrBP5) in
Figure 6.1(a, d), reveals a higher degree of ordering in the binary system. Moreover, the

size of the ordered domains in the binary 50:50 mixture is on average ~0.4 the size of the
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ordered domains present in pure WT-GrBP5 or SS-GrBP5 assemblies of equal
concentration. Collectively, these results suggest that WT-GrBP5 and SS-GrBP5 are
immiscible, and, nucleate and grow their long-range ordered structures competitively.
Figure 6.4(a) demonstrates that nearly right-angle growth patterns form in the
50:50 binary assembly mixtures that break from the six-fold symmetry found for single
phase systems, thus, suggesting the peptides competitively grow along well-defined
substrate induced growth directions. The presence of the close to right-angles documents
a ~20° to 30° offset between the WT-GrBP5 and SS-GrBP5 crystallographic assembly
directions. Closer FFT analysis of angles in Figure 6.3 reveal a 24° + 7° offset between
FFT features. Comparing the single-phase self-assembly direction with the 0001 direction
of the underlying graphite lattice reveals that WT-GrBP5 assembles at an orientation of
1° £ 7° relative to the zig-zag direction, Figure 6.4(c), while SS-GrBP5 grows along an
angle of approximately 22° + 6° from the zig-zag direction, Figure 6.4(d). The difference
between the two growth orientations yields an offset of approximately 21° + 9° between WT-
GrBP5 and SS-GrBP5 assemblies, a result within the error of the FFT analysis. The
assembly directions of WT-GrBP5 and SS-GrBP5 are schematized in Figure 6.4(b)

depicting the expected offset of ~81°. The divergent growth directions for WT-GrBP5 and
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SS-GrBP5 provide a molecular rational for the observed immiscibility and competitive
assembly. While WT-GrBP5 and SS-GrBP5 compete for the same surface area, the
orientational, non-congruent growth directions of the two peptides inhibit a strictly
molecular co-assembly process. The result demonstrates a symbiotic growth partitioning
of surface area, yielding a highly organized and dense assembly pattern that surpasses

the single-phase assemblies.

Figure 6.4. Topology images of (a) 50:50 mixture of WT-.GrBPS and SS-GrBP5 with inset white arrows
highlighting the experimentally determined offset. (b) Schematic angle relationship between WT-GrBP5
and SS-GrBP5 with the underlying graphite lattice. The blue arrows indicate major peptide growth
directions. (c-d) WT-GrBP5 and SS-GrBP5 assemblies with insets of the FFT filtered underlying
graphite atomic lattice. White arrows point out the zig-zag direction of the lattice
To evaluate the nucleation rate in the peptide mixtures, we return to the 2D CNT
analysis and extend it by taking the linear superposition of WT-GrBP5 and SS-GrBP5
nucleation kinetics and considering the molar fraction of each component in the binary
assembly, Equation 6.3. We set € and 1- ¢ to be the molar fraction of WT-GrBP5 and SS-

GrBP5, respectively, which yield for the binary nucleation rate:
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Equation 6.3

The introduced molar fraction acts as a scaling parameter to adjust for the concentration

dependent competitive growth conditions of the immiscible, binary system. While the

molar fraction, ¢, is given by the experimental peptide mixture ratio, the fit parameters

Awt, Ass, Bwr, Bss, Cewr, and Cess were obtained earlier from the single phase

assemblies, as provided in Table 2 as A, B, and Ce for WT-GrBP5 and SS-GrBP5,

respectively. It is important to note that for Equation 6.3 no new fit parameters were

introduced. As shown in Figure 6.5, an excellent fit is found between Equation 6.3

predicted nucleation rates and the nucleation rates obtained from assembly data shown

in Figure 6.3.
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Figure 6.5. Nucleation rate of 50:50 binary mixture of WT-
GrBP5 and SS-GrBP5. Equation 6.3 using fit parameters in

4

Table 6.2 and ¢ of 0.5 results in the dashed black line.

Based on the quality of fit in Figure 6.5 we find that the introduced scaling of the

single-phase nucleation kinetics in Equation 6.3 accurately expresses the observed

symbiotic assembly process. The presence of two peptide phases augments the growth
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partitioning of both phases as evidenced by the increase in the kinetic pre-factors, Awt/{
and Ass/(1-¢). In addition, the two phases cause a divergence from ideality, (y # 1), i.e.,
leading to a shift in the supersaturation or increase in the activity, thus, providing a greater
driving force for the nucleation process. With the augmentation of the ratios Bwr/¢? and
Bss/(1-¢4)?, considering their respective molar fractions, the nucleation rate of the
constituent peptides vanishes as expected when its molar fraction approaches zero.

