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Abstract

Jenifer K. Settle, Ph.D.
Department of Chemistry
University of Kansas

Protein surface interactions are important in many diverse applications. In this
dissertation nonspecific and specific interacs of two proteins (fibrinogen and-F

ATP synthase) with a variety of surfaces have been investigated via atomic force
microscopy and surface plasmon resonance. Chapter one provides background
information on protein surfaces interactions. Chapter 2 sanmes the techniques

and surfaces utilized in the investigations in the following chapters. Chapter 3
provides background and investigations on nonspecific fibrinogen to surfaces.
Fibrinogen is an important plasma protein involved in the blood clattisgade. To
improve design of materials for biodevices and implants, more knowledge about the
interactions controlling fibrinogen adsorption is essential. Nonspecific adsorption of
fibrinogen was investigated on model surfaces of graphite and micalaswel sek
assembled monolayer (SAM) via atomic force microscopy (AFM) to determine
conformation.  Complementary studies were performed via surface plasmon
resonance (SPR) to investigate the dynamics of this adsorption process on gold, and
an amine, caboxyl-, methyl and hydroxyterminated SAM films. Chapter 4
provides background and investigation intg-Atlenosine triphosphate synthase
(ATPase) adsorption to surfaces. ATPase is a tiny molecular motor which
synthesizes ATP. This motor is of interest the fabrication of hybrid
nanobiodevices. Incorporation of this protein into devices requires precise control
over immobilization properties such as location, concentration, orientation, and
function. Orientation of ATPase adsorbed nonspecificallyaomica surface was
observed via AFM. Control over placement within the device was investigated via
nanopatterning of a -dodecene SAM surface. Control over orientation was
performed via engineering a landing pad within a resist matrix with AFM. This
involved patterning a dithiol into a methyl resist matrix and addition of maleimide
NTA with coordination to nickel ions and histidine tags in the protein. The chemistry
of this process was validated with SPR and fluorescence microscopy. Information on
the kinetic of ATPasehis binding to the NTA surface was obtained. Hopefully
information learned from these investigations enables the development of enhanced
biocompatible materials design and control over the fabrication of functional hybrid
nanobiodevices
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CHAPTER ONE:

Introduction to Protein Adsorption



1. Overview

Protein adsorption to surfaces plays a role in materials désign,
biocompatibility?®>  physiological responsés, device engineering, device
functionality® disease diagnostiésdrug discovery, protein arrays;** sensor$*?
purifications® and separation$®> The concentration, affinity, orientation,
conformation, and dynamics of protein adsorption all may influence the success of
these applications. Successful incorporation of proteins within devices is often a
determining factor of subsegnt functionality**® Adsorption of proteins to a
variety of surfaces is therefore a key step in a number of these applications.
Maintaining proper protein orientation and conformation after immobilization may be
imperative in terms of maintaining functionality. Discrimination of the spatial
location of proteins upon a surface may also be a critical aspect in device design.
Additionally, minimizing (nonspecific) protein adsorption is also important in a
number of systems ranging from contact lenses, to implantserisors. Protein
immobilization is also involved in complex systems for analyte detection. Thus,
fundamental knowledge about factors influencing protein immobilization at interfaces
may provide insight into control of this process, or at least allow@narrow down
possible strategies to viable options, reducing the trial and error approach. While trial
and error is useful in determining what works and what does not, it is a laborious,
time consuming process. Additionally, simhevitro studies danot always match
up with much more complicated vivo studies. Additional information on proteins

and their impacts will be discussed.



1.1. Background and Relevance of Protein Adsorption

Protein adsorption to surfaces is a complex process that typinatives
multiple steps. Adsorption may be nonspecific via hydrophobic interaction, van der
Waals forces, hydrogen bonding or ionic forces. Alternatively, adsorption may be
specific via a myriad of options including but not limited to amine coupling,
maleimidethiol coupling via cysteine groups, or controlled via niek&lA
coordination with histidine tags, streptavidiiotin binding or antibody binding.

Before discussing these adsorption modes in more detail, a short segment on
basic protein characistics will be presented. Proteins consist of a chain of amino
acids with different functional groups (primary sequence) arranged into- three
dimensional structures (secondary and tertiary structures). Some proteins consist of
dimers, trimers, or more ntiple units (quaternary structure). The primary amino
acid sequence dictates the charge, charge distribution, as well as the hydrophilic and
hydrophobic components of each protein. The thieeensional structure dictates
which of these groups is exposed the surface of the protein. Thus, number of
contact or adhesion sites of proteins to surfaces may vary depending on the 3D
structure of the protein.

Information about general protein structure has been elucidated by techniques
such as xay crystallgraphy, nuclear magnetic resonance (NMR), and transmission
electron microscopy (TEM). Of these, only TEM is amenable to investigations of
single molecules on solid supports. Additionally, bulk techniques such as circular

dichroism and infrared spectroggoyield information about the distribution of alpha



helixes and beta sheets, or about the presence of amide | and amide Il peaks within
the protein, respectively. These techniques provide details about bulk properties and
the distribution of structuralamnponents, but fail to yield a distinct image of the
conformation and orientation of proteins on the surface.

Proteins are large, complex, heterogeneous molecules containing numerous
binding sites and, as such, potentially have a wide variety of possieiactions.>%°
Proteinsurface interactions can therefore be inherently complicated ad vidl.
understand and control these interactions, additional information needs to be
elucidated. Proteins are dynamic and as such can unfold, change shape, aggregate,
lose stability, et¢? This can happen in solution, upar even after adsorbing onto a
surface. This unfolding can be reversible or irreversible. Unfolding can then result in
denaturation of the protein, rendering it either inactive or in some cases activating the

protein.
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Figure 1.1: Schematic d¢fotential ProteirSurface Interactions. The gold bar represents the surface,
the blue and red ovals are proteins, and the arrows demonstrate potential dynamic aspects.
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Figure 1.1 depicts a schematic of some possible interactions proteins can have

with surfaces. Proteins can have different affinities for different surfaces. If two



proteins are in solution (as indicated by the blue and red ovals), competitive
adsorption may occur in which one may adsorb preferentially over the other to the
surface. Alernatively, both proteins may adsorb to the surface or even interact with
each other. Proteins may adsorb in a-sdegparallel to the surface) or end
(perpendicular to the surface) orientation. This orientation may change in solution or
after adsorppon. Additionally, the protein may move over the surface (migrate or
diffuse)?* Once adsorbed, the moléeunight desorb or come off the surface. Once
desorbed, the protein may readsorb to either the same or a different spot on the
surface. After adsorption, the protein may undergo structural rearrangénsemts

as spreading out and conformational changes. Proteins may denature in such a way
as to become irreversibly adsorbed to the sufadeenaturation may lead to a lack

of functionality. Additionally, proteins may interact with other proteins or molecules

in the solution oon the surface. The length of adsorption time may also influence
protein adsorption characteristics. These interactions can be both protein and surface
dependent.

Additionally, these protensurface interactions can be dependent upon
solution conditims. Factors such as the isoelectric point of the protein along with the
pH and ionic strength of the solution and surface can impact adsorption préperties
as well as protein aggregation and interactions in solution. Interactionssare al
reliant upon protein purity, protein concentration, and protein stability in softition.
Surface dependent interactions include the chemical moieties curtfiage and the

relative surface charge. Conformation or orientation of proteins on surfaces is often



influenced by the surface chemistfy.Surface topography may also play a role in
protein interactions.

Sometimes proteins cape forcibly removed from the surface. This can
happen either by disrupting the interaction(s) with the surface by changing solution
conditions such as ionic strength or pH that alters charge distribution or alters the
charge on the protein both of whicarcdisrupt ionic interactions. Alternatively, the
flow through the system can be increased to force the protein off the surface. Or,
proteins can selectively remove other adsorbed proteins. A specific case of this with

plasma proteins is the Vroman effé”2°

In this case, the most abundant plasma
proteins adsorb to a surface initially, only to be lagglaced by proteins with higher
surface affinity. This happens in sequence, with higher molecular weight proteins
gradually replacing lower molecular weight proteins. Knowledge of solution or
conditions either capable or incapable of removing a prétem the surface (disrupt
interactions) is useful in determining the relative strength of binding to the surface. If
any minor change in solution parameters enables desorption, then the binding strength
was low, and vice versa.

Fundamental aspects ofopein surface interactions that can yield important
information include, but are not limited to, competitive interactions, affinity, binding
strength, conformation, orientation, kinetics, dynamics, concentration, and footprint.

Learning about these fundamtal properties should help in understanding and

controlling protein adsorption on surfaces.



One issue associated with protein adsorption to surfaces is that these
interactions are not well understood. Protimface interactions rely on the
propertiesof the protein, solution, and surface. This means a universal guideline as to
how a protein will interact is complex and as such is not currently feasible. Each
protein must be studied independently with different surfaces and conditions to gain
informaion about important interactions involved in surface immobilization. Once
this is accomplished, the data can be compiled and analyzed to determine possible
trends in adsorption behavior and key characteristic properties involved in such
reactions. In ater to control what is happening with protsimface interactions, a
greater understanding of these protimface interactions is imperative.

In some experiments, there is a desire to minimize protein adsorption,
typically nonspecific adsorptionCurrent strategies to minimize protein adsorption
include use of thin films of specific functionality,oligo(phosphorylcholine) self
assembled monolayers (SAMS)alkanethiolate SAMs with a mannitol functional
group®? and passivation, among othéfs> Poly(ethylene glycol) (PEG) and
oligo(ethylene glycol) (OEG) are two typical functionalities utilized within thin films
to resist protein adsorptiofi. * These are initially fairly effective, but their
mechanism is not well understodd A few key factors are thought to play a role in
this resistance, includingsithydrophilicity and steric repulsion capability. The
effectiveness of this inertness depends on structure of these coatings on the surface as
well as the chain length, spacing, and den$itAMs of oligo(phosphorylcholine)

were also found to be effective at resisting protein and cell adsorption and are



potentially more biocompatible as they utilize functional groups found in cell
membraned! Alkanethiolate SAMs with a mannitol functional group are inert and
resist protein adsorption, however the mechanistic repellant force remains thclear.
Passivating the surface with other proteins (albumin) or molecules has also been
employed to deter adduminal protein adsorption by occupying available sites on the
surface.

Another method for decreasing undesired interactions involves simply
controlling the surface hydrophobicity and/or the surface charge, so that proteins with
different or similar charaetistics may be repelled, respectively. For example,
lysozyme has a net negative charge and would be repelled from a negatively charged
surface. However, in complex solutions something else may adsorb to the surface,
which can change surface characterssand modify surfaces as is the case with a
double layer effect, which may counteract the original surface resistance.
Additionally, in order to employ such a method, one would need to have information
as to the adsorption and adhesion properties sethadesirable proteins to engineer
the surface. Sometimes, if it is not possible to initially deter protein adsorption, one
can disrupt these interactions with salt addition, change in pH, or surfactants.

If undesired nonspecific protein can be miniedz the next step is to
immobilize the desired protein in such a conformation that it remains active and in an
orientation such that it remains functional. Current ways to control protein
orientation include amine couplifg, protein G***' protein A** anibodies®

histidine tagd? thiols !’ streptavidinbiotin,** and complementary strands of DNA,



among others® Controlling protein orientation with these methods is often a
challenge because there can be multiple accessible binding groups and other
complications as a results of a specific
utilizing these methods reqes specific forethought into the composition of a
specific protein. Additionally, some information must be known upfront about the
protein to enable successful modification with a tag (to avoid disrupting protein
activity), to utilize these methods. Andopeins typically contain lots of lysine
groups, resulting in a wide distribution of possible orientations. Addition of a DNA
tag (or any tag) may modify the protein and adversely impact its function.

A current way to maintain protein activity after g€ adsorption involves
incorporation of a linker group (spacer) that separates the protein from the surface
while still tethering it to the surface in order to try to alleviate spreading and
denaturation effects on activity that can happen upon direat@as to the surface.

Sometimes to study or inhibit a protei
protein must be inactivated. By fixing a protein so that it is less mobile, it is easier to
image. A current way to inactivate proteins adsorbed @n siirface includes
adsorption through active groups. Another method of inactivation would be via
glutaraldehyde addition, which molds proteins together. Gnassg or uranyl
acetate treatments are also methods of stabilizing the protein film sthycttith
Another method is crystallization of proteins pieospholipasé, treatment’ These
protein modifications are typically performed as a preparation step in certain

techniques such as TEM and even scanning force micro&topy.



Once a protein is adsorbed to a surface, the structure of the resulting protein
film must be investigated to ensutieat the immobilization has taken place in the
desired fashion. A wide variety of physical and biochemical methods can be
employed for such investigations. Current techniques to study protein adsorption to
surfaces include, but are not limited to, atoraicce microscopy, ellipsometry, sum
frequency generation spectroscopy, total internal reflection fluorescence, quartz
crystal microbalance, surface plasmon resonance, attenuated total reflection infrared
spectroscopy, secondary ion mass spectroscopy,tisoludepletion, isotopic
radiolabeling, and others.

1.1.1. Applications of Protein Adsorption

Protein adsorption is critical in the manufacture and performance of such
products as biosensors, implants, micamd nanofluidic devices, enzyriaked
immunoassygs, separations, and others. Biosensors can either incorporate proteins as
sensors, can have protein as an analyte, or may need to function in a protein
environment. If the protein is part of the sensory device, it needs to be bound to the
biosensor sudce in such a fashion as it is maintains activity and the analyte target
site is still available after immobilization. If the biosensor is to function within an
environment which contains proteins (such as plasma in glucose sensors), it must
either withsand or resist protein adsorption in order to maintain its functionality.
Similarly, with implants, when they are placed within a subject they must either deter
protein adsorption or proteins must be adsorbed in such a fashion that rejection or

fouling do not occur. Protein adsorption can trigger an immune response that can
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result in a cascade of events ultimately causing in a walling off or encapsulation of
the implant. Naturally, this is detrimental to the implant.

With both microfluidic and naofluidic devices, proteins must be active if
they are in the detection zone. If the protein is not capable of binding to or detecting
the analyte, then false negative results may ensue. Additionally, channels within
these devices must not get cloggethe narrow channels must be unobstructed to
allow analyte to reach detector. If proteins bind to the device surface or within the
channels of these devices, they might block the channels from analyte flow, again
decreasing device efficiency.

Immunoassayslso rely on protein adsorption for detection. In a typical
immunoassay device, antibodies are bound to the surface and detect antigens in
solution. One example of an immunoassay is enzymked immunosorbent assay
(ELISA), which can be performed viadirect, sandwich or competitive methods. In
a typical sandwich enzymrked immunoassay, antibodies are first adsorbed to a
surface (Figure 1.2a). This is performed either nonspecifically or specifically through
amine groups from the lysine amino acafsthe antibody. Another immobilization
option is to immobilize one half of the antibody dimer via native thiol moiety after
cleavage of the disulfide bond in the fc regfdnAfter immobilization, typically a
blocking step is performed with bovine serum albumin, and then the analyte is
introduced into the system. h& analyte will bind specifically to the antibody. The
reverse is also possible, with analyte being bound to the surface and antibody

captured from solution (Figure 1.2b). In the first case, a secondary antibody is
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introduced into the system that binds the analyte. A reporter antibody is then
introduced into the system to bind to the secondary antibody or initial antibody in the
case of the analyte bound to surface scheme. The reporter antibody typically has a
horseradish peroxidase enzyme attachddon reaction, this enzyme will activate a
reporter colorimetric molecule to create a colored solution. The intensity of this color

is related to and indicative of the concentration of analyte bound to the antibody.
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Figure 1.2: @neral schematic of ELISA assay. a) ELISA with antibody bound to surface, and
subsequent attachment of analyte, secondary antibody, and reporter antibody, along with enzymatically
catalyzed reaction of colorimetric reagent. b) ELISA with analyte boursdiface, and subsequent
attachment of secondary antibody, and reporter antibody, along with enzymatically catalyzed reaction
of colorimetric reagent.
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Through investigation of a variety of different protein systems under a wide
range of conditions, tresdin adsorption characteristics may be determined which
would make it possible to establish a database that aims to predict and to control
protein surface interactions. Outstanding problems involving such interactions need
to be solved to improve such dess and applications as protein assays, biosensors,
implants, micro and nanofluidic devices, etc.

1.1.2. Current Problems and Limitations

Systems commonly susceptible to undesirable fouling issues are biosensors,
implants, and microor nanefluidic devices. Fouling is considered any undesirable
adsorption that inhibits the function of the device, typically via nonspecific adsorption
routes. For nanro or microfluidic devices this may mean proteins have
nonspecifically bound to the channels, blocking ftleev path of the analyte through
the system and inhibiting its path to the detector. In addition to fouling, implants can
also nonspecifically adsorb fibrinogen, a blood clotting protein. After adsorption,
fibrinogen can be cleaved by thrombin to formifiothat polymerize to form a blood
clot which can cause rejection of the device or implant.

Sometimes, the intended function of the device or sensor is adversely
influenced by the method of protein immobilization. For example, with ELISA only
a small fraction of the bound antibodies remain active after adsorption to the
surface’® Antibodies consist of two fab regions which have antigen binding sites and
one fc region (Figure 1.3). The two sides (left and right) of thebaahi are

connected via a disulfide bond.
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Figure 1.3: General antibody structure with fc and fabs identified.

When adsorbed to the surface in a manner that fails to control orientation, a
random orientation of the protein ensues (Figuy. The antibody may be upright,
upsidedown, on one side or on the other side, or tilted at some angle (not shown in

diagram).
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Figure 1.4: Random orientations of antibodies on a surface.

If the antibody is oriented upsigwn, then the antibgdactive site, which is
only one side of molecule (the fab portion), is bound to the surface and inaccessible.
If this happens, the binding site is not available, and the analyte will not be detected.
Fortunately, for some bound antibodies, the actiteeraay be available. If there is a
large concentration of analyte within the sample or sufficient signal amplification,
this may not be a problem. However, if either of those were not feasible, the device
activity needs improvement to yield conclusivesults. Typically, the amount of
functional antibodies after adsorption to the surface is low relative to the solution
activity.>® Part of this low functionality is thought to arise from small number of

antibodies that are ads®d in the correct orientation for analyte binding. Part of
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why this is not such an issue in typical assays is that after analyte binding, a second
antibody is attached which has an enzyme which will react with a colorimetric
reagent to form a colored stion, thus amplifying the signal. This is acceptable if
testing on a large scale and plenty of analyte is available, but if miniaturization of the
system (since there are only a very small number of antibodies present) or decrease
the limits of detectionare desired, a greater amount of functional molecules is
required.