The apparent ad-hoc scaling presented in Equation 6.3 can be justified as follows.
We consider that the preexponential factor of the classical nucleation theory for a single
phase is given by

A =ZjN;, Equation 6.4

where Z is the Zeldovich factor that accounts for the sticking probability of a molecule
onto the critical nuclei, | is the molecular attachment rate, and Ns is the density of
nucleation sites.*®* The dynamic quantity Zj can further be approximated using the
diffusion coefficient of the nucleus, D, and the mean free path of the monomer, |, as,
Zj = 2D/I%. While D remains unchanged for binary systems, the average area probed
by a monomer prior to any collision (assembly attempt), 1%, decreases with decreasing ¢;
as the co-existing phase consumes more surface area. This leads to a binary growth
partition of Zj = 2D /{1? and the kinetic pre-factor A/¢. Additionally, it has to be considered
that a decreasing surface area increases the local density of monomers, and thus,
reduces Ce with diminishing ¢ resulting in a divergence from ideality of y=1/£ and activity
a=(C/{C,). The chemical potential difference for the binary system is thus
Au = kT[(c/c,) — ¢] for small concentrations. The empirically introduced ¢ produces a

non-physical limit that for £ — 0, A — c. To avoid a non-physical limit, Agn is augmented
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to balance the diverging kinetic pre-factor by scaling the line-tension A/¢. Thus, for the

binary system B « (/1/{)2. Combined, the outlined implementation of ¢ produces the
binary nucleation rate as introduced in Equation 6.3 above.

So far, we investigated 50:50 mixtures of WT-GrBP5 and SS-GrBP5. Next, we
explore the nucleation rate as a function of the molar fractions for 0 < £ < 1 at a total
peptide concentration of 2 uM after an incubation time of two hours. Figure 6.6(a-c) shows
high quality self-assembly structure for 25:75, 50:50, and 75:25 mixtures of WT-GrBP5
and SS-GrBP5. Thus, long-range ordered structures are found to be independent of the
molar fraction for a 2 uM total peptide concentration. Figure 6.6(d) further highlights the
validity of our nucleation model (Equation 6.3) by matching the measured nucleation
rates. Within the molar fraction range of 0.25 < £'< 0.75 the nucleation rate is augmented
significantly over the predominantly single-phase systems with an experimental maximum
at ¢= 0.5, by a rate amplification factor of up to two. As documented in Figure 6.6(e) with
the grain area plot vs. molar fraction, on average the long-range ordered domains are
significantly smaller at {= 0.5 compared to the other phase mixtures. At total
concentrations above 1 uM, a simple linear relationship exists between the nucleation
rate and the grain area allowing the determination of the grain area using Equation 6.3
(see dashed line in Figure 6.6(e)) Further details are provided in the Supplementary
Information. This finding invites single parameter control over the ordered domain size,
and thus, bears practical importance for instance for nanoscale patterning of bioreaction

cascades to overcome diffusional limitations on reaction rates. Collectively, the results
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presented in Figure 6.5 and Figure 6.6 demonstrate that the molar fraction and total

peptide concentration are key parameters controlling the self-assembly structure.
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Figure 6.6 Assembly structure of (a) 25:75, (b) 50:50, and (c) 75:25 mixtures of WT-GrBP5 and SS-GrBP5.
Insets are the fast-Fourier transform of the SFM image. (d) nucleation rates and (e) grain area as a function
of WT-GrBP5 molar fraction, ¢. Predicted nucleation rate from Eqgn. 3 is the black dashed line in (d). The black
dashed line in (e) is the predicted grain area using a linear translation of nucleation rates predicted by Equation
6.3.

6.4 Concluding Remarks on the Symbiotic Nucleation of Binary Assemblies

Binary assembly of the two solution-blended combinatorially selected graphite
binding peptides, WT-GrBP5 and SS-GrBP5, produced high quality self-assembled
monolayers consisting of two immiscible ordered phases. Binary assemblies exhibited
equal quality but exceeded in density the single-phase assemblies. The relative
orientational difference in the growth-direction of the immiscible phases of approximately

25° could be attributed to the crystallographic growth direction of the single-phase
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peptides, namely, approximately the zig-zag direction of the graphite lattice for WT-GrBP5
and close to the armchair direction of the graphite lattice for SS-GrBP5. The binary
nucleation process was found to function cooperatively, and thus, augmenting the
constituent peptide nucleation kinetics in a so-called “symbiotic” fashion. Parameters
obtained from fitting the single-phase assemblies with a two-dimensional nucleation
model, translated seamlessly to describe the symbiotic assembly process using the molar
fraction as a scaling parameter. Peptide concentration and peptide molar fraction were
found to be the sole critical growth parameters with which the nucleation rate and self-
assembly structure can be controlled.

The summarized results of this symbiotic binary assembly study demonstrate the
complexity of peptide miscibility and self-assembly. Since WT-GrBP5 and SS-GrBP5 form
separate self-assembled phases, they are immiscible at the molecular scale. However,
due to specific peptide-graphite molecular recognition resulting in compatible nucleation
and assembly phenomena, WT-GrBP5 and SS-GrBP5 assemblies are apparently
miscible at the macroscopic level allowing confluent monolayers. The ability to fabricate
polycrystalline interfaces at the macroscopic scale while maintaining molecular level
specificity greatly facilitates the development of biomolecular patterned hybrid systems.
One could envision controlling the symbiotic assembly of three or more peptides, thus,
forming a highly tunable interfacial biomolecular mosaic. To enable the rational design of
such bio-inorganic interfaces, further research is needed to understand the role of peptide
conformation on peptide-substrate molecular recognition and peptide-peptide
intermolecular interactions. Collectively, the presented results demonstrate the ability to

control and predict the supramolecular patterning of bio-inorganic interfaces via symbiotic
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assembly of binary peptides, thus enabling the fabrication of multiplexed biomolecular

electronics, biofuel cells, and quantum dot technologies.
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Chapter 7:

Impacts of Lateral Confinement on Peptide Self-Assembly

In the previous chapters, the impact of peptide sequence and conformation in
conjunction with environmental factors has been explored to understand the interactions
and self-assembly phenomena of peptides on two-dimensional inorganic substrates. In
this chapter, substrate effects are interrogated. Specifically, the results and studies
presented here demonstrate the role of lateral confinement created by graphite substrates
of differing size and shape on the adsorption and self-assembly of a graphite binding

peptide.
7.1 Introduction

In nature, the spontaneous formation of materials and interfaces with complex
nanoscale structure and patterning is of critical importance for biological functions such
as environmental sensing, cell metabolism, and mineral formation.'>® For the
development of bioelectronic nanotechnologies such as biosensors it is of interest to
fabricate interfaces that mimic functionality of naturally occurring systems.1?2.144.161 Tg this
end several engineering systems have been developed to tailor the inorganic interfaces
through the self-assembly of molecules, for instance, self-assembled organic
monolayers.”3'?1 A recent and very promising means of fabricating complex surface

assemblies has been the use of self-assembling biomolecules.123:157.162

Of specific interest of this work are solid binding peptides which have been
extensively introduced in the preceding chapters as highly tunable linkers and assemblers

of complex bio-inorganic interfaces for bioelectronic technologies.?6:959.127 Given the
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utility of SBPs, the focus of this Thesis is the development of a fundamental understanding
of peptide self-assembly at inorganic interfaces. As detailed in Chapter 2, and explored
in Chapters 3 through 6, the formation of these interfaces results from the adsorption of
aqueous peptides, diffusion of the peptides on the inorganic surface, and favorable
peptide-peptide interactions. The primary interest of most research efforts, and the focus
of the preceding chapters, has been the elucidation of how sequence and environmental
parameters impact long-range ordering to enable engineering handles over the formation

of these hybrid bio-inorganic interfaces.24-126.160

While the role of the peptide and environment have been extensively studied (as
presented in Chapters 3 and 4), the role of the substrate has not been adequately
interrogated for these systems. In particular, the impact of different substrate preparation
methods and the size of the substrate have not been explored. Previous experimental
interrogations of the organization of synthetic organic molecules have shown the
importance of nanoscale lateral confinement on the organic monolayers self-assembly
and structure.163164 As a first step towards understanding substrate effects on the
spontaneous formation of peptide-inorganic interfaces, this chapter interrogates the
difference between peptide adsorption and self-assembly of a graphite binding peptide,
denoted M6-GrBP5, on exfoliated graphite flakes of micron size and pristine highly

oriented pyrolytic graphite (HOPG).