Besides random orientation of proteins upon adsorption to surfaces,
sometimes nonspecific protein adsorption itself can be detrimental or undesired. A
common technique to inhibit aepel proteins from adsorbing to surfaces is coating
the surface with a PEG or OEG. However, some compelling evidence reports that the
protein resistance capability of these PEG or OEG components may change or
degrade over time. Implications have beerden#hat over time or under certain
conditions PEG breaks dowh. An article investigating potential future medicine
utilizing PEGylated nanoparticles implied that PEG coating is not enough to
completely eliminate protein adsorptith. Rouxhet, et al. studied grafted
oligoethylene glycol (OEG) silanes on silicon oxide wafers viea)X photoelectron
spectroscopy (XPS). These layers were still functional to resist protein adsorption
after incubation at room temperature in phosphate buffered saline (PBS). However,
37°C for 24 hour incubation in PBS, pseymysiological conditias, they
determined that hydrolysis within the silicon oxide layer caused these silanes to

detach from the silicon surface. Thus, these films were no longer capable of resisting
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protein adsorption after incubation at body temperafireddditionally, solution
conditions affect PEG packing which changes itgn resistant capabilities. And
things that work in the lab (resist fouling) do not work once they are transferred to
real implant situations, as they foul. So while in theory the solution to creating a
protein resistant surface by simply applying atowy of PEGs or OEGs seems to
work, the practical application of this system seems to fail.

Another approach would be to block surface sites with a relatively inert
protein matrix, such as albumin, which is used because it adheres to a wide variety of
sufaces. However, passivation with albumin may not be an ideal solution to
minimize nonspecific adsorption to surfaces because other proteins can bind to
albumin, which still results in an undesired response.

1.2. Nonspecific Protein Adsorption Studies

Nonspecific adsorption of proteins occurs under a wide variety of conditions,
some intended and some unintended. Nonspecific immobilization of proteins to
surfaces often involves intermolecular forces via noncovalent interactions and
physical adsorption. Prédms where nonspecific adsorption is important include
ELISA, microfluidics, implants, contact lenses, sensors, and others.

Passivation utilizes nonspecific adsorption to block available surface sites
from other proteins nonspecifically binding. Stigdigf nonspecific adsorption can
reveal binding properties such as affinity and strength of binding. They can also
reveal kinetic or dynamic information about the protein surface system. Additionally,

nonspecific adsorptions studies help determine whidases are nonfouling.
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1.2.1. Interactions Involved in Nonspecific Protein Adsorption

Factors controlling nonspecific adsorption include van der Waals forces, ionic
attraction or repulsion, hydrophobic interactions, and hydrophilic interacfiofibe
strengths of each of these are relatively weak. Nonspecific adsorption is mostly
physisorption of proteins at interfaces and typically these are noncovalent
interactons. Protein, surface, and solution conditions can be altered under different
conditions, which lead to large changes in protein adsorption, for the same molecules.
1.2.2. Issues with Nonspecific Protein Adsorption

Although in many cases nonspecific proteids@ption is imperative to
experiments, in some cases it is detrimental. Nonspecific adsorption of proteins is
often undesirable for implants or sensors. This type of adsorption also may lead to
the failure of microfluidic devices due to clogging issues.

Nonspecific adsorption can lead to a variety of orientations and conformation
of the protein on the surface. This may hinder the capability of additional binding or
sensing applications. These noncovalent interactions are often weak and sometimes
easily reversible. Since nonspecific adsorption of protein often induces a response in
specific protein adsorption studies, this may complicate determination of kinetic
parameters.

1.3. Specific Protein Adsorption Studies

Contrary to just random adsorption torfeices, specific protein adsorption

involves interaction of a unique moiety on the protein with the surface. These

interactions are typically covalent interactions. In this manner, specific adsorption
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involves targeting a specific group or functionahtythin the protein as an active
surface capture agent. This process may include an intermediate ligand or linker to
tether the protein to the surface. One advantage of this specific targeted approach is
potential control over orientation.

Sometimes its feasible to pattern in this moiety, creating landing pads for the
protein. This attachment scheme is useful in devices due to the ability to immobilize
proteins in a specific desired location and have them do work. Also, proteins may be
patterned in & array format for detection of a variety of analytes simultaneously from
the same sample.

Specific adsorption has the potential to improve immunoassays by orienting
antibodies to increase active immobilized antibodies in ELISAs. This is important in
miniaturization of devices as the smaller amount of surface area, the smaller amount
of adsorbed antibodies and a greater fraction of them must be functional to detect the
smaller amount of analyte.

In general this type of method to study interactions rbaybeneficial in
isolating the protein of interest from a complex solution, determining which
interactions are important and for monitoring dynamics. These interactions are often
known and thus are often reversible since information is known on whatrieecld
to be disrupted. Studies with these reactions and building surfaces with specific

immobilization schemes are often more reproducible than nonspecific schemes.
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1.3.1. Types of Specific Protein Adsorption

Numerous types of specific protein adsorpoist,>>*** only a few of which
will be highlighted heg including amine coupling, antigenantibody>® streptavidin
biotin,** and histidine tag&* Specific adsorption of proteins is neolikely to be
through chemisorption.

In amine coupling, a carboxylated surface is activated to succinimide esters by
injecting a mixture of dethyt3-(3-dimethylaminopropyl) carbodiimide hydrochloride
and Nhydroxysuccinimide (EDC and NHS) (Figure 1°8’ These esters are then
available to react with any available amine group on the ligand or protein itala\su
acidic buffer solution to form an amide bond. After ligand or protein immobilization,
remaining sites are blocked with ethanolamine. If a ligand is attached, then a protein
can subsequently be captured by this ligand. One advantage of this ftype o

immobilization is that all proteins have amines so this scheme is ubiquitous for all

proteins.
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Figure 1.5: Schematic of Amine Coupling Chemistry. a) Carbteyphinated surface is activated
with EDC/NHS, followed by amine coupling dofie ligand, and subsequent protein attachment. b)
Carboxytterminated surface is activated by EDC/NHS and then an amine on protein links protein to

surface.
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In antibodyanalyte capture (Figure 1.6a), the antibody is immobilized on the
surface and thenalyte is introduced to the system and subsequently detected.
Alternatively, this can also be performed in reverse, with the analyte bound to the
surface and antibody subsequently adsorbed and detected (Figure 1.6b). This method
is very specific if useé with monoclonal antibodies. Also, if done properly, antibody
orientation can be controlled and thus binding of analyte enhanced. This can control

the orientation of the analyte or antibody and improve further coupling.
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Figure 1.6: AntibodyAnalyte interaction schemes. a) Antibody is bound to surface, analyte is
introduced into system, and analyte binds to antibody. b) Analyte is bound to surface, antibody is
introduced into system, and éudy binds to analyte.

b)
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Coupling of proteins to surfaces may also be performed by attaching-single
stranded DNA to the surface via a thiol and the complementary strand into the protein
sequence (Figure 1.7.This enables protein immobilization via hybridization of the
single strands. Alternatively, aptamer capturing (with a DB@p) may be utilized.

These methods provide a spacer between the surface and the protein and specific
interaction in an oriented manner. This method results in very tight binding and is
very specific, but involved modification of the protein, which m#fea activity.

This immobilization schemeesults in the protein bound to the surface in a particular

orientation depending on the linkage between the protein and the stgleded
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Figure 1.7: DNA capture schematic. Singteanded DNAis attached to a gold surface via a thiol
bond, complementary singltranded DNA with linker to protein is introduced into the system. DNA
hybridization occurs, specifically immobilizing protein to the surface via linker.

DNA.

Biotin-Streptavidin is whereitler biotin or streptavidin is immobilized to the surface
and a protein tagged with the other is detected (Figure 1.8). An advantage of this
immobilization scheme is the strength of this interaction with a measureti 1K™

10> M, indicative of verystrong binding®>® This is partially due to the multiple
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binding sites (four binding sites, two on eache$idThis allows for the ability to link

the protein to the surface and then link something else.

Key
(] Biotin
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Histidine tags are used in affinity chromatography to separate and purify pf8teins.
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Figure 1.8: Biotirstreptavidin capture schematic.

One of the most common uses of this is via nickel ion coordinatiaitrttriacetic

acid and histidine tags via noncovalent interaction in ion metal affinity
chromatography (IMAC) to purify proteitf8. Nitrilotriacetic acid has three sets of
carboxyl terminal groups. These can coordinate to transition metal iofis Q&A™

Zn*") leaving two free coordination sites in these tetradentate molecules. These ions
can then somewhat selectiyédind to the imidazole group on histidine tags attached

to proteins (Figure 1.9). This is a common protein purification technique and is also
used to immobilize ligands to NTA chips for use in further analyte binding via SPR.
This immobilization schem takes advantage of a moiety already incorporated into
protein for purification purposes and this interaction can be specifically disrupted,

enabling multiple assays on the same surface.
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Figure 1.9: General schematic of-NTA immohilization of nickel ions and hexahistidine tagged
protein.
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1.3.2. Issues with Specific Protein Adsorption

Although a great number of specific coupling methods exist, all types are not
equal, and thus one must choose wisely which type of coupling to usadeinto
achieve optimal coupling, you must know something about the protein of interest and
what functional groups it might have available.

If amine coupling was chosen, one must realize that this method will couple
any amine on the protein. This meahat while specific in terms of attachment
chemistry, this method is not as controlled, as you may end up reacting with an amine
on the wrong (active) side of the protein. This makes the active site unavailable and
as such would not improve the avail#tlyilof the binding site. If there is plenty of
surface area, this might not matter as an array (assortmeahstribution) of
orientations would probably exist. However, to move to smaller surfaces this random
assortment of orientation becomes more aaiti Additionally, while the reaction
might be specific in interaction it may not be specific in terms of area and therefore if
spatial control is desired, additional steps must be performed.

Other sensors that rely on anabgietibody interactions haw@milar issues as
ELISA. If the antibody is not oriented with the antigen binding site available, a false
negative result may ensue.

Issue with biotirstreptavidin include that this binding is so strong it is
essentially irreversible. Thus to perfornrther studies, the surface is not easily

regenerated and one must start with a fresh surface.
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DNA immobilization suffers from a prior knowledge issue. One must know
the complementary sequence and label protein appropriately for this scheme to work.

Histidine tag reactions with NNTA suffer from a noncovalent bond, which
means the reaction can be disrupted. Additionally, there is a potential of metal ion
leaching. In complex solutions this may lead to heterogeneous protein binding as
histidine can be imatural amino acid sequence of other proteins in solution.

Despite these potential drawbacks, many of these specific immobilization
methods have been utilized to successfully immobilize proteins in a uniform and
desired manner.

1.4. Background Information on Protein Systems of Interest

This dissertation involves two protein systems of interest, specifically,
fibrinogen and Adenosine Triphosphate Synthase-fH P synthase). Nonspecific
adsorption for fibrinogen and both nonspecific and specific adsorpt R-ATPase
were studied via AFM and SPR in chapters three and four, respectively.

1.4.1. Fibrinogen

Fibrinogen is a key component in the blood clotting cascade and thus of
importance when investigating biocompatibility. The goal of fibrinogen expetsmen
was to study fundamental aspects of nonspecific protein adsorption to a variety of
surfaces in an effort to gather information that would enable engineers to design

improved biocompatible surfaces.
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1.4.2. FATP Synthase
Once knowledge of the rotagapability became prevalent, development of hybrid
nanobiodevices utilizing this enzyme emerged. ;-AFP synthase was imaged via
AFM to determine nonspecific adsorption orientation(s). To improve the number of
functional protein motors on surface, siiecimmobilization was performed via
surface nanoengineering to both study and control rotation. The goal of this
particular project was to improve the number of functional devices via elucidating
important fundamental adsorption properties of the miotarder to immobilize the
protein on the surface in the desired location with proper functional orientation.
1.5. Summary

Protein adsorption to surfaces is a dynamic and complicated process.
Studying both nonspecific and specific proteinface interactios will provide an
avenue towards learning fundamental aspects of protein adsorption to surfaces as well
as in determining ways to control this adsorption. For fibrinogen, control over this
adsorption should lead to more biocompatible devices. For ATEaseol over the
location and orientation of adsorption should lead to its successful incorporation into

functional nanobiodevices.
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2. Overview

Typical information desired from protesurface interactions includes the
amounf conformation, orientation, shape, and dynamics of protein adsorption. To
achieve this information, techniques for investigation of preganfiace interactions
must be surface sensitive, capable of resolving shapes of molecules and substructures
within the proteins, capable of measuring submonolayer amounts, and have sufficient
time resolution. Ideally these techniques would also be-fadx| allow for solution
flow and exchange, inexpensive, and reproducible. Realistically, one technique might
not have all these characteristics, but by using a combination of techniques the
desired information, such as shape, amount, size, orientation, and conformation, may
be achieved.

Proteins range from a few to hundreds of nanometers in size. To directly
studythe conformation and orientation at the surface, one must be able to visualize
the protein adsorbed to the surface. Thus, a technique capable not only of imaging
but also of resolving features on the nanometer size scale is imperative. Additionally,
incorporation of a way to mimic natural physiological environment(s) of proteins
such as in fluid would be ideal. To study adsorption and desorption rates, a technique
which is capable of monitoring interactions at the surface while enabling solution
exchangen reaktime with a time resolution faster than the binding and dissociation
rate of the analyte is necessary. Techniques capable of at least a 0.1 nanometer
resolution and up to 100 nanometers or more are desired for studying adsorbed

protein structure.Techniques capable of measuring at-sabond to at most minutes,
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depending on the protein system are required for dynamic measurements. Studies
capable of monitoring interactions without altering the protein or conditions are
desirable. Labelree tediniques are advantageous for monitoring natural protein
surface interactions without alteration of components, such that the original state of
the protein is not disrupted.

Common techniques for study of protauarface interactions include physical
techngues such as Fourier transform infrared spectrodc@ipgluding infrared
spectroscopy attenuated total reflectance (FAIR),** infrared reflection
absorption spectroscopy (IRA3),polarization modulation infrared fettion
absorption spectroscopy (RPMRRAS)? time-of-flight secondary ion mass
spectrometry (TofSIMS), total internal reflection fluorescence (TIREY, atomic
force microscopy (AFMJ®*® surface plamon resonance (SPEY' fluorescence
microscopy?? ellipsometry> #* and quartz crystal microbalant®e?* sum frequency
generation (SFGY, circular dichroism (CD), among othé%$® as well as more
typical biochemical methods such as ELISA and solution depl&i&.IR provides
data about the amide | and amide Il bands of the protein which give information
about the conformation of the proteirteafadsorption to the surface. TIRF provides
information about protein kinetics and relative spatial coverage of the protein on the
surface via fluorescence intensity measurements. AFM provides an image of the
molecule and the surface. SPR provideskelaee measurement via monitoring
changes in refractive index for measurements of affinity, specificity, concentration,

and kinetic information about protein surface interactions in real time. Ellipsometry
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uses changes in elliptically polarized lightdetermine thin film thicknesses. QCM
uses a change in resonance frequency of a quartz crystal to determine the amount and
kinetics of protein adsorption to surfaces. Most likely one technique will not be
sufficient for a complete picture of protein bing, and a combination of techniques
may be required. This will be the strategy adopted in this thesis.

This chapter describes the following techniques utilized in this thesis to study
surfaces and/or protesurface interactions: ellipsometry, goniongetAFM, SPR,
and fluorescence microscopy. Ellipsometry and goniometry provide details about the
surface and surface modifications for characterization purposes. AFM provides
images of protein conformation(s) on surfaces as well as allows modification to
surfaces. SPR complements AFM with bulk measurements on similar surfaces.
Fluorescence serves as a series of control tests to confirm the chemistry utilized in
engineering the protein patterning at the surface. For most of these techniques,
precise sudce preparation is a key factor in obtaining surfaces suitable to meet the
requirements of the techniques.

2.1. Surface Preparation

To study these protein surface interactions, substrates suitable for AFM and
SPR studies were required. Requirements for AR®lude flat and uniform surfaces.
Stable surfaces or thin films are desired. If the surfaces can be modified or tuned via
surface chemistry, that is even better. Requirements for SPR include a metal with
excitable surface plasmons and properties ofased desired include tunability,

stability, and flexibility. Surfaces investigated include gold, silicon, graphite, and
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mica, along with modifications thereof. Gold and silicon are relatively flat surfaces
that can be modified by covalently linking malées to the surface with different
terminal groups. Gold is relatively inert, durable, watiidied for functionalization,
and is metallic, which provides surface plasmons available for excitation. Therefore,
gold substrates can be used for direct corsparifor the AFM and SPR data. Self
assembled monolayers (SAMs) of alkane thiols can be readily formed on gold to tune
surface chemistr§? 3 However, SAMs of alkyl silanes or alkenes are more robust
and stable, so silicon oxide and hydrogen terminated silicon surfaces are also ideal
surface substrate candidates. Silicon is also a flat surface, relatively easykto
with, and inexpensive. Mica and graphite are both atomically flat and as such ideal
hydrophilic and hydrophobic surfaces, respectively and as such are good model
surfaces for investigations of protein conformation. Additionally, both mica and
graphte are layered materials which are cleavable to expose clean atomically smooth
surfaces immediately prior to the experiment. Typical surface preparations are
detailed below.
2.1.1. Gold Preparation

Types of gold utilized include commercially available gdth¢ypus, Agilent,
and BiaCore gold), house gold, template stripped gold (TSG), and flame annealed
gold. A variety of gold sources is needed to achieve specific goals for different
experiments. Characteristics of gold samples include gold thickness,sgrej and
optical properties. Thicknesses of gold films on surfaces used in these experiments

generally range from 5850 nanometers. Gold coated onto silicon or glass included
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an adhesion layer of chromium or titanium. Unlike mica and graphite,igaidt
atomically flat. Gold films are also not single crystalline, which results in grain
boundaries. Even single crystals have steps and terraces just like graphite. Grain size
can vary from tens of nanometers to microns in size (Figures 2.1 andrBi8kness

of the gold depends on coating conditions and use. Optically transparent films are
needed for some studies, thus the gold films for these experiments must be thinner
(=50 nm). SPR requires the gold thickness to be about 50 nanometers. aéioe op
gold, about 156800 nanometers of gold was sufficient. Optical properties of gold
include both the refractive index (real and imaginary components or n and k values,
as addressed in section 2.3.1) and the reflectivity of the surface.

Commercially awilable Platypus gold samples are relatively rough and have
small grain sizes (380 nm with a few grains as large as about 80 nanometers), but
have decent thickness and are suitable for ellipsometry and goniometry
measurements. Agilent gold was flame ealed and had larger grains but was
relatively expensive. BiaCore gold chips are also rough with small grains; so it has
the same drawbacks of Platypus gold, but are specialized sensor chips for the SPR
instrument.

House gold is less expensive, but s#iti be rough and contain small grains.
Templatestripped gold and flamannealed gold are variations of the house gold that

have been modified to improve quality and thus both have large grain sizes.
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2.1.1.1. Commercially Available Gold
Platypus gold is aommercially available type of gold obtained from Platypus

Technologies (product code AU.1000.SLI). Gold is electron beam evaporated unto
silicon wafers coated with a titanium adhesion layer. Specifications include 100 nm
of gold on four inch diameteilig€on wafers with a 5 nm adhesion layer of titanium.
Gold roughness was not included on the website, but a Platypus substrate brochure
indicated a root mean square (RMS) roughness of 1.73 nm with a contact angle for
freshly evaporated gold of 28°3" % A 2. 0?0AFM height image and
corresponding crossection of Platgus gold confirms that this surface is rough
(RMS roughness over ag2rharea of 1.5 nanometerahd contains small grain sizes
of approximately 3860 nanometers in diameter (Figure 2.1a).

Agilent gold is commercially available gold obtained from Agileetinologies
(part number N9807A4G). Au(111l) substrates via Agilent are gold substrates
epitaxially grown to a minimum of 150 nanometers thick on cleaved mica and flame
annealed. Flame annealing produces reconstructed gold grains or terraces are as large
as 2802%M 02 .c MBFMseight image and corresponding cresstion of
Agilent flame annealed gold confirms that this surface contains large grains (340
1000 nanometers in diameter) that are relatively flat across these terraces but have
deep boundags between the grains (RMS roughness over & area of 2.5
nanometersjFigure 2.1b).

SPR chips bought from the manufacturer (BiaCore now GE Healthcare, order

codeBR100405) are referred to as fiBiaCore gold
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of thin dasscover slips, strength No. 3 (0-8832 mm), standard dimensions 18 mm
by 18 mm, with an adhesion layer and about 50 nanometer thick gold which contains
peaks and troughs less than 5 #im.A 2. 0°0AFM height image and
corresponding crossection of BiaCore gold sensor chip confirms that this surface,
much like the Platypus gold, is rough (RMS roughness overcarfearea of 1.5
nanometersand contains small grain sizes {#80 nalometers in diameter) (Figure
2.1c).

Table 2.1 compares image root mean square (RMS) roughness and grain size
ranges for quantitative comparisons and Figure-2.depresents typical AFM images
of commercially available gold for qualitative comparisddbjects higher above the
surface (tops of gold grains) are brighter in color, those deeper (grain boundaries) are
darker in color. Cross sections were taken across the images to provide another view
of grain sizes and roughness. Since the RMS roughakes bver the entire two
micron by two micron image area takes into account all variations within the heights,
this value is not always as reasonable as it should be for surfaces like gold with deep
grain boundaries. Additionally, not all grains are oe #ame level. Therefore,
another RMS roughness for each type of gold was taken across individual gold grains
to provide a better picture of roughness across terraces of grains. Platypus gold is
fairly rough with small grain sizes that are at a fairlyform height across the
surface. Agilent gold has been flarmenealed and thus has very large grains with
less roughness across the gold grains. The RMS over the larger area is larger than

either the Platypus or BiaCore SPR gold chip due to the deepbgnanaaries. SPR
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chips are much like Platypus gold with a rough surface and small grain sizes.
Experimental goals dictated which gold was best suited. For SPR studies, SPR chips
(or specialized samples) must be utilized as they are the right sizeidaee$s to fit

within the instrument. For ellipsometry measurements and FTIR, Platypus gold was
most suited due to its thickness. For studying protein adsorption via AFM, something

like Agilent gold was most valuable due to its large and flat grains.

Table 2.1: Characteristics of Commercial Gold (RMS roughness and range of grain sizes)

. RMS roughness (nm| Average RMS (nm) | Range of Grain Size
Commercial Gold over ‘mare2 over Gold Grain (nm)
Platypus 15 0.6 30-60
Agilent flame
annealed 2.5 0.2 340-1000
BiaCore SPR Chip 1.5 04 40-140
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2.1.1.2. Evaporation of Gold onto Mica

An Edwards Auto 306 Vacuum Evaporator was utilized to coat gold onto
mica or glass. Mica was first mechanically cleaved with tweezers to expose a fresh,
clean surface. Mica was secured to the sampte pla bars and screws. The sample
plate was then secured within the evaporator and rotated during evaporator operation.
A piece of gold wire (Alfa Aesar 0.5mm diameter, Prefijd®0.9985% CAS#7440
57-5) was coiled into a ball via tweezers and placetiiwithe Tungsten wire sample
basket. The shutter was placed over this gold in the basket. The chamber was sealed
and pumped down to a pressure of abelit5lx 10° Torr (as monitored by a Penning
gauge) while cooling with liquid nitrogen. The chamberswheated by a halogen
lamp until the pressure rose t&6 10° Torr, at which time the lamp was turned off
and the pressure was allowed to drop back downlt® k 10° Torr. This heat cycle
continued until the temperature was as high as possible3Q@C) as measured by a
thermocouple. Once the chamber was at a high temperature and low pressure
(typically 58 x 10" Torr to 1 x 1& Torr), coating was started. A quartz crystal
microbalance (QCM) was used to monitor the coating process by meathging
thickness of gold evaporated. A current was applied through the sample basket,
heating the gold. Once the gold started evaporating (as evidenced by a rise in
pressure), the shutter was moved. Once about3@00nanometers of gold were
coated (accaling to the QCM), the current was decreased and turned off and the
shutter was replaced. Typically, the gold was allowed to anneal3ohndurs with

the lamp heating the system. The lamp was then turned off, the chamber was allowed
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to cool until reachig room temperature, vented to atmospheric pressure, and then
opened. The sample plate was removed, and gold on mica was removed from the
plate and stored under nitrogen until use. Note, depending on the placement of
components within the system, actuainperatures and thicknesses may have varied
from measured values. Evaporation rate and rotating sample plate are critical to
smoothness of samples and grain sizes as well as the evenness of the coating. A slow
evaporation rate is advantageous becausd#lawvs molecules to move around and
achieve lowest energy state. Ideally this rate is at 0.5 to £>Afalthough
consistency of evaporation rate can be difficult to precisely control.

Characterization of the gold was performed before analysis via visualization
(held up to light to determine if transparent or opaque and to check reflectivity and
also to checkhe colori golden hue desired), ellipsometry (to determine optical
properties), contact angles to confirm cleanliness, and AFM (Figure 2.3a) to
determine grain sizes and roughness. The grains were fairly small at about 40 to 90
nanometers in diameter artde RMS roughness was 3.7 nanometers over a 2.00
square micron area, which is fairly rough. If need be, modifications to the gold were
performed via templatstripping or flame annealing as described in the following
sections.
2.1.1.3. Template Stripping Gold Preparation

Since evaporated gold on mica can have small grain sizes, a couple of
methods were employed to increase the size of these grains. Large grains are desired

for patterning and biological imaging via AFM. Bigger and flatter areas allow facile
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separation of surface topography from surface chemistry and ease of distinguishing
features of molecules adsorbed on surface from surface roughness. One technique
employed was template stripping the gold’ (Figure 2.2) and another (section
2.1.1.4.) was flame annealing the gdld.Template stripped gold exposes the first
layer of gold coated on mica. Since micatismically flat and gold grows epitaxially

on the mica, the gold grains first coated onto the mica are typically the flattest.

In order to expose this initial deposition layer, epoxy from Epoxy Technology
EPOTEK (parts A and B) was used. To prepare gpexjual volumes (obtained via
marked glass pipettes) of epoxy parts A and B were combined in a centrifuge tube,
capped, and mixed via vortexing for about one minute. The solution was allowed to
rest about one hour to thicken and polymerize. An oven seago 150°C and
allowed to heat to that temperature. A glass slide was divided into teimdtalby
half-inch pieces using a ruler and sharpie to mark the sections and a scribe to cut the
glass along those marks. The glass pieces were cleaned witheaaatl rinsed with
water. The previously evaporated gold on mica was cut into small sample sizes. The
coated gold was placed gold side up, mica side down onto a tray. Using the round
bottom of a cottottipped applicator, a small drop of epoxy was pthoe the gold
side of the sample. The glass piece was placed on top of the gold side of the gold on
mica. Tweezers were used to gently press the glass/epoxy/gold/mica together and to
squeeze out any air bubbles. These template strip precursors (giagg/elo/mica)
were then placed in the oven for either two hours e44ours. After this time, the

oven was turned off and allowed to cool before precursors were removed from the
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oven, allowed to equilibrate to room temperature, and stored until neddiéen
needed, the mica was removed from the template stripped precursor by either
mechanical or chemical means to expose the gold surface. Mechanical preparation of
gold surfaces from precursors was performed by using tweezers to first gently press
on the precursor sandwich followed by a gentle peeling of the mica from the glass
epoxygold portion. Occasionally, some mica was left behind on the freshly exposed
gold surface. Chemical stripping to prepare gold surfaces from precursors involved
placing tre precursors into tetrahydrofuran (THF) and waiting approximately one to

five minutes®

After waiting, the mica was usually disassociated from the other
portion and the gold surfacgas exposed. Unfortunately, the mechanism of this
separation is not well known and a few issues may arise including failure of mica to
separate from the gold and delamination issues of the gold from the glass surface at
later points. AFM was used to demine grain sizes to be about 100 to 500
nanometers in diameter and roughness RMS value of 0.8 nanometers of a 2.00 square
micron area (Figure 2.3b). The grains were larger and the roughness smoother than

the initial evaporated gold. Ellipsometry wagddo obtain optical properties (Table

2.3) and goniometry was used to obtain contact angles.
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2.1.1.4.Flame Annealing Gold Preparation

Another technique for increasing the size of the gold grains was -flame
annealing the goltf *® After coating, the gold coated cai surface was heated via a
hydrogen flame. Basically, a piece of gold coated mica was removed from the
evaporator or desiccator. The gold was placed onto a thick sheet of mica. The
hydrogen flame apparatus was setup. This included a hydrogen gasetan&ior,
flashback arrestor, and a quartz tube narrowing to a sharp tip as a torch. The lights
were turned off and the gas was ignited with a striker. The gas adjusted to about a
four centimeter long flame and was allowed to burn a few minutes trtirned
colorless. Once the hydrogen flame was lit and void of impurities (the flame became
colorless), it was raster scanned across the mica base for a few minutes. Then, the
flame was raster scanned across the gold surface a few times (for a t8@e®®f
seconds) at an angle of about 30°. Care must be taken to not burn the gold. The
flame was then extinguished and the regulator turned off. After annealing, the gold
was allowed to cool briefly and then stored in a desiccator backfilled with mtroge
until needed.

Raising the temperature allows gold atoms on the surface to diffuse to more
favorable sites and therefore creates larger grain sizes and reduction in the number of
defects. The flame annealed gold was allowed to cool to room tempeaatuveas
either used immediately or stored under nitrogen until needed. AFM was used to
characterize the surface (Figure 2.3c). Like the Agilent gold, the grains were fairly

large and flat ranging from about 200 to 600 nanometers and RMS of 2.5 nanometers
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over a two micron square area. This roughness is greater than that of the TSG, but
this arises from the flam@nnealed surface being less uniform, as although the grains
were flat and large, they were not on same plane, as compared to testipaexd

gold. And, the average RMS across gold grains was much lower than the evaporated
gold at 0.2 nanometers compared to 0.7 nanometers. Ellipsometry was used to obtain

optical properties (Table 2.3) and goniometry was used to obtain contact angles.

Table 22: Characteristics of House Gold (RMS roughness and range of grain sizes)

ouse Gog | RS g () Aprage RS ()| Range fGran e

Evaporated 3.7 0.7 40-90
Templatestripped 0.8 0.1 100500
Flame annealed 2.5 0.2 200600

Comparing values obtained for RMS roughness in Table 2.2 toteepor
literature values, the templastripped gold RMS of 0.8 nanometers was slightly
better than that by Semenza who reported an RMS roughness of less than 2 angstroms
over a 2.25% rharea for templatstripped gol#® Reported valu®s for
roughness of 77.7 A for unannealed and 2.7 A for annealedbeddulated values
for evaporated gold were lower and for flamrenealed gold were higher, so better
and slightly worse, respectively (note, values calculated for 1 byrflarea were
approximately equivalent to kees obtained on a 2 by rharea reported in Table
2.2. For template stripped gold, literature values are less than one nanometer in
roughnes$® comparable to values obtained with house temysititpped gold.

Literature values reported gold grain sizes for evaporated gold of 50 nanometers in

diameter at a deposition temperature of 20°C and 500 nanometers in diameter at a
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depositim temperature of 300°C as measured via STek, 4560 nanometers

Values fa gold grains in evaporated gold were closer to the lower temperature range.

This confirms if large terraces are desired, coating should be performed hot rather

than cold®> Wanunureported values for gold grains with and without an annealing
procedure to be smal/l grains at 0.1 em a
nanometers and a tdold increase in grain sizeto 110. 5 & m, respectivel
which are slightly bigger thatihe grain sizes achieved by our evaporation and flame

annealing® A review papef’ reported that these metal films are polycrystalline with

grains ranging from 10 to 1000 nanometers. The structure of these gold grains

depends on the deposition conditiamsl additional annealing procesées.
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2.1.2. Silicon

Silicon wafers, Si(100) or Si(1), were ordered from Virginia
Semiconductor, Inc. Samples were cut to approximately the size of an AFM puck
(mms) via a diamond tipped scribe. Wafers pieces were then rinsed with water, dried
with nitrogen gas, and cleaned via piranha to remove organiaminants. Freshly
cleaned silicon oxide is hydrophilic with a contact angle of <10° and is fully wettable.
Silicon is a nice flat surface as observed via AFM (Figure 2.4). Analysis of this 2.00
emk2. 00 em AFM image of silicon witah a ten
RMS roughness of 0.059 “aea oRinahassluionwasr oss t
prepared by placing about 15 milliliters of hydrogen peroxide into a beaker and
slowly adding about 35 milliliters of sulfuric acid (30:70 solution GOBHHSOy).
The sdution was heated to boiling and wafer pieces were placed in solution-8% 10
minutes before removing with Teflon tweezers and thoroughly rinsing with water.
Warning 7 piranha solution can be explosive when exposed to organics!
Additionally, piranha sbuld not be stored in a closed container and should be
neutralized by adding water, sodium bisulfite until bubbling decreases, and then

sodium bicarbonate until pH reaches seven, prior to disposal.
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2.1.3. Mica and Graphite Preparation

Two models surfaces, mica and graphite, were utilized for their atomically flat
characteristics. Mica (size 3 V1 Ruby block mica) was acquired from Lawrence &
Co. Mica, a hydrophilic, atomically flat surface was utilized for nonspecific
adsorption studies for both fibrinogen (Figure-8&) and -ATPase (Figure 4:G).
Muscovite nica [H,KAI 3(SiOq)3] contains a low density of terminal hydroxyl groups
and thus was negatively charged under the conditions of these experiments. Mica
was prepared for use by mechanical cleavage with tape. Cleavage resulted in a
freshly exposed surfacédt was free of contaminants. Freshly cleaved mica was
hydrophilic and fully wettable with a contact angle of <10°. Graphite, higténted
pyrolytic graphite (HOPG), grade ZYH was bought from Veeco (now Bruker).
Graphite contains sheets of $pybridized carbon atoms, in fuseenembered rings,
creating a hydrophobic surface. Graphite was also mechanically cleaved by tape to
reveal a fresh, clean surface. Freshly cleaved graphite was hydrophobic with large
contact angles. Characterization of thesgfaces was performed via AFM. Mica
was flat and smooth with an RM&or0Odm®ghness
nm N 0. 004 rfareadRMS rouganess froonm=9 AFM images) (Figures
2.5a). Graphite contains terraces that are flat and smmdthwith step edges
separating terraces with an Rakorr088lghness
nm oV e7are® (Figure 2.5b). Atomic images of both mica and graphite were
obtained by imaging a small area (about 5)nat a fast scan rate (aboud Biz) in

order to obtain atomic level images (Figure 2.6a and 2.6b, respectively). Analyses of
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these two images show that mica and graphite differ in terms of lattice structures with
a calculated distances similar to literature values of 5.3 A betweeecuhes for

mica'® and a smaller spacing of 2.5 A for those in graptlifé.
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2.2. Seltassembled monolayer Preparation

In addition to employing various bulk surfaces, some of these surfaces can be
utilized further by tuning these surfaces by adding a layer of organic molecules with
different terminal groups to form a monolayér.In this manner, seldissemblé
monolayers (SAMs) are model surfaces in which the terminal chemistry can be tuned
to the desired chemistfy. These are seful model surfaces which are well ordered
and characterized. Types of organic molecules used to form SAMs include alkane
thiols, alkyl silanes, and alkenes. Ahe thiols bind to gold surfaces while alkyl
silanes bind to silicon oxide or mica surfaces and alkenes bind to hydrogen
terminated silicon surfaces. Thiols are somewhat easier to form and manipulate than
organic monolayers on silicon, but can oxidize ateteriorate over timé&:*
Monolayers on silicon are more stable over time and more robust than thiols on gold
but are less welbrdered. Techniques such as SRiuire surfaces that have
available plasmons and so only the gold thiol monolayers are useful. All SAMs
mentioned here are compatible with AFM and FTIR, alkanethiolates on BiaCore gold
SPR chips are compatible with SPR.
2.2.1. General technique

The SAM formation process is a relatively straightforward but elegant process
(Figure 2.7ac) via spontaneous vapor or liquid deposifidrf’ The focus of this
dissertation is with the latter. SAMs were formed by placing a clean substrate into a
solution of mol ecul es. -Thigldighted imgrderein u | e s

Figure 2.7a) which specifically binds to thefsge that are typically connected to a
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carbon chain, (CkJx (region between green and red in Figure 2.7a), and a terminal
functi on ai highlighted m redq m Figure 2.7a), where surface reactive
groups include thiols, pi bond of olefins, and sifichloride groups for alkane thiols,
alkenes, and silanes, respectively. After the reactive group binds to the surface, and
as more molecules bind to the surface, they self assemble and align via van der Waals
interactions amongst the hydrocarbon chasrsd stand up on the surface.
Hydrocarbon chain length can vary from abowt8carbons, with an increase in
stability as increase chain length due to increased van der Waals interfct@ves.

time, more molecules attach to the surface dhthfholes and defects until a decent
monolayer is formed. This process of binding to the surface and aligning of the
molecules occurs spontaneously for thiols and silanes (on gold and silicon,
respectively). For thiols, this occurs with molecules &7& angle to the surface
normal®® At maximum coverage, density of thiols on gold is about 4.5 ¥ 10
molecules/crh*® A well-formed monolayer can be achieved in2d8hours for most
molecules, with only millimolar solutions required (Figure 2.7a). Molecules such as
alkenes require a hydrogen terminated surface and heat to initiate thssszitbly
process as gbécted inFigure 2.7b.