HOPG is the “gold standard” of graphite substrates for the study of peptide self-
assembly. Exfoliated flakes are the preferred material for preparing pristine graphene
substrates with lateral dimensions on the order of microns for device purposes, i.e.,

printed graphene field effect transistors. M6-GrBP5 has the amino acid sequence of
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IMVTASSAYDDY and is a mutant of a previously selected graphite binding peptide.?®> M6-
GrBP5 is a perfect candidate to interrogate the effects of substrate size and preparation
as it was found to form long range ordered structures on exfoliated graphite flake
surfaces, but as will be seen, has limited self-assembly capabilities on HOPG. As
nanomaterials, like graphene, become more integral to advanced bioelectronic devices,
understanding how to translate fundamental results from pristine bulk material studies will

be critical for the development of nanoscale bio-inorganic interfaces.

7.2 Experimental Methodology

7.2.1 HOPG versus Graphite Self-Assembly

One set of self-assembly samples were prepared on freshly cleaved highly
oriented pyrolytic graphite (HOPG grate 1, SPI, Inc.) with an approximate area of 0.25
cm?, by incubating the cleaved graphite surfaces with 40 uL of M6-GrBP5 in DI water for
2 hours with peptide concentrations of either 0.5, 1, 2.5, or 5 yM. M6-GrBP5 solutions
were wicked from the incubated HOPG surfaces with a laboratory tissue. Residual
solution was blown from the graphite surface and dried using a stream of nitrogen.

To produce graphite samples with varying degrees of lateral confinement, graphite
flakes were exfoliated between two pieces of scotch tape until a satisfactory density of
graphite surfaces are present. The scotch tape decorated with the graphite flakes was
then pressed onto a silicon wafer with a 300 nm silicon oxide layer to transfer graphite
samples on to the silicon wafer surface. The silicon wafers used had an approximate are
of 0.25 cm2. Exfoliated graphite samples were then immediately incubated with 40 uL of

M6-GrBP5 solution with concentrations ranging from 0.1 to 1 uyM for 2 hours. After
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incubation, the peptide solution was wicked from the silicon wafer which was
subsequently dried under a gentle stream of nitrogen for at least 30 seconds.
7.2.2 SFM Imaging and Analysis

Scanning force microscopy imaging and analysis were conducted as detailed in
Section 2.2.1. Briefly, the self-assembly structure of the dried samples was visualized
under ambient conditions using a DI Nanoscope llla SPM (Digital Instruments) in tapping
mode using soft tapping mode SFM probes (HQ:NSC14, MikroMasch). SFM images were
analyzed using the Gwyddion SPM data analysis software.*’ At least three images of 1x1
MM in size were taken per sample for analysis. SFM images were first masked to
distinguish the peptide nanostructure from the graphite substrate and determine the
sample surface coverage. For samples with long-range ordered structuring, the image
masks separating the peptide from the graphite surface were edited to exclude
amorphous structures. The percent of ordering was taken as the surface coverage of

ordered peptide divided by the total peptide surface coverage.

7.2.3 Optical Microscopy and Grain Size Analysis

Graphite flakes were imaged using an optical microscope using 40 times
magnification. Optical images were then processed using Gwyddion to extract the area
of the graphite flake and the perimeter of the graphite flake. The scale of the optical
images was calibrated using an in-house fabricated “ruler” made by photolithographic
etching of a graphene surface on a silicon wafer. If graphite flakes contained multiple
edge bounded surfaces, the area was determined for only the bounded graphite surface
where the SFM images were taken. SFM images were then matched to the area and

perimeter data taken from the optical images.
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7.3 Results and Discussion