This formation process leaves the terminal functional groups aligned at the
opposite end from the surface reactive groups. The functional group can consist of
any number of moieties, ranging from simpleCRl;, R-COOH, ROH, R=CH, R-

NH,, and halogens, to more complicated groups such as maleithidsters,

carbohydrates, azulen&sligands, eté¢®*?> The exposed surface chemistry can thus
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be tuned according tthe molecule initially utilized in the sefssembly process.
Additionally, by having two different types of thiols in solution, a mixed SAM film
can be produced. SAMSs to resist nonspecific protein adsorption such as polyethylene
glycols (PEGs) may alsbe utilized. Furthermore, additional modification of this
terminal group may be conducted, either by charge in the case<CGIGM or R

NH, or by additional chemical steps such as oxidation of double bonded or methyl
terminal groups.

Thiols react withgold to form a stable R8u bond with 4644 kcal/mol?® 4°
Thiols can also react with silver, palladium, or copper to form SAMSilicon
chloride undergoes hydration to form@iwhich then binds to silicon oxide surfaces
with a bond energy of 130 kcal/mdl. Alkyl silanes also react with $D groups on
mica and glass or aluminum oxid&sAnd olefin pi bonds undergo reduction to form
a GSi bond to hydrogeterminated silicon with a bond energy of 70 kcal/fiolhe
following sections detail anghodifications made to these processes along with some

specific surface control and preparation.
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Figure 2.7: SAM formation of a) Alkane thiols -{{bdecanethiol) on gold, b) Alkyl silanes
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2.2.2. Alkane Thiols on Gold

SAMs were prepared by placing clean gold (either via piranha cleaning or
solvent rinsing) into solutions of generallys1millimolar thiol in ethanol soluties
for 1824 hours or longer (Figure 2.128)>* For dithiols, the concentration was
typically higher at about 2@ 500 micromolar in ethanol. The terminal thiols
specifically react with the gold to form bonds, tethering the molecules to the surface
in a wellordered manner. Samples were removed from the thiol solution and the
SAMs were then rinsed with chlorofornacetone, and ethanol, and dried with
nitrogen gas. Additional steps for®@OH and RNH,; SAMs included addition of
2% by volume of trifluoroacetic acid to thiol ethanol solution and an extra rinsing
step. This extra rinsing step helps to disrupt anybolayered molecules that may
have formed from hydrogen bonds between SAM molecules and solution
molecules™ *® This ersures that the resulting surface is the desired monolayer as
opposed to a bilayer. SAMs were characterized via ellipsometry, goniometry, and
AFM to confirm quality. Various names and corresponding structures of thiols

utilized can be found in Figure 2.8.
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Figure 2.8: Various thiols for SAM formation: ajdbdecanethiol, b) tinercaptel-undecanol, c)
11-mercaptoundecanoic acid, d) 1;dddecanedithiol, €) t&mino-1-undecanethiol, f)4
aminothiophenol, g) 1;6exanedithiol, and h)-tctadecanethiol.
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These various thiols shown in Figure 2.8 were utilized in SAMs or grafting
patterns to tune the surface chemistry and/or molecule lengdbdeicanethiol and-1
octadecanethiol are methyl terminated molecules which are hydrophobic; the two
molecules differ in length. Thiols with a hydroxyl, carboxylic acid, thiol, or amine
terminal group (1ldmercaptel-undecanol, 2ldnercaptoundecanoic acid, 1511
undecanedithiol,  Xamincl-undecanethiol, -minothiophenol, and 1,6
hexanedithiol) are all hydphilic. The carboxyl and amine terminated thiols have the
advantage of charge tunability with solution conditions (negative or positive,
respectively). Many of these terminal groups have the capability of additional
chemistry after SAM formatioft, but only the dithiol terminal functional group will
be exploited in this fashion. These various thiol SAMs were characterized via
ellipsometry and goniometry after fornaat.

2.2.3. Alkyl Silanes on Silicon

Formation of SAMs of alkyl silanes on silicon were performed as follows
(Figure 2.7b}’ Piranha cleaned silicon wafer pieces were rinsed with Qilldried
with nitrogen gas, and placed in-52 millimolar solution of silanes (such as
octadecyltrichlorosilane or octadediyhethylchlorosilane) in hexane:chloroform
(2:4) or in toluene (preferred solvent), capped, parafiimed, and left in solution for at
least 248 hours. Substrates were removed from solution and the SAMs were then
rinsed with toluene and water and dried wittrogen gas. For alkyl silanes, trace
amounts of water must be present for the reaction to initiate. Alkyl silanes have at

least one chlorine group attached to the silane, these chlorine groups must be removed
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and replaced by a hydroxide group. Thi@ hydroxide group of the silane and the
hydroxide group of the surface silicon oxide can react in a condensation reaction to
form a silicoroxidesilicon bond. If the alkyl silane contains multiple chlorine
substituents, each of these may interact wigher to form hydroxides. Thus, in the
schematic shown irFigure 2.7b, the silane can interact with the surface and
neighboring silanes to form multiple silane oxide bonds. This stabilizes the
interactions and forms a more stable and uniform monolager shanes with only
one or two surface active groups. SAMs were characterized via ellipsometry,
goniometry, and AFM to confirm quality. These samples were either characterized
and used immediately or stored under nitrogen until needed.
2.2.4. Alkeneon Hydrogen-Terminated Silicon

SAM formation of alkenes on hydrogéerminated silicon was executed as

follows (Figure 2.7¢§%%°

Piranha cleaned silicon wafsamples were hydrogen
terminated by placing the wafers into a 40% ammonium fluoride water solution for
about one to two minutes. The samples were rinsed with water and dried with
nitrogen gas. Hydrogeterminated silicon surfaces were then heated (~206fC
sonicated in neat alkene (eitherdddecene or -bctadecene) while purging with
nitrogen gas for about two hours. The solution was allowed to cool to room
temperature before samples were removed with tweezers. Samples were then rinsed

with chlorofom and dried with nitrogen gas. Samples were placed into sample vials,

backedfilled with nitrogen, capped, and parafilmed until needed. Prior to use, SAMs
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were then rinsed with toluene and water and dried with nitrogen gas. SAMs were
characterized viallgpsometry, goniometry, and AFM to confirm quality.
2.3. Surface Characterization Techniques

Once a monolayer was formed, the properties of that SAM were confirmed by
determining the thickness via ellipsometry, the hydrophobicity via goniometry, and
the topography via AFM. A visual check of samples was also performed. In some
cases, surfaeenhanced infrared spectroscopy was performed to confirm terminal
functional groups of SAMs on the surface. Other groups have usay X
photoelectron spectrosco}PS) to confirm that SAMs are oriented upright on the
surface with the terminal group exposed at the monolaiyénterface®® This section
details these characterization techniquébzed to determine the quality of SAM
formation.
2.3.1. Thickness Measurements via Ellipsometry

Surface characterization techniques typically began with a determination of
self-assembled monolayer thickness via ellipsom&try Ellipsometry works by
shining elliptically polarized light (from a HeNe laser and polarizer) onto a surface
(Figure 2.9af® The change in polarization of the light that is reflected off the surface
is detected. A general schematic (Figure 2.9a) is as follows: a laser light source (i)
emits r ed632.8 mgnh which passes through a polarizer (ii) to become
polarized. Then, a quarterave plate (iii) converts this light into elliptically
polarized light. The light (about 1 nfrin diameter) hits the sample surface (iv) on

the stage and i®flected (v). The light goes through an analyzer (vi) and finally into
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a detector (vii). The changes in the angles (Del and psi) of elliptically polarized light
are determined. Combined with knowledge about the optical properties of the
substrate andanonolayer, the thickness of the monolayer can be determined from
these angle measurements. Comparing that thickness to literature values and the
length of the molecule allows determination of monolayer formation. Aaveéred
monolayer had a thickneskse to literature values and the length of the molecule (as
long as the tilt angle of the molecule is taken into account). Ellipsometry
measurements have an accuracy of 0.1 A or better.

Thin samples (transparent or partially transparent kss useful for
ellipsometry measurements than opaque samples. If the light passes through the
substrate to the underlying surface instead of through the monolayer and into the
substrate, then the change in polarization of the light may be due tolaorgist the
monolayer. The optical properties of the underlying surface such as epoxy, titanium,
or glass may differ from the bulk gold properties. Therefore, since both the gold
layer and glass components of BiaCore gold chips are thin and somewbptiteant,
they are less suitable for ellipsometric measurements.

Table 2.3 contains typical optical constants different types of gold surfaces
studied. In order to determine the thickness of the SAM films, a value for the
refractive index, n=1.45 was sasned for this organic layéf. The angle (Phi)
measured at was 70 degrees. Ellipsometry measurements employed different
program methods, depending on the properties of the sample to be characterized.

Sample methods included one for the aalilton standard with silicon with thermally
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grown oxide of about 1036 A, one for determination of optical properties of substrate,
one for monolayer thickness determination on a single layer substrate, and another
one for double film on silicon substrat¢sxide 15 A and monolayer). Optical
properties for silicon are 3.858 for n and 0.018 for k, where n and k are the real and
imaginary components, respectively, of the refractive index of the substrate. The
different models provided fitting of DELTA and P&ngles to extract either optical
constants or a thickness depending on the sample. The optical properties of gold
surface utilized are indicated in Table 2.3. These samples are not bulk gold, since
they are only thin films with 5350 nanometers of gbl and therefore the films
behave differently, resulting in a variation of n and k values which are not too far

from the expected values of 0.15 and 3.5 for n and k, respectively.

Table 2.3: Optical properties for all types of gold

Optical Properties

Type of Gold N value K value
Platypus (n=167) 0.163 + 0.006 3.475 + 0.023
Agilent (n=34) 0.156 + 0.008 3.448 + 0.099
BiaCore (n=83) 0.423 £ 0.073 3.385 + 0.062
Evaporated (n=7) 0.137 £ 0.003 3.102 £ 0.045
Template stripped (n=62 0.171 + 0.088 3.541 +0.049
Flame annealed (n=7) 0.176 + 0.006 3.413 £ 0.071

Utilizing these substrate and film optical properties, the various monolayers

were characterized via ellipsometry to determine thicknesses (Table 2.4).
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Figure 2.9: SAM Characterization Techniques. a) Ellipsometer Schematic with (i) HeNe laser, (ii)
polarizer, (iii)quater-waveplate, (iv) sample surface, (v) reflected lighi) @nalyzer, and (vii)

detector® b) Goniometer view and water droplet on mettgdminated silane SAM on silicon, c)

water droplet balled up on a hydrophobic surface, and d) water spreads out on a hydrophilic surface.
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2.3.2. Surface Energy Measurements via Goniometry

Goniometry, a techgue used to determine static contact angles of Qilli
water on surfaces, provides an indication of surface hydrophobicity (Figurel®9b
Both chemistry and topography play a role in the way water sits on a surface. A
water droplet beads uma@ hydrophobic surface, (Figure 2-8presulting in contact
angles above 90 degrees, with 110 degrees as a typical contact angle for a well
ordered hydrophobic surface such as metaghinated SAM films. Contact angles
between 3@0 degrees were indittée of a mixed degree of hydrophobicity/philicity.
A hydrophilic surface was fully wettable or had a low contact angk0(8egrees as
in Figure 2.9d). Gold was generally-80 degrees depending on how clean it is
(unclean samples have a higher contaugle due to hydrocarbon contamination).
Typical contact angles for the samples studied can be found in Table 2.4. The gold
substrate had a contact angle of 41 degrees, which was hydrophilic. As expected, all
the hydrophilic SAMs had low contact anglssce water will spread out on a
hydrophilic surface. The methyl terminated SAM was hydrophobic, as such, the
water droplet balled up on the surface and produced a high contact angle as expected.

Wettability can be a good indication of a wilrmed mowlayer®® If the
contact angle matches expected values, this is a good indication of a densely packed
monolayer with the terminal groups exposed at the monckiyesurface. If the
contact angle is lower than it should be for hydrophobic monolayers on gold, this may
be an indication of low packing density as the water droplet may see the $&fface.

If the contact angle is higher for hydrophilic monolayers, this may be an indication of
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low packirg density with chains tilted over at a greater angle, where the methylene
groups within the chain impede the water spreading. As long as the surface is
smooth, roughness should not significantly impact the surface interaction with the
water droplet. Howeer, if roughness is a factor, than the true contact angle is related
observed t dBs@ea=f orl LgIwdiherdforeefaru at i on :

to the

by
hydrophobic surfaces robgess may increase the apparent or observed contact angle
and for hydrophilic surfaces may decrease the apparent contact angle.

Table 2.4: Ellipsometry and Goniometry Results for SAMSs.

Terminal Grou Literature | Experimental| Literature | Experimental
Structure P Thickness | Thickness (A} Contact |Contact Angle
A) (n=7) Angle (°) () (n=6)
Au n/a n/a 25-40% 41 +2
<10’55 al
HS-(CH,)1-COOH 15+ 3% 13.9+4.6 | 35+2%% 28+3
8-29°4P
13,66
HS-(CH,)11-OH 16.0+ 1.0°°| 16.3+7.4 |34.2+2.9° 33+3
29 + 3*
HS-(CH,)e- 7°7 9.5+0.6 40-50°8 37+
HS-CgHa-NH, 8> 6.9+1.9 57 + 5°°¢ 70+ 2
28 i 255 a3
HS-(CHy)11-NH>, 18 204+47 | 43+5%% 35+ 4
25-42°4P
72
HS-(CHy)17-CHs 252_83’19653 24.0+7.2 | 108 +2°¢ 108 + 1
20’72 1107°
HS—(CHz)ll-CH:g 17 + 174 16.5+ 0.3 1108 264 110 £ <1
ClsSi-(CHy)17-CH3 25" 31.4+09 | 114+2° 106 + 1
H,C=HC-(CH,)s-CH3 13° 20.5+0.9 | 110+ 3°° 97+ 2

Notes: a) Contact angles for SAMs prepared under different solvent conditions al) ethanol with 2%
CR;COOH, a2) ethanol, or a3) ethanol with 3% N@CHL)s., b) Contact angles were pH dependent,
and c) Contact angle values were calculated by aveydahje advancing and receding contact angles;
errors were calculated via propagation of errors.
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Results of characterization of these various thiol, silane, and alkene SAMs
found in Table 2.4 and for the most part match well with literature values.
2.33. Surface Structure Analysis via Atomic Force Microscopy and Visual
Inspection

AFM characterization was utilized to determine topography of surfaces or
molecules on surfaces. Grain sizes of gold and roughness of surfaces and monolayers
were measured andalculated with contact mode AFM. SAMs were also
subsequently characterized and modified via AFM. General AFM technique
information can be found in section 2.4.

A visual inspection of samples was performed. For gold samples made in
house, the transparey was checked. Samples that were transparent had only a very
thin a gold layer and as such did not generally produce meaningful ellipsometry data.
Gold samples with decent thickness were generally opaque. With silanes, any
cloudiness or roughening ttie surfaces was generally indicative of polymerization
of molecules and monolayer formation was compromised. Samples which failed to
exhibit acceptable characteristics were rejected and not used in further studies.

2.4. Atomic Force Microscopy

AFM is a powerful tool for studying features at the nanos€alaVith this
technique, it is possible both to image and to modify surfaces at size scales needed
both to investigate and to control protein surface interactwtfsout moving the
sample. As detailed later, AFM can be used to study biological molecules under

pseudephysiological conditions. AFM has wide flexibility in terms of experimental
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operating conditions (dry or fluid) and the types of surfaces employ&BM
provides the ability in a single experiment to create model structures, image those
surfaces, adsorb protein directly to that pattern, and image the protein without ever
having to expose the surface to another interfacewater) or switch instrumesit

For AFM to be an amenable technique, flat surfaces must be employed to be able to
resolve and distinguish protein features from surface features. Surfaces should be
uniform with low roughness, and robudét.Advantages of gold and silicon are that
they exhibit these requirements aastbw modification to these surfaces via SAMs.
Thus, it is possible to eliminate one variable (the type of surface), but still vary the
chemistry at the surface. The ability of AFM to resolve features down to a few
nanometer length scales (proteins &e@s of nanometers in size) in realistic
conditions (fluid with physiological conditions) makes the technique amenable to
monitoring proteirsurface interactions. The structure and conformation of proteins
adsorbed to surfaces can be determined withaubtiabeling (which could interfere

with natural adsorption modes). Additionally, AFM is capable not only of creating
patterns of the same or different chemistries but also characterizing these, allowing
determination of the effect of topography and/bemical functionalities on protein
adsorption characteristics. AFM provides flexibility in terms of the types of
functionality and shapes and spatial location of patterns down to molecular sizes with

impressive resolution.
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2.4.1. Technique Descrifon

Atomic Force Microscopy (AFM) is a surface technique that provides surface
topography, friction, force, and phase images. A schematic of a typical AFM system
is shown in Figure 2.10. The typical output is a topographical map of the surface and
any ®mponents adsorbed to the surface. AFM works by raster scanning a sharp tip
on a cantilever across the surface. As the tip encounters features on the surface, the
cantilever deflects vertically. By aligning a laser on the back of a cantilever this
deflection can be monitored, magnified, and recorded as the laser light hits a four
guadrant photodiode detector. The laser is also aligned within the center of this
detector. As a function of position, a map or topographical profile of the surface
featuress constructed. AFM modes include contact mode, tapping mode, friction, or
force T volume imaging, among others. The scanner is calibrated with a
commercially available standard sample.

An AFM chip is a long substrate with one or more cantilever beams
(rectangular or triangular in shape) at one end. At the end of these beams is a
pyramidal shaped portion known as the tip (Figure 2d)0Qlvhich is used to image
the surface. Force constant, resonance frequency and tip radius of curvature are key
qgualities of AFM cantilevers. Depending on the experiment, different tips are
required. The force constant provides insight into tip sturdiness (typical force
constants are tip dependent and range from 0.06 N/m to 14 N/m). Higher force
constants are indicativef sturdier cantilevers and lower force constants, more

flexible cantilevers. Depending on the surface and goal of the experiment, different
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force constants are desired. For etching or robust surfaces, a higher force constant is
desired,; for softer suates, a lower force constant is desired. Resonance frequency is
the inherent frequency at which the tip oscillates (typical values range from 10 kHz to
315 kHz depending on the stiffness of the tip). Tips with low spring constants are
useful for imagingn fluid, while tips with a high spring constant are useful for dry
imaging. Tip curvature describes the shape and size of the tip; typically, the sharper
the tip, the better the resolution (typical values are less than 10 or 20 nanometers).

For our AFMs, the sample size needs to be about the size of an AFM puck
(about one and a half centimeters in diameter) or smaller. Samples were adhered to a
magnetic puck via sticky tabs to secure in place onto the piezo on the instrument.
Sample movement duringaging is undesirable. Resolution and noise in the system
depends on the rigidity of the microscope. Relative movement causes a decrease in
resolution.