7.3.1 Substrate Specific Peptide Self-Assembly Properties

To investigate the self-assembly properties of M6-GrBP5 on HOPG, 40 pL of
peptide solution with aqueous concentrations of 0.5 pM to 5 pM were incubated on
cleaved HOPG surfaces for 2 hours. As shown in Figure 7.1, concentrations above 2.5
MM are required to form high-surface overage assembled films. Of the tested
concentrations, only the 5 pM samples contained long-range ordered structuring, with
approximately 50 % of the peptide being part of the long-range ordered structure. At all
concentrations tested, the adsorption process of M6-GrBP5 onto HOPG surfaces is
accurately described by a Langmuir adsorption isotherm, as evidenced by the dashed fit
line in Figure 7.1b. The equilibrium adsorption constant, Keq, associated M6-GrBP5
adsorption is 0.44 + 0.18 uM. The slight deviations from Langmuir-like behavior likely
result from the presence of peptide-peptide interactions at the surface that lead to long-
range ordered structuring. The results presented in Figure 7.1 stand in contrast to prior
results of M6-GrBP5 self-assembly on exfoliated graphite flakes performed by Hayamizu
et al., in which high surface coverage and long-range ordering was observed at much

lower peptide concentrations.
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To investigate this discrepancy, exfoliated graphite flakes were incubated with 40
pL of peptide solution with 0.5 uM or 1 uM concentrations for 2 hours. As revealed by
SFM images presented in Figure 7.2, the adsorption and self-assembly process of M6-
GrBP5 at exfoliated graphite surfaces appears augmented over that of HOPG surfaces.
For the same concentrations of aqueous peptide, the surface coverage of exfoliated
graphite assemblies (Figure 7.2) is higher than that observed for HOPG samples (Figure
7.1). More critically, long-range ordering is observed for 1 uM incubations on exfoliated
graphite in contrast to the limited long-range ordering of 5 pM incubations on HOPG
(Figure 7.1). The augmented self-assembly of M6-GrBP5 on exfoliated samples
substantiates previous results by Hayamizu et al.?> and shows that the adsorption and

self-assembly process is strongly dependent on the substrate preparation method.
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Figure 7.2 SFM images of M6- GrBP5 self-assembly stuctres on exfollated graph|te surfaces resulting
from 0.5 uM and 1 pM peptide incubated for 2 hours.

There are a number of ways in which graphite flakes and HOPG can be different.
For instance, graphite flakes may contain more defects, e.g., stack faults, than HOPG.
However, an obvious, and more accessibly quantifiable, difference between the cleaved
HOPG samples and exfoliated graphite samples is the dispersity of graphite grain sizes.
All HOPG samples used herein are characterized by one large, consistent surface with
an approximate area of 0.25 cm?. On the other hand, the exfoliation process yields 10s
to 100s of distinct graphite surfaces per sample with a range of sizes that are all several

orders of magnitude smaller than the HOPG surfaces.

7.3.2 Effects of Graphite Grain Size on Coverage and Ordering

To study the impact of graphite flake size, the equilibrium structure of M6-GrBP5
assemblies resulting from 2-hour incubations of peptide concentrations ranging from 0.1
to 1 uM was compared to the area of the graphite flake. The graphite flake area was
determined using optical microscopy as described in section 7.2.3. As shown in Figure
7.3a, SFM images of 1 uM samples show increased surface coverage and long-range
ordering as the size of the graphite flake decreases. Broadly, the surface coverage has

an asymptotic relationship with increasing graphite flake area, Figure 7.3b. This
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asymptotic relationship between the peptide surface coverage and the graphite flake size
suggests that as the area of the flake increases the surface coverage will reach that of
the HOPG samples, i.e., ~ 38 % for 1 uM samples. The surface coverage of self-
assembled peptide samples therefore lies on a continuum that goes from nearly 100%
for exceedingly small graphite areas to a lower limit dictated by the equilibrium adsorption

dynamics.

Interestingly, there appear to be two concentration dependent surface coverage-
flake area relationships as evidenced by the two asymptotic curves shown in Figure 7.3b.
Specifically, at concentrations above 0.25 puM, the relationship between surface coverage
and flake size overlap generating one asymptotic curve. At concentrations below 0.25
UM, a second asymptotic relationship is found with overall surface coverage values being
lower than that of the first curve. A bifurcation is observed in the surface coverage data
for concentrations of 0.25 pM, Figure 7.3Db, in which some graphite flakes had M6-GrBP5
coverages that fell on the lower curve while most aligned with the upper curve. As shown
in Figure 7.3c, plotting the surface coverage as a function of the perimeter/area of the
graphite flake appears to linearize the asymptotic relationship in Figure 7.3b suggesting

that change in surface coverage is dependent on the extent of the lateral confinement.
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Figure 7.3 (a) Self-assembly structures of 1 uM M6-GrBP5 on exfoliated graphite surfaces substrate
areas ranging from 1000 to 25000 um?2. (b) Surface coverage of M6-GrBP5 assemblies on graphite flakes
of differing areas at aqueous peptide concentrations. (c) Surface coverage of M6-GrBP5 assemblies
resulting from different aqueous peptide concentrations as a function of graphite flake perimeter-to-area
ratio.