Adjustable AFM parameters include scan controls such as scan size, scan
dimensions, scan angle, scgpeed, lines per scan, and feedback controls such as
gains, and deflection setpoint force or setpoint amplitude. Scan size is the area of the
scan desired (nanometers to micrometers). Scan dimensions or aspect ratio involves
control over the length andidgth of images and is adjustable from 1:1 to 256:1 where
the first number is the width and the second the length (so a box or rectangles of
decreasing length). Scan angle or the direction in which the sample moves under the
tip is adjustable from 0 to 3Gfegrees. This means patterns can be made in a greater

variety of shapes (stars, letters, and vs, versus just bars, boxes, or ts). Samples/line or
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lines per scan is a factor of the data points collected during the scan (for our purposes
this is set at th maximum, 512 lines per scan). Scan speed or rate is how fast the tip
moves across the surface. Typical scan rates for imaging in contact moee lde 1

and in tapping mode are2lHz, and adjusted as needed. Gains (both integral and
proportional) dal with how well the tip tracks the surface and can be adjusted as
need be. Deflection setpoint determines how hard you are pressing into the surface or
the force applied to the surface. Typically, if simply scanning a surface this value is
set as low apossible (0.11 volts), to minimize imaging forces which could disturb

the sample. The greater the voltage, the greater force the tip applies to the sample.
This can be calibrated to determine the amount of force applied. In tapping mode, the
feedback parameter is the amplitude of oscillation, which decreases as the tip
approaches the sample.

Image options utilized include height, deflection, friction, or phases with
adjustable height or voltage scales. For the types of samples investigated in this
work, height scales were typically set to ten nanometers. These scales are color
coded, with a gradual decrease in the color shade indicative of higher points on the
image (brighter spots are higher off the surface; darker spots are deeper on the
surface). Voltage settings are similar in that a color gradient represents different
voltage values. Images can be obtained in the trace or retrace scan direction. This
feature enables a check to ensure the image is same both directions. This helps to
disregard o eliminate artifacts (somewhat) and is a key element in obtaining useful

friction images.
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Figure 2.10: a) AFM Schematic, b) SEM tdpwn image of AFM cantilever and tip (Courtesy of Dr.
Jill E. Headrick, University of Kansas), and c) Magnified sidev picture of AFM cantilever and tip
(with assistance from Gregory J. Smith).

77



2.4.1.1. Contact Mode

Contact mode AFM involves simplyringing the tip into contact with the
surface and then raster scanning the tip along the surface. Tip is in contact with the
surface and closely tracks surface features via software that controls the deflection
voltage to match the setpoint voltage. Taser signal from the top two quadrants of
the photodetector minus the bottom two quadrants (vertical deflection) is monitored.
The output is a topographical map of surface features and anything adsorbed on the
surface. This topography is viewed with @ight scale bar where a color variation
indicates surface features; the lighter the color, the higher thedeatd the darker

the color the lower the feature. A completely flat surface exhibits little to no color

variati on, as exemplified in a 2.00 em

atomically flat mica (Figure 2.11). The dimensions of the surface aadsmrbent
features can be measured. In contact mode, since the tip is in contact with the

surface, a lateral force is applied to the surface and anything adsorbed on the surface.
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Figure 2.11: AFM heightimage of atomigall f | at mucosix2aO@i em 8c@80 amea wi
10.0 nm height scale.
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2.4.1.2. Tapping Mode

The lateral force applied by the AFM tip in contact mode can sometimes be
too much for soft samples such as proteins. For example, fibrinogen was albowed
absorb onto mica and the surface was rinsed and dried. A 2.00 micron by 2.00
micron area was subsequently imaged in contact mode (Figure 2.12a). After
adsorbing protein to a surface and imaging via AFM in contact mode, no protein
appeared to be boundOnly a constant color was observed, the image lacked bright
spots that would have indicated fibrinogen adsorption (the surface was flat with no
variation); the image was very similar to the initial mica surface (Figure 2.11). Then,
tapping mode was Uized to image an expanded 5.00 mictyn5.00 micron area at
the same spot (Figure 2.12b). Fibrinogen molecules were observed on the surface
(brighter spots) except in the 2.6ficron by2.00 micron area previously scanned in
contact mode where the protenolecules were pushed out of the imaging area by the
lateral force of the tip as evidenced by the buildup of proteins at the edge of the
scanned area (See Figure 2.12b). This is because contact mode AFM applied too
much lateral force from the tip toghadsorbed proteins, causing the proteins to be
moved (cleared) from the scan. This is visible upon zooming out and switching to

tapping mode (a gentler imaging mode).
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Figure 2.12: Importance ofalp pi ng Mode f or Sof't Sampl es. a) 2. 0
AFM height image of fibrinogen adsorbed onto mica imaged with a 4.0 nm height scale; no evidence
of protein adsorption observed. b) 5.00eam x 5.00

with a 4.0 nm height scale; the area previously scanned is free of protein because the lateral force of
the AFM tip pushed the protein molecules across the surface to the edge of the scan area.
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Tapping mode relies on properties of the cantilever.tapping mode, the
cantilever is tuned to a value close to the resonance frequen89, K8z or 126405
kHz depending on the cantilever set used. In fluids, this tuning value is much lower
(10s of kHz). Then, the cantilever is oscillated while it scanssa the surface and is
intermittently in contact with the surface. The setpoint tip amplitude is related to the
force applied to the sample. The change in amplitude of this oscillation is monitored.
As the tip hits a feature on the surface, the annbditis dampened. This produces a
topographical map of the surface and anything adsorbed to it, as in contact mode.
However, tapping mode applies less lateral force to the sample than contact mode,
enabling imaging of soft materials such as proteins.
2.4.1.3. Friction

AFM is typically used to obtain topographical information, but often
additional information that goes beyond topography is desired. To gain further
information about the surface features, another mode, friction, can be employed
simultan®usly with contact mode. Friction mode allows the determination of
different chemistries at the surface, even when the heights of such features are the
same. One example of this, a }irddecanedithiol star shape (approxirhaje 1 0 & m
l ong by 2 em wide bars at 45d{dodecénbthiol and
SAM resist matrix shows that the heights are roughly equivalentdiomension
schematic in Figure 2.13a). The resulting AFM image shows no variation in height

within the star pattern region (Figure 2.13b). Just by viewing the height image, it is
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not possible to discern successful patterning. Thus another mode of imaging, friction,

was necessary to view this pattéfn.
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Figure 2.13: a) Schematic of 1;Lhdecanedithiol grafted intododecanethiol matrix SAM on gold.

b) 15x105.e0m ¢ m AF M h e i-gntetanddithial gter pattdrnedLintadddlecanethiol
resist matrix on gold with a 20.0 nanometer height scale.
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Friction mode is performed at a scan angle of 90 degrees and works by the
cantilever twisting as it moves across the surface. The laser light detected on the
photodiode in the left two quadrants minus the right two quadrants (horizontal
deflection) ismonitored. Friction mode images are the result of attractive forces of
the tip to the surface. This attractive force depends on the type of chemistry on the
surface and thus changes with a change in chemistry or functional group(s) on the
surface. TheAFM tip used is generally silicon nitride, which is hydrophilic. As
such, the tip has a greater affinity for hydrophilic surfaces than hydrophobic surfaces.
Thus as the tip scans, it will be more attracted to hydrophilic features and less so to
hydropholic features. If the surface is of uniform chemistry, the friction will be
uniform. However, as the tip scans a hydrophobic surface with a hydrophilic pattern,
the friction will be low on the hydrophobic surface and once it reached the
hydrophilic patternthe magnitude of the friction will increase until it reaches another
hydrophobic portion were it pulls off. The cantilever twists in one direction in trace
scan and the other direction in retrace scan. Mapping out this difference between the
two tracescans results in a friction plot or image. This phenomenon is opposite in the
trace and retrace direction of scanning and thus a contrast between the two is
observed (see Figures 2.14). The friction images example is a 15.0 micron by 15.0
micron image ofa star 1,1dundecanedithiol (hydrophilic) pattern into a 1
dodecanethiol (hydrophobic) resist matrix. The trace image (2.14a) has a dark star

compared to the matrix background while the retrace image star is lighter (2.14b).
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Thus, according to the fricn images, the chemistry within the pattern differs from

that outside the pattern as expected and grafting was successful.
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Figure 2.245. 0 1&mOAEM friction i mages of a) trace a
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2.4.1.4. Imaging Conditions (Dry versus Fluid)

AFM measurements can be performed in dry (ambient air or vacuum) or in
fluid environments. Dry measurements are standard and involve a regular tip holder
with ambient lab conditions. No special precautions are necessary for dry
measurements. Dry imagingferfs a flexible, quick, and facile set up. The sample is
merely adhered to a puck and placed on the piezo. The tip is placed intp the
holderand set into the AFM. Then the laser is aligned, the laser signal maximized,
and centered on the photodiodeThen one can engage and image a surface.
Additionally, with dry imaging, surface modification(s) is (are) feasible.
Additionally, dry imaging often provides better resolution than fluid imaging.
Unfortunately, issues with dry imaging exist, especiafiythe case of biological
samples because this removes them from their native environment.

Fluid measurements are performed using a fluid cell. Fluid measurements are
performed when the sample and/or the surface are sensitive to air, when solution
exchange is desired, or in order to carry out reactions. Proteins can be denature
and/or dry out upon exposure to air. Solution exchange allows for systematic testing
of different buffers or buffer conditions with the same surface or introduction of new
commnents to the system. Additional reactions including grafting or
chemical/biological reactions may be performed as well, which typically involves
fluid exchange. Fluid cell measurements involve securing the sample to the fluid cell
via an ering and vacum grease. This creates a chamber containing a portion of the

sample and the tip where fluid can be introduced. The piezo scanner is sensitive to
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fluid (will be damaged if gets wet) thus, special precautions and checks to ensure
fluid does not leak. Fld cell experiments allow surface and sample imaging without
exposing either to the awater interface. The type of fluid introduced to cell can
vary greatly and is limited by adverse interactions with fluid cell, sample;rimgo

Some fluids are bedt for imaging than others. The fluid cell is sensitive (may
dissolve the aing) to harsh organic solvents such as chloroform. Buffer solutions
are usually compatible provided that they are clean and filtered as salts can deposit
from or crash out of dotion onto the surface, which may complicate data analysis.
Also some surfaces are easier to image in fluid than others. For example,
hydrophobic surfaces are sometimes harder to image in fluid due to the appearance of
nanobubbles (image a small air biginstead of surface or adsorberifs)Weak
resonance of caitevers in fluid can lead to difficulty tuning. Additionally, some
cantilevers have a resonant frequency, which falls in audible rar2@H® and can

be eapiercing.

Despite these drawbacks, fluid measurements are often crucial for success of
expermental objectives. Dry modifications are incapable of patterning thiols because
simply etching of a thiol on gold dry does not work because the thiol molecules fill
back into the spdt. Fluid experiments are also necessary when grafting thiols into
thiol SAMs on gold. Additionally, imaging in fluid allows one to view the same spot
and monitor changes oveéime. Advantages of fluid imaging include ability to

modify surfaces and mimic physiological conditions.
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2.4.2. Biological Imaging

Biological imaging provides insight into the conformation or orientation of the
adsorbed molecule. In the case obtpins, this can provide information on the
degree of denaturation and spreading of the protein on the surface after adsorption.
Additionally, this can determine potential functionality, for example addition of
antibody to determine if binds to its antigé 32 or DNA hybridization®® or addition
of thrombin to see if polymerization occdfsprotein oligomerizatior® or bacterial
shape changes upon antibiotic treatméhts, rotation in the case of ATPa%eetc.
Tapping mode is typically essential for imaging biological samples such as proteins.
As seen earlier (Figure 2.12) the lateral force in contact mode can move soft samples
such as proteins out of the imaging area.y Dmaging may be performed to get a
general idea of protein shape on the surface and typically yields better resolution of
the protein. However, fluid measurements often mimic the protein environment
better and have the advantage of not exposing the sanglproteins to the air/water
interface. This may be needed to maintain the protein in pssatde environment,
perhaps lessening the likelihood of the protein to denature. Immobilization strategies
play a critical role in the ability to image pratsi with AFM2® A wide array of
proteins systems and other biological molecules adsorbing to surfaces have been
studied. These include but are not limited toAXN purple membrane surfac®sg-
ring of ATPasé€ *° proteins'? and antibodie&" °> among others. Protein changes

have been observed as well, including conformational changesymerizatior’

and subsequent binding evefitsFigure 2.15 shows an example AFM height image
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(=150 nm by 150 nm) of two fibrinogen molecules on a graphite surface. The bent

trinodular structure of these molecules is clearly evident.
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Figure 2.15: 150 nm 150 nm AFM heaght image of fibrinogen adsorbed onto graphite with a 4.0 nm
height scale.
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2.4.3. Patterning via AFM

AFM is also useful for surface modification or patterning at the micron scale
and even down to the nanoscale. The size and shape of patterns depiedsnge
of the scanner and the creativity of the user. The maximum scan size (for a single
pattern) depends on the range of scanner used;3¢apé llla and Nan&copé& E
have a maximum scan size of 13.2 and 17.2 sgquam®meters respectively, whike
NandScop€ J has a maximum scan size of 100 squmicrometers. The minimum
pattern size is limited by the size of the tip; typical radius of curvature for tips is less
than 10 nanometef§. Pattern shape is controlled by modifying the dimensions and
scan angles to suit desired pattern. Pattenge from simple boxes or line to more
complex patterns of letters, words, stars, and other shapes, to even more sophisticated
and elaborate patterns such as symbols, networked systems, scribes and even a school
seal (UC Davis Sed) An example patterned | mage,
height i mage of the |l etters AKO and dAUO
initials for the University of Kansas, is shown below (Figure 2.16). Patterns can be
created either via direct metlt®or automated with control over the sizes of patterns,
both length and width. Additionally, either individual patterns or arrays of patterns
(with a multiple cantilevers) can be created with AFM. Applications of AFM
patterning include wire fabricationprotein and/or cell patterning, and devices
fabrication. Patterns have been created using AFM that range as small as 10

nanometers to as large as one miéfaamd J scanners can get up to tens of microns.
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For types of srfaces and films, see sections 2.2.1.1 and2&4 Typical
surface modifications include etchifigr grafting® *°° (Figures 2.172.18). Etching
involves mechanically scratching either the surface itself or removing part of a self
assembled monolayer and exposing the underlying surface or film. To etch a sample,
a greater force is applied to the samplar(pared to the force needed to just image
the surface). Typically this deflection setpoint is between9%¥, which is
equivalent to applying a greater force to the sample. It is often useful to also increase
the scan speed (typically from 2 kHz to ab&ukHz) while etching. Typically, the
surface is imaged, the scan size is reduced by zooming in and then an etch pattern is
made. To check that etching worked, the force is reduced back down and the sample
is imaged on a bigger scale. An example o thishown in Figure 2.17b, where four
400 nanometer by 400 nanometer boxes were etched intdodetene SAM and
then imaged at a lower setpoint voltage to obtain a 5.00 micron by 5.00 micron AFM
image of these patterns. The boxes were measured anavaa@bout the intended
400 nnf area with approximately 11 nanometer depth. This depth is through the
monolayer and into the underlying silicon substrate. Therefore, the monolayer was

selectively removed within the etched areas.
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Figure 2.17: a) Etching schematic. Left islddecene SAM on Silicon. Middle shows that by

applying more force at a faster scan rate with the AFM tip, the monolayer of scanned area is
selectively removed. And the right image shows the etcheal aBy decreasing the force and scan
rates, the monolayer with the etched area may be
etched pattern with a 1®nm height scale. Four 400 nt00 nm boxes etched intedbdecene SAM

on silicon, the moolayer of scanned area was selectively removed within the patterns.
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Grafting involves a two step process where first the SAM is removed as in the
etching procedure above with faster scan rate and higher force and then another SAM
(or set of molecules)lks in the spacé” %1% For thiols, grafting must be performed
in fluid solution of the grafting thiol in ethanbkecause if performed dry, the removed
molecules will readsorb to the surface and fill in the etch sffaée example of this
is shown in Figure 2.18b, where a 500 nanometer by 500 nanometer area (box) of 1
octadecanethiol was grafted into -@ddecanethiol SAM and then imaged at a lower
setpoint voltage to obtain a 5.00 micron by 5.00 micron AFM imagei®fptttern.

The box was measured to be about the intended 56@nem with approximately 0.9
nanometer height increase over the matrix monolayer. This increase is comparable to
the expected height difference of 0.76 nanometers for 12 to 18 alkaneithiel/an

closer to the value of 0:89 nanometers per difference between ellipsometric
measurements of comparable SAMs and was highlighted in thesgroisn imagé?