The observed dependence of peptide surface coverage on the graphite flake area
is surprising if we consider traditional adsorption theory as the surface coverage at
equilibrium depends only on the concentration and the equilibrium adsorption constant.
Moreover, the surface coverage should smoothly increase with concentration, instead of
bifurcating into two surface coverage regimes. The bifurcation may result from a
concentration dependent change in the packing of the peptide on the surface allowing
more peptide to adsorb at the elevated concentrations. This state change may represent
a change required for ordering to occur at the surface, however further experiments are

needed to study these effects.

An alternative explanation for both the size and concentration dependence is that

the experimental system is far from equilibrium and is kinetically trapped. If we assume
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that the peptide’s footprint on the graphite surface is 4 nm?, then the ratio of total number
of peptide molecules in solution relative to the total number of binding sites on the graphite
surface is on the order of 10000. For HOPG samples, the ratio of total peptide molecules
to available binding sites is on the order of 1 to 10. The excess peptide may kinetically
drive the adsorption reaction. Favorable peptide-peptide interactions and aggregation

may then impede desorption, thus, forming a non-equilibrium surface state.

In addition to a graphite flake size dependence of the surface coverage, SFM
images presented in Figure 7.3a reveal an increase in the percent of ordering in the self-
assembled structures, in particular for 1 uM samples. As shown in Figure 7.4a, the
percent of ordering has an inverse relationship with the size of the graphite flake. While
the relative prevalence of the graphite edge clearly had a relationship with the total
surface coverage, the prevalence of the graphite edge does not clearly relate to the extent
of the self-assembly process, as seen in Figure 7.4b. The lack of a relationship between
the perimeter to area ratio suggests that the nucleation and self-assembly of M6-GrBP5
is homogenous and not edge nucleated. The linear relationship between the percent of
ordering and the size of the graphite flake can be rationalized by the increase in surface
coverage, i.e., increase in surface peptide concentration, which will drive the self-
assembly process. Interestingly, samples prepared using 1 UM consistently contained
long-range ordered structuring while samples prepared using lower concentrations did
not. This result suggests that an additional parameter, beyond the amount of peptide at
the surface, is required to explain the current self-assembly results. One possibility is to
consider the transient system by investigating the flux of the peptide to the surface and

how quickly the surface saturates.
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7.3.3 Local Graphite Grain Features Impact Peptide Self-Assembly

Given the dependence of peptide adsorption with the size and relative prevalence
of the graphite edge, as well as the dependence of the extent of long-range ordering on
the local peptide density, or surface coverage, it stands to reason that the self-assembly
structure of peptides on graphite flakes will vary laterally. Specifically, near the edge of
the graphite higher surface coverages would be expected due to the reflection (as
suggested by Figure 7.3c), which in turn would yield higher percentages of ordering. To
test this hypothesis, the self-assembly structure of M6-GrBP5 was investigated at various
locations of a single graphite flake. As shown in Figure 7.5, the center of the graphite
flake had lower surface coverage and percent order than that of either location closer to
the graphite flake edge. More critically, locations on the graphite flake that were more

confined (Edge 2 in Figure 7.5a), i.e., closer to the edge in several directions, showed
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slightly elevated surface coverages in comparison to less confined locations (Edge 1 in
Figure 7.5a). It is important to note that the locations imaged were still several microns
away from the graphite edge. This result shows that the diffusion of peptides to the edge
and the subsequent reflection from the edge imparts a type of memory in the local system

that results in higher degrees of ordering.

100

Figure 7.5 (a) Representative self-assembly
structures of 0.5 uM M6-GrBP5 obtained
from locations on a graphite flake with
different local features. (b) Comparison of
surface coverage and percent ordering
obtained from differing locations on a
graphite flake.

Edge 1 Edge 2 Center

B Surface Coverage B Percent Ordering

The results presented in Figure 7.5 detailing the local variations in self-assembly
structures on a single graphite flake mirror the results presented for the impacts of

graphite shape and size on the self-assembly. Namely, that higher surface coverages
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likely result from reflection of peptides from the edge of the graphite flake and that this
increase in surface coverage leads to an increase in peptide nucleation and long-range
ordering of the peptide. The large error bars and variable trends presented in Figures 7.3
and 7.4 are likely a result of averaging the lateral variations in peptide self-assembly over

an entire graphite flake.