The rest of the monolayer was intact and of even height. Therefore, the monolayer

was selectively removed and replaced within the grafted area.
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Figure 2.18: a) Grafting schematic. Thé& Echematic shows adodecanethiol SAM on gold. The

middle schematic shows that by applying more force at a faster scan rate with the AFM tip, the
monolayer of scanned area is selectively removed and by performing this in a solution of another thiol
(1-octadecanethiol in this case), that new thiol is grafted into the area. The right schematic shows the
grafted area within the initial SAM matrix. By decreasing the force and scan rates, the monolayer with

the grafted area may be imaged.1b) 00 &£®0 xe h AFM hei g.bbomheightsgale wi t h a
of 1-dodecanethiol SAM matrix on gold with graftedottadecanethio(500 nm x 500 nm)pox,

outlined with a white box frame for clarity and corresponding esession across pattern to higtiig

height difference.
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Challenges in both etching and grafting include the following. Drift may be
an issue, as such, typically it is beneficial to scan the area to be patterned before and
after etch or graft to minimize this drift and improve patteror dtching, sometimes
even if the force is substantially increased, it is not possible to remove all of the
monolayer'®* The aility to etch into and through a monolayer on a surface depends
on the attachment chemistry of monolayer on surface. For example, with alkyl
silanes on silicon, depending on the surface active groups at the binding end of the
molecule, this may be more tess difficult. If the alkyl silane contains a trichlero
versus a monochlor@nd group, then a significant difference in both ctogsng to
other molecules and surface packing. If SAM molecules are-tintgsl to each
other as well as bound toetlsurface as in the trichloro case, it is more difficult to
penetrate the layer and completely remove the monolayer. Figure 2.19a depicts an
example of this with a 6.00 em by 6.00
increasing size down and to the lgigrtially etched into an octadecyltrichlorosilane
monolayer. The crossection shows a section of the top three boxes (red, green, and
black lines correspond to the boxes starting from the top of the image, respectively).
All boxes are consistent in digp about 0.4 nanometers deeper than the background
matrix. Since the height of the monolayer was about 2.5 nanometers, these etches did
not successfully remove all of the monolayer. If the SAM molecules are not cross
linked and bound to the surface sianeously as in the case of
octadecyldimethylchlorosilane molecules with one chlorine and two methyl end

group molecules, than the monolayer is more easily disrupted due to an increased
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number of defect sites and molecules are easier to remove as ldssbed be to be
broken. Figure 2.19b depicts an exampl e
height image of two 500 nm by 500 nm boxes etched into an
octadecyldimethylchlorosilane monolayer. The cr®sstion shows a line section
through approximatelyhe center of both boxes (red line for top box and green line
for bottom box). The depth of both boxes was consistent at about 13 nanometers into
the monolayer. Since the height of the monolayer is about 1.0 nanometers, these
etches did successfully rewe all of the monolayer and went into the silicon oxide
substrate beneath the monolayer as well. Etching capability depends on the
attachment chemistry of the monolayer to the surface. When the bond energy is
greater or the monolayer is crdssked within itself, etching is more difficult. On

the other end of the spectrum, it is also possible with some films on some surfaces to
etch away not only the monolayer, but also into the surface beneath, as was the case
with alkene silanes (Figure 2.17b). Adadnally, etches may be incomplete where
part of the pattern etched and another part only partially etched. This can occur if the
tip dulls during etching. However, with some SAMs-alkenes on hydrogen
terminated silicon) it is possible to control thepth of these etches by varying the
applied load or the number of etching passes at a high®lo&igure 2.17 was an
example of such an alkene pattern in which the applied load and number of scans
were high. By adjusting these paramgt@tches of different depths could have been
achieved. This etching variation can be further evaluated by comparing bond energy

differences between the monolayer and the substrate. The relative bond strengths are
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highest for the alkyl silanes, followedly the alkene silanes, and then the alkane
thiols. Thus, it makes sense that it is easier to etch into and through an alkene silane

over an alkyl silane.
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cross sections of a) Four boxes partially etchedantoctadecyltrichlorosilane monolayer and b) Two
boxes etched intanoctadecyldimethylchlorosilane mongkx (Image courtesy of Jill E. Koehler).
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With grafting, because this is performed in solution of another thiol, that thiol
can insert itself into defect sites within the monoldy2r®® Often the concentration
of the grafting thiol solution can be critical to the successful incorporation of these
molecules and controlling single versus multilayer formatfdn. Solution
compatibility and rinse steps to change solutions are imperative as well. Thus,
functional molecules or building bd&s may be at random areas outside as well as
inside the patterned area. Both etching and grafting may have issues with drift. If the
AFM scanner drifts during the scan, then the pattern will be stretched larger than
intended.

Advantages of these sucka modification techniques include the ability to
both modify and image the surface with the same tip without moving the sample. If
moving the sample is required, markers placed on the sample allow for relocation of
the same spot later for reimaging, fdurther analysis, and/or additional
modification(s). Remarkably, monolayers on silicon and etched patterns remain
intact even after long periods of time, sometimes y&ars.

2.4.4. Limitations of AFM

AFM images can be topographic, friction, deflection, or phase, among others.
In the caseof AFM producing a topographical map of the surface, a variation in
height may be evident, but what produces that variation is not. Thus, careful controls
are essential. Solutions containing only molecules of interest are desirable since
contamination guch as buffer salts) will interfere if it adsorbs to the surface. An

AFM image may show that something has adsorbed to the surface, but not what that
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something is. Anything that adsorbs to surface may have a height difference from the
surface, but oneamnot readily distinguish adsorbents without prior knowledge. With
friction, a contrast between the trace and retrace and inside/outside a feature in the
friction images is observed, but it is not possible to definitively say that the chemistry
has changgwithin that area. Rearrangement of molecules can also cause this friction
contrast.  Friction contrast provides evidence that the surface was successfully
modified, but is inconclusive as to the absolute change. Again, control tests such as
FTIR, attabbment of a dye and fluorescence microscopy, or attachment of something
else such as gold nanoparticles and height change monitoring with AFM can be
performed to confirm the success of any chemical modification. Control over
parameters, conditions, and @ibns are thus imperative for decent AFM images.

The resolution achievable by AFM is limited by the size and shape of the tip.
If the tip is wider or bigger than the surface feature, broadening occurs. If the tip is
damaged, surface features may be otuted. Typically, the image shows evidence
of tip damage via doubling. For example, if the image has repeating features and a
check by changing the scan angle to 90 degrees to see if the features were still
repeating but in other direction confirms thilsen the tip is probably damaged. The
tip can become contaminated by adsorbing material from the sample. This results in
a decrease in contrast of the image, or smearing across the image, either of which can
be fixed by removing the material from the &nd reimaging. In both of these cases,

the tip can sometimes be restored by setting a small scan siz28(ith), a higher
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force (59V), and a faster scan speed (~5 Hz), and scanning up and down a number of
times.

Another limitation of AFM is that suaices or substrates used must be uniform
(flat) and clean (free of contaminants) such that one can distinguish adsorbed proteins
from the surface background. Imaging in fluid can help overcome the cleanliness
issue. Additionally, within fluid it is posdié to monitor the same area and thus
overcome some surface feature variation because can see same spot and any changes
over time and thus distinguish between surface features and adsorbent features.
Model surfaces such as graphite, mica, and-asdémbléd monolayers offer this
flatness while still offering the ability to tune the hydrophobicity and even chemistry
at the surface for insight into fundamental protein adsorption characteristics. These
manipulations are limited by the attachment chemisttpheatsurface. Additionally,
when specific surface structure is required, one can manufacture a surface with pits or
patterns to mimic certain types of structures. AFM is somewhat slow, making kinetic
analysis difficult.  Additionally, AFM is critically deendent upon scanning
parameters, which may limit novice users in their productivity. Despite these
limitations, with proper controls AFM imaging allows one to gain valuable insight
into the structure of both the surface and the adsorbed molecules. AFMIés an
excellent tool for studying individual molecules, the time scale is slow. Thus, to
complement these studies, a method utilizing bulk studies on a faster time scale is
desired to provide a more complete picture of not only the conformatiorfferedt

surface but also the dynamics of these pregeirfiace interactions.
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2.5. Surface Plasmon Resonance

Surface Plasmon Resonance (SPR) is a technique in which the binding of
molecules to surfaces can be monitored Kied, in real time, in pseudo
physiological conditions. This is a powerful technique for getting information about
kinetics, which is difficult to get from AFM, so these two techniques are
complimentary. Properties such as specificity, binding affinity, as well as rates of
adsorptionand desorption can be determined for nonspecific or specific binding of
molecules such as proteins to a variety of surfaces have been elucidated with SPR.
SPR has utilized for interactions of small molecules with surf2ée¥? DNA
hybridization!®® and drug interactions with liposomE8!*? among others™
Additionally, SPR has been employed to study protein surface adsorption onto
SAMs?Z?t 14118 5nd polymer surfaces’ or for competitive protein adsorptidif
antibody screening®and proteirdrug interaction$®® 1#
2.5.1. Technique Description

Figure 2.20a shows a typicaschematic of the SPR instrument, a
BiaCore3000. Briefly, the technique involves probing a sensor surface with p
polarized light and sensing the change in refractive index of the surface using the
evanescent field generated at the surface of the meight from a neainfrared
light-emitting diode is sent through a prism onto the sample from the backside. At
angles of incidence of the light greater than or equal to the critical angle, the light is

totally internally reflected. The intensity and angfethis totally internally reflected

light is measured by the detector. When this light is in resonance with the energy of
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the surface plasmons of the gold, the plasmons can absorb the energy from the light,
giving minimum peak intensity of the reflecteght at the angle that corresponds to
this resonance. The plasmon resonance frequency is dependent on the refractive
index. The evanescent field that senses the refractive index of the sample, decays
exponentially away from the surface with a decay fleraf about 200 nm, making
this technique sensitive to surface activity. As the refractive index near the surface
changes, the angle at which a minimum occurs shifts because of this resonance
condition. Because the surface plasmons have momentum ptrdhel surface, p
polarized light is required for their excitation. This phenomenon follows these
equations:
Kparatel= (2 prisdS & )nrd pasmor= (2 gold REMNGAGTH ne

@ resonant angle: pdaiel= Kplasmon

(2 ighrsns | N A picgno) (B2 g + 1

where k is the momentum 6fhe wave vector, & I's the wave
index, and d is the angl e. These equation
be excited, the momentum of the photon parallel to the surface must match the
momentum of the surface plasmor&s the refractive index near the surface changes,
the momentum of the surface plasmon changes, this means that the angle of the
minimum intensity shifts. This shift in angle can be monitored to 0.0d8d1°.
Because this technique relies on the excitation of surface plasmons, materials with
free electrons that support plasmons are required as substrates (gold, silver, and

others).
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Two modes of monitoring this change involve either following the shithef
angle of the minimum in the intensity versus wavelength, or monitoring the change in
intensity at a fixed angle. The former is used in the following set of experiments.
This shift in the angle of minimum intensity can be displayed in a responsesvers
time plot known as a sensorgram (Figure 2-2bAs molecules bind to the surface,
the refractive index of the surface changes, typically increasing, causing the minimum
in the intensity curve to shift. This change in SPR angle is converted to gedhan
response units, which are the typical units for an SPR plot. The higher the molecular
weight of the adsorbent, the greater the change in refractive index at the surface and
the greater the response (RU) from the SPR. Monitoring this change oeer tim
produces a sensorgram from which the adsorption and desorption properties of
analyte binding can be elucidated. By carrying out experiments at a number of
analyte concentrations, one can fit the traces to obtain the adsorption and desorption
rate constats with appropriate models for the binding. In addition, by comparing the
adsorption on different surfaces, information about the relative affinity can be
obtained. The amount of analyte bound to the surface can be determined from the
change in refracte index (from initial baseline) after dissociation. The specificity of
an interaction can be determined by varying the analyte and/or ligand and
determining if a binding event occurs or not.

SPR parameters include detection, flow path, flow rate rgadtion options,
among others. Each integrated fluidic cartridge (IFC) system contains four flow cells

through with liquid can be introduced. This IFC seals to the sensor surface. A
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method was constructed to fit experimental goals. A BiaCore300fhadifferent
channels that can use; either one or two of these channels can be used as reference
channels to enable subtraction of any change in response associated with or due to
nonspecific binding or difference in refractive index between solutidbstection

can be on any of the four flow cells or various combinations of channels. Detection
can also automatically subtract out a reference cell from the sample cell. Flow path
can be through one cell or multiple cells. Injection options utilizedided regular
injections or kinjections. Regular injections are typical injections for method
development or control injections, while kinjections offer more a precise injection
segment and control over association and dissociation times and are imfmrtant
kinetic studies. Flow rate can be anywhere from zero tehandred microliters per
minute. Flow rate is important for overcoming mass transport limitations. Sample
injection volume is limited to five to 250 or 325 microliters depending on thedfype
injection?

Several methods of analyzing systems can be accomplished with SPR. In the
experiments presented in this dissertation, both nonspecific and specific binding of
proteins to surfaces were estigated. Clearly, using a reference cell to subtract out
the contribution from binding and refractive index changes in the case of nonspecific
adsorption is not possible, and complicates the analysis slightly. In nonspecific
adsorption studies, the pein of interest is injected unto a surface. The adsorption of
the protein to the surface is monitored over time. The terminal chemistry at this

surface can be tuned to study nonspecific adsorption on a variety of surface
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chemistries. In specific adsaign studies, a specific component of the analyte is
targeted for binding to the ligand on the surface. More details of nonspecific and
specific adsorption characteristics are provided in sections 2.5.2.1 and 2.5.2.2,

respectively.
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Figure 2.20: a) SPR schematic. b) Plot of Intensity versus Angle of Incidence with changes from | to
Il indicated. c) Typical Sensorgramthiregions of solutions and changes from | to Il indicated.
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2.5.1.1. Surfaces

Chemistries utilized for nonspecific adsorption studies include bare gold
surfaces (2.4.1.1) and alkane thiol monolayers (2.5.2) of various terminal chemistries
(1-octadecarthiol CH3(CHy)17SH, ldodecanethiol CH3(CH,)11SH, 4
aminothiophenol NH,;C¢HsSH, 1Xaminol-undecanethiol, hydrochloride I
"H4N(CH,)11SH, 1Xtmercaptel-undecanolOH(CH,)1;SH, 1Etmercaptoundecanoic
acid HOOCH(CH,)11SH, 1,6hexanedithiol SH(CH,)eSH or 1,11undecanedithiol

(CH,)11SH, etc.) on gold. These surfaces were chosen to allow sufficient variety

in terminal chemistry properties to elucidate binding affinity and kinetics behavior.
This potentially allows determination of factors important in contrgllprotein
surface interactions. Specific chemistry studies include use of an NTA chip and His
tagged proteins. This allowed for verification that the chemistry utilized in AFM
patterning studies was functional and specific. It also will allow for tiigse
determination. Further details will be discussed in section 4.3.2.
2.5.1.2. Sensorgram Details

A sensorgram displays the output or results of an SPR experiment (Figure
2.20c). Sensorgrams are plots of SPR response (RU) versus time (secotidfy, Ini
the system is allowed to equilibrate until a flat baseline is observed. When sample is
injected, an increase in response will occur if molecules bind to the surface. If this
response levels off during binding, equilibrium is reached where mekaie
adsorbing and desorbing to the surface at the same rate. When buffer is reintroduced

to the system, some or all of those molecules desorb (come off the surface), and a
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decrease in response is observed. If the response does not return to the leasd|i

some of the protein or ligand is left on the surface. To repeat measurements or inject
a different analyte concentration, the surface must be regenerated so that the response
has returned to baseline level. A regeneration solution is injectednieracts with

the molecules of interest to remove them from the surface. In some cases this is a
straightforward and simple disruption and in others this is more difficult or possibly
not achievable. Regeneration solutions range from simple satios@ to solutions

of different pH, to surfactants, to dilute organic solvents, to competitive ligands, and
to other solutions. In some experiments, regeneration is facile and by simply
injecting a competing ligand a known interaction is disrupted. abes where the
surface interaction is unknown or multifaceted, this tends to be a more difficult or
even insurmountable task. If regeneration is not feasible and additional studies with
increasing concentrations of analyte are desired without a new euffaetic
titrations?% it may be imperative to take into account that the number of available
binding sites on the surface may have changed (decreased) and consider this when
fitting data.

A reference cell is oftensed in SPR experiments with specific adsorption in
which the surface is not activated in that cell but is activated within the sample cell.
This allows for any change in refractive index of sample solution from buffer to be
subtracted from the sample IcelAdditionally, any nonspecific analyte binding will
also be removed by subtracting reference cell data from sample cell data. The

advantage of this is that the final sensorgram contains only information pertaining to
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the analyte response to the surfa&ensorgrams can provide information on affinity,
kinetics, specificity, and concentration of analyte interactions with the surface.
2.5.2. SPR for Protein Adsorption

SPR has several advantages for protein surface interaction studies. As a label
free tchnique, proteins can be studied without a label potentially disrupting or
altering its adsorption properties. Since the mechanism involves flow, samples are
held in an aqueous environment without exposure to air. Thus, proteins are kept in
pseudephysbplogical conditions. This enables real time monitoring of protein
adsorption and extraction of adsorption and desorption rate constants. Variations of
conditions are easily achieved by simply changing the buffer or the flow rate. This
allows for multipke tests to be performed, allowing for further analysis on the same
surface to determine reproducibility as well as elucidation of kinetics details of
binding. The substrate can be changed to measure interactions based on surface
hydrophobicity or chemisyr Nonspecific and specific methods of study for
investigating protein surface interactions were performed to study protein adsorption
and desorption. Nonspecific methods allow for a more general idea of protein
adsorption to be studied with a variatitm surfaces studied as in the fibrinogen
studies (Section 3.3.2). Specific methods allow for determination of success of
specific interactions as in the case with ATPHsg and a nickel iofi NTA surface

(Section 4.3.2.1).
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2.5.2.1. Nonspecific binding

One atypical method of monitoring protesarface interactions with SPR is to
monitor the nonspecific adsorption of proteins to surfaces. This method involves an
injection of protein over the surface and observing the adsorption behavior. By
controllingthe chemistry at the surface as well as the solution conditions, adsorption
properties can be analyzed. Potential interactions of nonspecific adsorption include
hydrophobic, hydrophilic, and electrostatic. Analyses of sensorgrams provide details
about he affinity of the protein for the surface, the strength of that adsorption, as well
as the rates of adsorption and desorption of the protein from a variety of surfaces.
This would allow elucidation of important components required to promote or inhibit
binding or potentially even for disruption of binding. Knowledge of fundamental
properties involved in protein adsorption should enable more accurate control in
design of materials to selectively bind or inhibit protein adsorption and provides
methods of potein removal from surface if it was undesirably adsorbed.
2.5.2.2. Specific binding

A more typical method of monitoring protesurface interactions with SPR
involves monitoring the specific adsorption of proteins to surfaces. In this case,
typically a ligand is bound to the surface. The target analyte is then introduced to the
flow cell and allowed to bind to the ligand. Then buffer is reintroduced into the
system to remove any unbound analyte. A regeneration solution may be applied to
disrupt the specific interaction and regenerate the surface (return the baseline

response back to the initial level). To make analysis simpler, a reference cell is
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employed in which the ligand is either blocked or not introduced to the cell. In this
case, the chae in the refractive index between the analyte solution and buffer as
well as any potential nonspecific adsorption of the protein to the surface can be
monitored. Subtraction of the sensorgram of the reference cell from the sample cell
results in a sensgram containing only the response from specific preseiriace
interactions. Determination of the specificity and strength of binding can be
elucidated from the resulting sensorgram.
2.5.3. Extraction of Kinetics Parameters via SPR

Kinetic fits usingspecific binding models allow determination of the rate of
adsorption (¥ and rate of desorption dkfor the analyte interaction with the surface.
Depending on the interaction studied, different binding models need to be applied.
The typical methods arl:1 Langmuir binding, heterogeneous binding, and others.
The 1:1 Langmuir binding states that one analyte binds to one spot on the surface.
The heterogeneous binding model involves the analyte binding independently to
multiple binding sites on the sade. Other binding models take into account other
situations as well. These models provide one versus two sets of binding constants
that take into account one versus multiple different attachment sites. Detailed
information about kinetic fits and equats involved have been reviewed and
includes factors such as occupied binding sites, maximum response at equilibrium,
concentration, and rates of adsorption and desorptitfi**°

The shape of the curves provides information about the binding properties of

the analyte to the surface. The steeper the initial slope, the quicker the molecules are
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adsorbing @ the surface and the fewer molecules are desorbing from the surface. If
adsorption and desorption of molecules reaches an equilibrium, the curve will flatten
off at the top. Upon buffer exchange, molecules can desorb or be removed from the
surface. Som or all of the adsorbed molecules will desorb upon introduction of
buffer to the system. The steeper the slope of this desorption part of the curve, the
more readily the molecules desorb and the less tightly the molecules were bound to
the surface. Afteswitching back to buffer and allowing time for desorption, some
molecules may remain bound to the surface. This allows for determination of analyte
concentration on the surface. Analyte affinity for the surface can be determined by
both the adsorptioand desorption properties.
2.5.4. Limitations of SPR

Similar to AFM studies, SPR will show a response whenever anything binds
to the surface. The response is not specific to one particular analyte. Any adsorption
to the surface will produce a respons8PR detects a change in refractive index,
which can be caused by adsorption of any species and even from just changes in the
solution composition. Therefore, careful control and calibration is required to ensure
that the response is really due to theusoh of interest. The purity of the protein
solution was critical in these experiments. Other limitations include baseline drift,
which is usually minimal if solutions have been equilibrated to room temperature.
For kinetics, mass transport limitatiomsust be taken into consideration. If the
arrival of the protein to the surface is limited by mass transport, then the observed

rates are not the true kinetic rates. SPR has a limit to the molecular weights
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measurable. The response of a larger anatytauch larger than a small molecule,
therefore it is preferable to attach the small molecule ligand to the surface and
measure the binding of the larger protein molecule. Experimental design is critical.
Carryover, or transfer of sample either betweegusatial injections, flow cells, or
vials, may be an issue, extra clean and other steps can be taken to avoid this.
Refractive index changes of the solution can dominate the signal due to binding of the
analyte if the composition of the buffer and adsorptsolution are very different.
Competitive reactions require additional controls. The response in a SPR experiment
depends sensitively on distance, and therefore very thin samples are required, due to
the decay of the evanescent field of about 200 n@olutions used must be
compatible with the BiaCore parts, including the IFC, tubing, etc. Therefore,
primarily aqueous solutions are used, depending on the instrument. Combinations of
solutions are important too, if something precipitates out on thiemnsyshe IFC may
become clogged; solution compatibility should be determined before injecting into
the system. Routine maintenance is critical for optimal instrument performance to
maintain pristine flow channels. SPR instruments are expensive to upketply
due to clogging of the small channels within IFC, which requires IFC replacement.
Despite these limitations, SPR is a valuable tool for proteisurface
interaction studies, especially when analyte is scarce. SPR provides bulk
measurements foanalyte surface interactions including affinity, concentration,
specificity, and kinetics of binding, both nonspecific and specific. SPR studies have

been performed for such diverse applications in order to elucidate binding targets for
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drugs'® to study immunoassay$’ %

to study interactions between biotin and
streptavidin*® to determine histidinéagged protein adsorptidf’ and to determine
potential protein resistant surfaces.

2.6. Fluorescence Microscopy

One way to verify that a functional group (such as a thiol) is exposed on a
surface or within a patteris to attempt to specifically or covalently attach a
fluorescent molecule to that moiety and observe the resulting fluorescence via
fluorescence microscopy. If the sample or region of the pattern exhibits enhanced
fluorescence, than there is evidencd tha moiety was accessible to attach / bind to
the fluorescent molecule. Positive and negative control studies with-@Wdiage
reactive thiolterminated or resist methtgérminated monolayer can be performed to
check this specificity and confirm rdss. Common types of reactive moieties on
dyes include maleimide, thiol, active ester, amine, carboxylic acid, isothiocyanate,
alkynes, among othefd® These react with chemical groups such as amines, thiols,
ketones, carboxylic acids, aldehydes, azides, among others, on the analyte or the
surface’*!

Fluorescence microscopy works by irradiating a sample with light and
recording the light emitted. After initial excitation of an electron in a conjugated dye
molecule by the icident light, the electron relaxes back to the ground state through
the emission of light (fluorescence). The wavelength of excitation and emission is

dependent upon the dye molecule probed in the experiment.
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2.6.1. Dye Molecules

Control studies to adirm availability of terminal thiol with dithiol SAMs as
well as interaction with maleimide functionality were performed with maleimide
fluorescent dyes. Each of these dyes has a maleimide functional group attached to a
conjugated ring system. Successdttachment of fluorescent dye to terminal thiol
will result in fluorescence under appropriate conditions.

Dye molecules utilized included Texas Red®mGaleimide (G/H3zeN4O0sS,),
Alexa Fluor® 488 G-maleimide (GoH2sNiNaO;,S;), fluoresceirs-maleimide
(C4H13NO), and Oregon Green® 488 maleimide 46 :F.NO;) from Invitrogen
(catalog numbers T6008, A10254, F150, and 06034, respectively).

Excitation for Texas Red is green at 582 nm and emission is brilliant red at
600 nm. Excitation for Alexa Fluor 488 is blue at 493 nm with green emission at 516
nm. For fluoresceai and Oregon Green® 488 Maleimide, the excitation is blue at 492
nm with green emission at 515 nm. During emission, these wavelengths are all
shifted to longer wavelengths than the excitation wavelengths due to loss of energy
from molecular vibrations whethe fluorophore is within the excited states before
relaxing back to the ground state energy levels. This red shift in wavelength is
termed the Stokes shift and the magnitude of this shift is determined by the electronic
structure of the fluorophore. h€ excitation and emission wavelengths reported here
are the maximum where the efficiency is the highest. As shown in the spectra below
(Figure 2.21), both excitation and emission have a broad wavelength range over

which energy is adsorbed or emitted.
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Fluorescence Spectra: Intensity versus Wavelength (nm)
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Figure 2.21: Example Fluorescence Spectra of Oregon Gteen.
2.6.2. Attachment Strategies

For the fluorescence microscopy studies, all fluorescent molecules contained a
maleimide moiety. Therefore, for these maleimide fluorescent molecules, maleimide
thiol chemistry was utilized.The double bond in the maleimide group reacted with
the thiol to form a covalent bond (Figure 2.24). However, before this step can occur,
it is imperative to ensure that free thiols are available. Disulfide bonds can occur
between neighboring dithiolsound to the surface, or between a dithiol bound to the
surface and one that was free in solution (Figure 2.22). If a disulfide bond is present,
those thiols are not available for reaction with the maleimide group. Therefore, the
maleimide reaction wasepformed after incubating the surface in a solution of tris(2
carboxyethyl)phosphine (TCEP) to break any such disulfide bonds (Figure 2.23).

The purpose of these fluorescent studies was to confirm that a thiol terminal group

121



was available for further checal reaction (with maleimid&TA), which is why this

specific moiety (maleimide) was chosgn.

HS
S
HS s~ S—S
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Figure 2.22: Schematic of@thexanedithol adsorption to gold film. a) Ideal SAM formation of
single monolayer, b) 1;6exanedithiol bound to the surface with disulfide bond to a free dithiol in
solution, c) two 1,éhexanedithiol molecules bound to the surface with a disulfidadbetween the

terminal thiols.
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Figure 2.23: Schematic of TCEP reaction with disulfide bonds. a) TCEP, water, andtwo 1,6
hexanedithiol molecules bound to the surface with a disulfide bound between the terminal tthiols, an
b) After reaction TCEP is oxidized and the disulfide bond between the taWeghedithiol

molecules on the surface has been reduced yielding free terminal thiols.

The fluorescent dye was dissolved in buffer with a small amount of TCEP.
Note, afte TCEP addition it is crucial to test the pH of the solution and adjust if need
be to back within a pH range of 7.0 to 5. This is critical in maintaining an
environment in which the maleimide remains reactive. Buffers with pHs above or
below this pH range will result in low or minimal dye reaction with available thiols
and thus a false negative. After abouthaur or two of dye solution incubation at
room temperature or overnight at82C, the sample was removed and rinsed

thoroughly with buffer and water and dried with nitrogen gas before imaging. All
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solutions were protected from light by wrapping containargaluminum foil and

working in the dark.

HS

A S

Figure 2.24: 1 exanedithiol molecule on gold surface, after addition of malehthyeea thioester
bond has formed between the terminal thiol and the maleimide group.

Additional fluorescence microspy studies were performed with protein
samples as another test to confirm protein was successfully bound to the surface and
within patterned region. For these studiesAFPasehis protein was modified to
include a R ospishbz0 dRromad t u w ie tildbleUsysteinea graup to
fluorescently label the protein via the same maleintii@ chemistry. For the
attachment of fluorescein to the cysteine on the Rop, a similar attachment strategy
was utilized via thiol maleimide chemistry. Steps taken to awli this labeling can
be found in section 2.7.2.2. The protein was then specifically bound to -nickel
nitrilotriacetic acid bound to the entire surface or within a patterned region and

imaged via AFM and fluorescence microscopy.
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2.6.3. Limitations of Fluorescence Microscopy

While fluorescence microscopy can be an advantageous technique for study
and confirmation of available functional groups or patterning success, some limits
exist. Fluorescence from nonspecific adsorption of dyes to surfaces cato lead
conflicting results. If the protein of interest does not naturally fluoresce, a fluorescent
l abel mu st be attached to observe the
adsorption properties. Any thiol in the protein (in a cysteine amino acid) beuld
labeled with the maleimide dyes utilized. It this is an issue, it is generally possible to
engineer out these cysteines for a nonreactive amino acid to eliminate any extra
cysteines if this is an issue. However, most proteins have less than twot percen
cysteines, so this is not typically an issue or necessary action.

Additionally, dyes may be quenched or photobleached upon exposure to
reactive molecular oxygen and light dyes. This means that prior to the emission of
fluorescence, the excited eneigigte transfers energy to oxygen or light and thus has
none left for fluorescence. Sometimes if a fluorophore is too close to a surface, the
surface can steal the excited energy from the fluorophore, quenching the signal.
Another pathway of decay whiclirainates observed fluorescence is photobleaching,
in which the molecular structure of the molecule changes such that it cannot adsorb
additional excitation light enerdy> This means that evéfithe dye is attached to the
surface or protein, it may not be observed via fluorescence microscopy. This
necessitates control studies to ensure that the dye is still active. Other technical

difficulties complicate the process. One of these is thasiteeof the fluorescence
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pattern matters. Any patterns created need to be fairly large, greater than hundreds of
nanometers or even microns, to detect. If a large surface (millimeters) is used in the

study, even if the pattern is large (microns), lowthis pattern could be like trying

to locate a needle in a haystack. One way this was overcome laborious search was to
make visual landmarks near the pattern of interest as a reference point in order to

zone in on the area of the pattern.

Even with tlese limitations, fluorescence microscopy offers confirmation of
chemistries and patterning and serves as a valid control system. With the added
advantage of a low background signal, this technique provides not only high
sensitivity but also high selecttyi
2.7. Sample Preparation

Protein samples and corresponding solutions were prepared per details in the
following subsections.

2.7.1. Fibrinogen

Fibrinogen (bovine) was ordered through Sigfddrich and stored at20°C.

Fibrinogen solutions were praged by dissolving 0.0010 grams of fibrinogen into 10

milliliters of 50 mM phosphate buffer (pH experimentally controlled at either pH 7.4,

4. 0, or 5.8), creating stock solution one
inverted to mixed and fitered rugh a 0. 22 em f il ter. On e
solution one was combined with 49 milliliters buffer to create stock solution two (2

eg/ mL) . Finally, two milliliters of stoc

buffer to creat e salutidh. Eurtregdiuidns were lmade aso g e n
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necessary. Alternatively, 0.0020 grams of fibrinogen was combined with fifty
milliliters of buffer, mi xed, filtered thi
eg/ mL fibrinogen sol ut iAddiional dildions forsSPR i n SPR
studies were made using the BiaCore3000. Fibrinogen solutions were sto/@tCat 2

and equilibrated to room temperature before use. However, fibrinogen solutions were

typically prepared on the day of usage.

Additionally, buk preparation of a higher fibrinogen concentration (about
three milligrams per milliliter was prepared, aliquoted, and frozen. Aliquots were
diluted to desired concentration in desired buffer conditidns.

2.7.2. R-ATPase

Fi1-ATPsynthase (FATPase), FATPaseHis, F-ATPaseHis-Rop, and
ATPaseHis-Rop-fluorescein were diluted with THHCI buffer as necessary from
stock solutions proded from the Richter lab. The Richter lab purified ATPase
(alpha3beta3gamma) before providing samples, which were prepared with two
millimolar ATP (for stability) in 50 millimolar TrisHCI, pH 8.0 buffer and additives
of 20 percent glycerol for cold atage and one millimolar ethylene diamine
tetraacetic acid (EDTA, Sigmaldrich) for sample preservation.

2.7.2.1. Recombinant FATPase Preparation

F1-ATPase was isolated from the chloroplasts of spinach by the Richter
group’®* ** Cloned or recombinant,f/ATPase subunits (alpha, beta, and gamma)
were produced by inserting the genes to encode for the indlvilbunit into

plasmids. These plasmids are then placed into bacteria, which are induced to over
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express the DNA for these subunits. The result is protein in an insoluble form, which
is then solubilized with urea and folded via a dialysis method. ®leng and
assembling of the complex occurs in one step and is followed by purification with
sizeexclusion chromatography. The success was verified with sodium dodecyl
sulfate polyacrylamide gel electrophoresis and phosphate assay activity studies.
Proein concentration was determined via the Bradford method withVIS/
spectroscopy>’
2.7.2.2. Modifications to F-ATPase

The ATPase protein utilized in experiments wasiit i alspy o he aU
majority of the k portion. Modifications to this protein included incorporation of
poly-hi sti di ne 4subgngs andnherothetadidgion Of Rop protein to the
gamma subunit. Additionally, sometimes proteins were engidesreh that any
external cysteines were replaced by serines. This form of the protein can be purified
with a nickel affinity column via the histidine tags and eluted with imidazole.
Additional purification step(s) were performed to remove imidazole. Rdgeserves
as an armature extending from the gamma subunit. Additionally, reengineered
proteins from mixed systems from Richteros

To fluorescentl y | ab espzo-His-Rap prpteirowas i n , t h
combined wit h -3ialeenie forken minutes olBwed by one mM
dithiothreitol (DTT) to terminate the reaction. The final protein solution provided to
the Berrie &b included about six mg/mL protein, 50 mM THEI buffer, pH 8.0, two

mM adenosine triphosphate, and one mM DTT. The Rop contained a cysteine to
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react with the maleimide of the dye to produce fluorescently labeled ATPase with
histidine tags.
2.7.3. Potocol for Buffers and Dilutions

This section provides a brief protocol for buffers, protein samples studied, and
dilutions.
Solution Preparation for AFM experiments:
NiCl; solution

A fifty millimolar nickel chloride solution was prepared by combining
appoximately 0.59 grams nickel chloride (green crystals) with fifty milliliters of
water or buffer. Note, ethanol in not a suitable solvent as the pH is too low to enable
coordination of the nickel ion to NTA. This solution is then mixed to dissolve
crystak (sonicated about 5 minutes if necessary) and filtered through a 0.22 micron
filter. This solution was stored at8C and equilibrated to room temperature before
use.
MaleimideNTA solution

Per Vogelet al,*3" 138

a 0.2 mg/mL solution of maleimietrilotriacetic acid
(maleimideNTA or M-NTA) was prepared by weighing two milligrams-NTA and
combining that wit 10 mL of either water or buffer and mixing. Alternatively, a 0.1

mg/mL solution of MNTA was prepared. These solutions were stored8C2and

equilibrated to room temperature before use.
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TCEP solution

Five mM tris(2carboxyethyl)phosphine hydrocbtide (TCEP) was prepared
with TCEP from Sigma. To make a 5 mM solution, approximately 0.0143 grams of
TCEP (crystals) was combined with 10 mL of buffer (either Tris HCI or HEPES
buffers with pH adjusted to ~D.5) and dissolved. Solution was store@-8°C and
equilibrated to room temperature before use.
Dye solution(s)

For fluorescently labeled ATPase, see previous section (2.6.2 and 2.7.2.2).
For Texas Red dye, about 5 mM dye solution was prepared in HEPES buffer with
TCEP, pH 7.4. Dye solution wasotected from light by wrapping vial in aluminum
foil. Dye solution was added to surface after a five minute incubation in TCEP and
allowed to react for two hours or overnight 88, protected from light at all times.
After dye incubation, the suida was removed, rinsed with buffer and water, dried
with nitrogen gas, and imaged via fluorescence microscopy.
Solution Preparation for SPR Experiments:
Phosphate buffer pH adjustment

Phosphate buffer, 50 mM pH 7.0, was adjusted with sodium hydroxide or
hydrochloric acid to increase or decrease pH as needed while stirring and monitoring
the pH with a pH probe. Solution was filt
stored at B°C and equilibrated to room temperature and degassed if needed before

use.
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The SPR experiment with a NTA chip required the following solutions:
HEPES running buffer, NiGlsolution, MgSQ solution, regeneration solution,
imidazole solution, and ATPas#is protein dilutions.
HEPES running buffer

HEPES running buffer for SP&periments contained 0.01M HEPES, 0.15M
NacCl , 50 &M EDTA, and 0.005% Surfactant p
running buffer, a 500 mL volumetric flask was obtained. A small amount of
deionized water was added to the flask. Approximately 1.192 graiHEPES was
weighed and added to the flask. Sodium chloride, 4.383 grams, and 0.01131 grams of
EDTA were also individually weighed and added to the flask. The flask was swirled
to dissolve the components and then filled to volume and capped and irngeried
The solution was transferred to a 1000 mL beaker with a stir rod. A pH meter was
calibrated ad the pH of the buffer was measured. Sodium hydroxide (0.75 M) was
added unti|l the pH was 7.40. The solutio
degassed, and about 25 microliters of P20 surfactant (BiaCore, now GE Healthcare)
was added. Running beffwas stored at-8C until needed and then equilibrated to
room temperature and degassed as needed.
NiCl, solution

A 500 €M nickel chl oride solution was p
flask by combining approximately 0.0119 grams of nickebgtle (green crystals)

with distilled water. The solution was mixed to dissolve the crystals and filled to
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vol ume. Then the solution was filtered th
at 28°C until needed and then equilibrated to room temperatu
MgSQ solution

A 1.6 millimolar magnesium sulfate solution was prepared in a 10 mL
volumetric flask by combining approximately 0.0039 grams of magnesium sulfate
with distilled water. The solution was mixed to dissolve the crystals and filled to
volume Then the solution was filtered throu
at 28°C until needed and then equilibrated to room temperature. This solution was
used as a control solution to check if magnesium ions bind to the NTA groups of the
refererce cell and thus potentially interfered with histidiag protein binding
analysis.
Regeneration solution

Regeneration solution for the ATPades interaction with NTAnickel ions
consists of 0.01M HEPES buffer, 0.15M NaCl, 0.35M EDTA, 0.005% Surfapgfint
at pH 8.3. To prepare this regeneration solution, the following steps were employed.
For a 100 milliliter solution, 0.2383 grams of HEPES was combined with 0.8766
grams of sodium chloride, and 15.827 grams of EDTA in a 100 mL volumetric flask
contaning a small amount of distilled water. The flask was swirled to dissolve the
components and filled to volume with distilled water. Then the pH was adjusted to
8.3 with 4 M HCI . The solution was filter
Lastly,5¢ L of surfactant p20 was added and the

was stored at-8°C until needed and then equilibrated to room temperature.
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Imidazole solution

To prepare a 500 millimolar imidazole solution, approximately 1.702 grams of
imidazde (pale yellow, large flaky crystals) were combined with fifty milliliters of
water, mixed, and filtered through a 0.22 micron filter, capped and parafiimed. To
protect solution from light, a brown bottle was used. This solution was stored at 2
8°C andequilibrated to room temperature before use.