(@)
Diffusion Aggregation Nucleation Assembly
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L A &

Figure 7.6 (a) Schematic of peptide assembly process on an “infinite” graphite surface. (b) Schematic of
proposed impact of local edges on the self-assembly of peptides, in which reflection from the edge
increases local concentrations and leads to nucleation. Arrows denote direction of diffusion.

Taken together all the results presented herein provide an overview of how the
adsorption and self-assembly process change with lateral dimension of the graphite
substrate. As schematized in Figure 7.6a, the self-assembly process for M6-GrBP5 on
HOPG surfaces is in line with traditional homogenous nucleation in which the peptide
monomers diffuse, interact, aggregate, nucleate and then grow to form long range
ordered structures. When the lateral size of the graphite substrate is on the order of the

diffusion length of the peptide, the edge plays an important role in the aggregation and
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self-assembly process. As shown in Figure 7.6b, the peptide diffuses and can then reflect
from the graphite edge thus creating an anisotropic environment that leads to artificially
increased local concentrations of peptide. In turn, the increased local concentrations lead

to higher surface coverage values and an increased percent of ordering.

7.4 Concluding Remarks on Lateral Confined Peptide Self-Assembly

The results presented in this chapter highlight the challenge in controlling the self-
assembled structure of peptide-inorganic materials when using materials with variable
size like graphite flakes. Reduction in the lateral size of the graphite surface resulted in
self-assembly structures with higher surface coverage and percent of long-range
ordering. The increase in adsorption was directly related to the relative presence of the
graphite flake’s edge suggesting the peptide reflects off the edge, thus, creating an
augmented local surface coverage. This increase in surface coverage manifests itself as
a size dependent increase in the apparent adsorption constant no matter the
concentration of M6-GrBP5. As the size of the graphite flake increases, the surface
coverage converges to a lower limit dictated by the equilibrium adsorption kinetics of M6-

GrBP5 to HOPG surfaces.

The degree of long-range ordering directly increases with increasing surface
coverage, i.e., increasing surface concentration. This interdependence of graphite flake
size, surface coverage, and degree of ordering results in smaller graphite flakes exhibiting
an increased degree of ordering. Although the reflection of peptide from the graphite edge
increases the degree of ordering, the self-assembly process is still homogenous as the

edge does not act as a nucleator. Moreover, due to the importance of the graphite edge
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as a reflector, the surface coverage and assembly trends observed for graphite flakes of

differing total sizes can also be as lateral variations within a single graphite flake.

The trends presented here are expected to continue for inorganic materials with
lateral dimensions on the order of 10s to 100s of nanometers. More experimental work is
needed to investigate the role of the graphite edge at these length scales as
heterogenous edge nucleation may become more dominant. Additionally, the
experimental study presented herein limited the interrogation to bulk graphite samples. It
is known that the Hamaker constant for inorganic layered materials decreases as a
function of layer, which would directly impact peptide adsorption energetics.'*® For
production of practical graphene devices, it is of interest to explore how the adsorption
and long-range ordering process changes with the number of graphene layers.
Collectively, the presented results suggest ways in which peptide-inorganic interfaces
with different lateral dimensions can be self-assembled with known structure thus

enabling the further development of bioelectronic interfaces at a variety of length scales.
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Chapter 8:

Summary and Outlook

Solid-binding peptides offer an extensive molecular toolbox from which novel
bioelectronic devices and self-assembling hybrid systems can be developed. This toolbox
is broadened further through the addition of environmental processing of the peptide
conformation, or control over the substrate properties, allowing for the fine tuning of
interfacial properties. The underlying molecular interactions and phenomenon that
enable the self-organization of biomolecules at inorganic interfaces are extremely
complex. As discussed in Chapter 2, the self-assembly process relies on the
interdependent stages of aqueous peptide dynamics, peptide adsorption, peptide
diffusion, peptide-peptide interactions and finally the nucleation and growth of long-range
ordered structures. At each step of the self-assembly process, control over the self-
assembly process can be achieved via the implementation of molecular engineering
principles to control the intermolecular interactions and, thus, the structure and properties

of the final self-assembled interface.

Of key importance in this work was the use of peptide sequence modifications and
environmental conditions to impart control over the peptide conformation. In Chapter 3,
thermal tuning of the aqueous peptide conformation was implemented to direct a peptide
that normally prefers amorphous aggregation to form long-range ordered surface
structures. In Chapter 4, the energetic implications of thermal tailoring of peptide
conformations were revealed noting the ability to control the peptide-substrate contacts
and therefore the energetics of the bio-inorganic interfaces. Such insights led to the ability
to rationally design a new peptide sequence with predictive binding energetics and self-
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assembly structure. Through the molecular scale tailoring of these peptide-inorganic
interfaces, the electronic properties of the interface, and by extension the properties of
devices built from these interfaces, can similarly be tuned. As revealed in Chapter 5, the
electron tunneling across the peptide-inorganic interface can be tuned by selecting

peptide conformations with differing thickness and substrate coupling.

Beyond environmental selection of the peptide conformation, sequence
modifications are another molecular scale route by which the final peptide-inorganic
interface can be controlled. Differing peptide sequences will have inherently different
conformational propensities and thus divergent peptide-substrate and peptide-peptide
interactions. The impact of such intermolecular deviations was elucidated in Chapter 6 in
which peptides with high sequence similarity and self-assembly capabilities were shown
to be immiscible at the molecular scale and self-assemble along different crystallographic
directions of the substrate. The consequences of molecular immiscibility while
maintaining long-range ordering enabled the predictable formation of extraordinarily

complex binary assemblies with tunable density.

While most of the molecular scale controls on the self-assembly process rely on
the peptides sequence and conformation, changes to the substrate can be similarly
implemented. As studied in Chapter 7 the substrate size, or more specifically the
substrate’s lateral confinement of the peptide, was shown to cause higher levels of both
peptide adsorption and long-range ordering. While the exact molecular rationale for the
observation is yet to be determined, the role of the substrates edge as a reflector and the
resultant anisotropic diffusion is clearly important for initiating the self-assembly process.

Collectively, the results presented in this work outline a multitude of molecular
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engineering interventions and methods by which the self-assembled structure and
properties of peptide-inorganic interfaces can be controlled. Building from the molecular
fundamentals and insights developed herein can enable to rational design of functional

interfaces and advanced bioelectronic interfaces.

Bioconjugation or chemical functionalization of these solid-binding peptides e.g.,
with biotin, would enable the controlled patterning of inorganic interfaces with proteins,
nanoparticles or quantum materials. Moreover, through the design of peptides with
distinct substrate interactions and immiscible assemblies, the multiplexed display of
enzymes for bioreactors or nanopatrticles for advanced photonics/plasmonics is possible.
Figure 8.1 schematizes the modularity of these solid-binding peptides and their potential

use in displaying functional molecules.

Target1 — /M _— Target?2
— Biotin

Linker

A\jB .
— \j
= @ @

Enzymatic Reaction Cascade

Substrate

Figure 8.1 The binary assembly of two functionalized peptides can enable to capture and display of target
molecules (enzymes, nanoparticles, etc.) at an inorganic substrate. For instance, the display of two
enzymes that work cooperatively can be leveraged to design bioreactors with enzymatic reaction
cascades that overcome diffusional limits.
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Even if a functionalized peptide does not immediately self-assemble, the results
presented herein demonstrate that with the proper selection of environmental conditions
assembly is achievable. This possibility emphasizes the need to investigate the impact of
other environmental conditions, and combination of environmental conditions, beyond
temperature. For instance, the combined effect of temperature, ionicity, bias, electric
fields, etc. could be leveraged to fine tune peptide conformation and self-assembly. The
development of large datasets describing the combined impacts of peptide sequence and
these various environmental parameters would further enable the rational design of self-
assembling systems. Future work should focus on the high-throughput interrogation of
peptide binding and self-assembly and leverage the abilities of machine learning and data
science approaches to accurately sample and investigate the vast experimental

parameter space.

With further molecular level interrogation of peptide-substrate interactions, a
wealth of engineering solutions will be discovered for the design of advanced
bioelectronic devices and bio-enable technologies. The work presented herein represents
a step towards, and a launching point for, the goal of rationally designed biotechnologies
that can address a wide variety of society’s needs where the bridging of biology and solid
state devices are the prime focus, such as in bio-nanosensors, bioelectronic devices,

bioenergy harvesting, and future bio-enabled logic devices.
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