2.8. Summary

Preparation and characterization of surfaces andassémbled monolayers
was important in determination of their quality and characteristics to evaluate their
suitability for experiments. AFM, SPRnd fluorescence microscopy in conjunction
with surface and sample preparation techniques serve as valuable assets in the
analysis of protein surface interactions. Finally, solution preparation is a vital
component contributing to the success of any exstt. Through employing these
techniques and characterization methods, model substrates can be prepared and
characterized for use as wdkfined substrates in protesurface adsorption
experiments. Furthermore, AFM enables not only surface charatiemnizbut also
surface modification to fabricate nanostructured materials to perform more
sophisticated investigations. For details of the experiments and analysis of protein
surface interactions investigated, see chapter three for fibrinogen studielsager

four for R-ATPase investigations.
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CHAPTER THREE:
Fibrinogen Adsorption on Model Surfaces: Investigations of Nonspecific

Adsorption
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3. Overview

The plasma protein fibrinogen is a key component in thrombosis or blood
clotting. Thus, understandings adsorption at surfaces is important to improving
both biocompatibility and biosensing capabilities. However, to date a detailed
description of fibrinogen adsorption to surfaces is still lacking. This section describes
studies which investigated fimogen adsorption on different model surfaces,
including selfassembled monolayers, using both atomic force microscopy (AFM)
and surface plasmon resonance (SPR). AFM images were obtained both dry and in
pseudephysiologically relevant conditions with tapgi mode in order to determine
the conformation and structure of the surface bound protein film. Individual and
sequential injections of increasing fibrinogen concentration were performed on
different surfaces and used to study nonspecific fibrinogen @titsorto surface via
SPR to determine affinity and kinetics data. Differences in the maximal uptake of
fibrinogen on different surfaces measured by SPR were correlated with changes in the
conformation observed in AFM height images. The comparison @Riieand AFM
data allows for a more complete description of the dynamic nature of fibrinogen
adsorption to a variety of surfaces.
3.1. Fibrinogen Background

Fibrinogen is an important plasma protein with a critical role in blood clotting
cascade or thrombasi Typically this role is advantageous, for example, if a person
is cut and bleeding, a clot is desired to stop the bleeding. This process saves lives;

people with blood clotting disorders are at risk for bleeding to death. However, with
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implants, thisclotting can lead to incompatibility and even rejection of the implant if

a clot encapsulates it. Additionally, if a blood clot formed around the outside of a
biosensor, this could render biosensor useless, as the analyte would be blocked from
the detectn site.

Fibrinogen is the third most prevalent plasma protein, behind albumin and
immunoglobulins. The typical fibrinogen concentration in bl is approximately 3
mg/mL2 When an injury occurs, signals are released to initiate conversion of
prothrombin to thrombin. Thrombin themeaves fibrinogen into fibrin which then
polymerizes to form fibrils and ultimately, upon combination of red blood cells and
other components, results in a blood clot.

Fibrinogen is a large plasma protein (340 kDa) with an isoelectric point of
approximately 5.8° As seen in the crystal structure (Figure 3.1a), fibrinogen consists
of three globular domains connected by atpkécal coiledcoil domains. These
globular subunits of fibrinogen are labeled, D, E, and D with attached arnmg) émd
alphaC domains. The globular domains are hydrophobic while the arms and
connecting regions and the alpBaarms are hydrophilic (Figure 3.1b). Crystal
structure measurements of fibrinogen repor6@anometers for its lengtit, The
charge distribution across fibrinogen (which is determined by the amino acid
sequence and pH) is positive on the alpha C domains and arms and negative on the
globular domains at a pH of ~724Fibrinogen is known to bind strongly to a variety
of surfaces. Fibrinogen contains a multitude of potential attachment sites that afford

multiple chemical interactions for surface coordinati¢towever, details of binding

144



are still not well understood and thus remain elusive. Studies have shown that there
are differences on fibrinogen binding on different surfaces that have been attributed to
conformational changes, but direct measurementsaakeng. The mechanism and
nature of this conformational change still need to be resolved. The effects of surface
chemistry on dynamic behavior and kinetics of fibrinogen adsorption have so far
proven inconclusive. The relative role of different intaoad under different
conditions remains critical for materials design and is notwedlerstood.

Surface used in biodevices and implants range from simple metals (titanium
or platinum), to ceramics, to polymers [poly(urethane), poly(dimethylsiloxane),
poly(ethylene)], depending on the device applicafidn.The properties (wettability,
morphology, charge statef these surfaces vary. Most of these materials were not
designed for biomedical applications. Improving the design of these materials
requires knowledge of the types of surfaces that are biocompatible (nontoxic) and will
either resist nonspecific proteadsorption (such as fibrinogen) or protect it from an
undesired physiological response, either of which will endanger the lifetime of the

device or implant.
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Figure 3.1: Fibrinogen Structure. a) Crystal structure (PDB: 1DEK)) Schematic with charge
distribution®
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3.1.1. Previous Investigations

This next se of sections details the previous investigations into fibrinogen
adsorption to surfaces, including conformation and kinetic studies. Conformation of
fibrinogen refers to the way fibrinogen adsorbs to surfaces. Typical conformations
include a balled upofr m, Agl obul ar o, or an extended fc
or bent). Kinetics of fibrinogen adsorption to surfaces describes both the relative
affinity of fibrinogen for surfaces as well as the ease with which fibrinogen is
removed from the surfaceA myriad of techniques (independently or in combination)
have been utilized to investigate fibrinogen adsorption to surfaces including electron

4,9, 10

microscopy, scanning transmission electron microscopy (STEM¥um

frequency generation vibrational spectrosctpsilipsometry** ** optical waveguide

1416

lightmode spectroscopy, quartz crystal microbalanée, atomic force

microscopy® *% surface plasmon resonarfée?®?® attenuated total reflection
infrared spectroscopy, > % radio labeling®® solution depletiori; and total internal
reflectance spectroscop¥y>*
3.1.1.1. Conformations of Fibrinogen

Some conflicting evidence exists as to the conformation of fibrinogen on
different surfaces, partially due to inconsistencies in solution, preparation, and
imaging conditions. One study determingd AFM that fibrinogen was globular
with a length of 28 nm on the silicon oxide surface and trinodular with a length of 47

nm on the hydrogeterminated surface (both surfaces are hydrophilic with low

contact angles, but they reported that the hydrdgeninated surface had a lower
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contact angle}> However, the concentration and time of protein adsorption varied
greatly for the two measurentes (i ncubati on of a 0.2 &g/ mL
10 minutes and 20 eg/mL fibrino®yethersol uti o
studies”® have shown that adsorption time influences spreading and denaturation of

proteins, so the resultant comparison between these two surfaces may have not have

been ideal.

Santoe et al. studied the fibrinogen adsorption to a variety of surfaces via
TIRF3  Three different surfaces, hydrophilic {(S-triethoxysilylpropyl)}4-
hydroxybutyramide), hydrophobic (hexadecyltrichlorosilane), and superhydrophobic
(1H,1H,2H,2Hperfluorodecyltrichlorsilane), were utilized to study fibrinogen
adsorption to surfaces. h& average footprint (or area covered by a fibrinogen
molecule) as a function of the time to reach 75% coverage (a measure of how fast the
protein was delivered to the surface) was monitored. This is determined by TIRF in
which the intensity of fluorescea (from fluorescently labeled fibrinogen) was
determined and then the number of molecules on the surface was back calculated and
divided by the surface area to determine the footprint. Their data showed that
initially, the footprint of fibrinogen is smialno matter what surface it was adsorbed
onto. As fibrinogen adsorption time was increased, they observed that on the
hydrophilic surface, the footprint did not grow much. However, on both the
hydrophobic and superhydrophobic surfaces, as more adsotptie was allowed,
the footprint of the protein increased significantly. Thus, on larger time scales, the

footprint of fibrinogen was larger on the hydrophobic versus hydrophilic surface.
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While these results are indicative of probable differences iteipr@onformation
upon adsorption, these studies did not directly measure the protein conformation.

Missirlis et al. studied fibrinogen adsorption to mica via tapping mode AFM
after thirty minute buffer incubation followed by sixty minute protein immersinen
rinsing, and determined relative adsorption as a function of pH and ionic stfength.
The three pHs studied were 3.5, 5.8 (isoelectric point of fibrinogen), and 7.4.
Fibrinogen was found to have the greatest adsorption at pH 3®ydadl by pH 7.4,
with the least amount of adsorption at pH 3.5. This was due to the decrease in
electrostatic interactions and subsequent increase in hydrogen bonding and van der
Waals forces which lead to an increase in adsorption near the isoeleattic [yo
terms of ionic strength, relative fibrinogen adsorption was highest at 150 mM
(physiological value), followed by 15 mM, and then 500 mM. In this case, ions can
screen the electrostatic repulsion so proteins can get closer to the surface amd adsor
via van der Waals forces, thus a decrease in lateral electrostatic repulsions resulted in
an increased amount of fibrinogen on the surface.

McDermott et al. studied fibrinogen adsorption to graphite and mica via
scanning force microscopy in refahe, © study the growth mechanism of the
resultant films® They found that the morplogy of fibrinogen adsorption is
dependent upon the substr&teThey saw agggates on graphite but no evidence of
aggregates on mica. They proposed a mod#r how fibrinogen adsorbs to the two
different surfaces (through hydrophobic domains on graphite and the hydrophilic

alphaC arms on mica) and the resultant effect on film formafon.

149



Cremeret al. studied the displacement of fibrinogen from silica substrates
with several techniques including AFM, vibrational sum frequency speogs
immunochemical assays, and fluorescence microstopyhey determined that
fibrinogen adsorbed through the alpiadomains via electrogta interactions with
the surface can be easily displaced by other proteiftowever, upon acidic pH
cycling the conformation on the surfacgsanges to a more elongated structure and
the adsorption through van der Waals interactions causes a significant decrease in the
ability of other proteins to displace fibrinog&énThus, fibrinogen adsorption to the
surface and the resultant conformation may play a key role in subsequent interactions
with other proteins and thus should influence the blood clotting ca8cade.

For descriptions of other fibrinogen adsorption studies to surfaces via AFM,
please see a review by Schoenfisth.Briefly, a myriad of surfaces, solution
conditions, incubation times, and imaging condsioasult in a library of data that is
not necessarily directly comparable.
3.1.1.2. Kinetics of Fibrinogen Adsorption

Anot her study by Santoreds group resul
adsorption of fluorescently labeled fibrinogen molecw@ssa function of fibrinogen
concentration® Their data analysis indicatedaththe initial rate of fibrinogen
adsorption on the hydrophilic, hydrophobic, and superhydrophobic surface did not
vary significantly, and thus was not surface dependent. And, as the fibrinogen
concentration increases, so in a linear fashion did thalinétie of adsorption for all

surfaces.
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An AFM study of fibrinogen kinetics on mica versus graphite conducted by
Gil bertds group revealed that adsorption t
to graphite was irreversibf8. Kinetics of adsorption were similar on the two surfaces
(kyof 2.7 x 10° mL-pg's™ for mica versus 2.2 x 1tmL-ug's® for graphite) but he
kinetics of desorption was slower on the graphite surfagcef(/a or fully reversible
for mica compared 8.3 x 10°s ™ for graphite)®

Huod s group studied ki netics of fibrini
microbalance (QCMJ® They advanced the study fibrinogen kinetics by adding in
a term for the conformational change or denaturation of fibrinogen after adsorption.
They determined the following for kinetics of fibrinogen adsorption to a quartz
surface, kof (8.03 + 0.92) x 1dMs?, ky of (6.7 + 0.76) x 1G s*, and a kof
(5.32 + 0.21) x 18 s, where k was the association constantyas the dissociation
constant, and tkwas the irreversible adsorption constant. These constants were
determined to be estimates of the true constantshodgh they included an extra
step in the kinetics model (in addition to the Langmuir model constraints) to account
for an irreversible state possibility, their model may still be too simplistic for the
complicated process of protein kinetics due to paaknonformational changes upon
adsorption and random orientations associated with nonspecific adsdfption.

Qualitative studies of relative @ein adsorption to SAMs were performed via
SPR. Schoenfisch determined via SPR that fibrinogen adsorption was greater on
amineterminated, followed by methyérminated, carboxyterminated, and finally

hydroxytterminated SAMS?
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3.1.1.3. Current Investigation Goals

Previous investigations have both directly and indirectly determined
fibrinogen adsorption characteristit’s. For example, Santore studied fibrinogen
adsorption to three different surfaces, a hydrophilic, hydrophobic, and
superhydrophobic surfac®. By monitoring adsorption through fluorescent tags on
proteins using TIRF, they discovered that the initial adsorption rate is surface
independent. The surface hydrophobicity did affect the footprint (or size) of the
protein on the surface with a larger footprint on hydrophobic surfaces compared to
hydrophiic surfaces. And, the more time fibrinogen was allowed to adsorb to the
surface, the larger the footprint became on the hydrophobic surface while the
fibrinogen footprint on the hydrophilic surface remained small even after longer
adsorption time&®

Whil e Santorebds data suggested that
surface dependent, this was determined via an indirect method and did not reveal
what the difference was between fibrinogen adsorption to the different surfaces.
They provided some evidence that surface matters, but did not answer what it was
that causedhis difference. Their data did not provide molecular scale details. Thus,
one goal of my studies was to provide molecular scale details via AFM and well
defined model surfaces to better understand these differences. More specifically, the
goal of this sction of the dissertation is to further investigate these phenomena using

a direct method, AFM, to study the conformation of fibrinogen on a variety of
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surfaces and then correlate that data with an indirect method, SPR, to determine if
conformation of adsrbed protein can be correlated with observed kinetic properties.

Thus goals for this fibrinogen work include determining nonspecific
adsorption and desorption kinetics as well as relative surface affinity via SPR and
correlation of this data to conformaii of protein on different surfaces determined
from AFM. Various surface chemistries and conditions were tested to determine
fibrinogen binding characteristics.

Nonspecific adsorption of fibrinogen was studied on a variety of surfaces via
both AFM and SPR Initially, studies on graphite and mica were used to represent
model hydrophobic and hydrophilic surfaces, respectively. Later, self assembled
monolayers (SAMs) were utilized as model surfaces containing hydrophobic,
hydrophilic, neutral, positively,ral negatively charged moieties-[FH;, R-OH, R-

SH, R(phenol}NH,;, R-(CH3)-NH,, R-COOH, respectively]. When formed on
smooth gold surfaces, these SAMs provide model surfaces while also enabling
modification or tuning of charges via pH adjustment below, aatd above the
isoelectric point (pl) of fibrinogen (pHs of 4, 5.8, 7.4). This adjustment of pH affects
not only the overall charge on fibrinogen, but also the charge on the surface if the
surface chemistry is ionizable.

The conformation of fibrinogeafter adsorption to the surface could impact
the accessibility of thrombin cleavage sites. Fibrinogen molecules can also
aggregate. Whether aggregation happens in solution or on the surface is a question.

Determination of the surface coverage also jples details as to the relative affinity
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of fibrinogen to different surfaces. The amount of fibrinogen adsorbed to the surface
may influence its subsequent mitigation of the coagulation cascade. The
conformation of fibrinogen after adsorption to the aoef may strongly influence the
activity. If the fibrinogen is adsorbed in such a conformation that the thrombin
cleavage site is inaccessible, the protein will not be cleaved. This would decrease the
number of fibrin molecules, potentially hindering thelymerization events in the
clotting cascade. Therefore understanding the conformation and dynamics is critical
to the design of new materials.

AFM studies provide several advantages, including but not limited to
structural information, high resolutiomages, single molecule imaging, pseudo
physiological conditions, and labke. However, AFM disadvantages include
cumbersome data analysis, a lack of specificity, and a slower timescale.

Conversely, SPR provides real time quantitative informatiorutaboding
affinity and kinetics in pseudphysiological conditions also without requiring
labeling. This technique is sometimes automated, very sensitive, utilizes only
microgram quantities of protein, and provides association and dissociation constants
for mechanistic studies and the capability to regenerate surface under certain
conditions. However, SPR analyses, probe the entire surface simultaneously and do
not provide molecular level details of the conformation of binding. Additionally,
SPR data macontain artifacts (refractive index change and temperature changes), be
subject to interferences (n@pecific binding), relies on modeling interactions,

requires very careful control of parameters and one generally requires that one of the
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binding parters is immobilized on the surface, which may change the interactions
observed.

Thus, as a complementary technique to AFM, SPR analysis of fibrinogen
adsorption to surfaces was also performed. Via kinetic titrations, sequential
injections of increasing amats of fibrinogen were allowed to adsorb to different
surfaces. Study of the resulting sensorgrams and the shapes of the curves provided
information on affinity and kinetics of fibrinogen adsorption to the SAMs listed
previously.

The goal of this projeécis to build upon what is already known about
fibrinogen adsorption to surfaces via diverse techniques to both complement the
existing data and elucidate additional key factors to assist in the development of a
more complete mechanistic understandinghe& properties involved in fibrinogen
adsorption to different surfaces. The hope is that the nature of these experiments,
direct visual information about protein conformation and kinetic data will improve
the current understanding of adsorption to ultinyagmable control over fibrinogen
adsorption to such materials as implants and sensors. Correlating kinetics with
conformation by performing complementary tests via SPR and AFM on similar
model surfaces should assist in these goals. Additionally, thik may provide
insight into factors controlling nonspecific binding of proteins in general and lead to a

better understanding of this type of protsurface interactions.
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3.2. Experimental

A multimode AFM with a Nanscopé Illa controller by Digital Instrments
(now Bruker) in contact mode, friction mode, and tapping mode was utilized for these
studies. Cantilevers included Bruker {820 composed of neconductive silicon
nitride with four wshaped cantilevers/tips with following sets of force constards an
resonant frequencies: 0.350 N/m and880kHz; 0.12 N/m with 128 kHz; 0.24
N/m with 4075 kHz, and 0.06 N/m with 124 kHz. For patterning and tapping
mode i maging, esiya AIBS withN B r€cgabguldr caftilevers: 7.5
N/m with 210 kHz, 14N/m with 315 kHz, and 4.5 N/m with 150 kHz were utilized.

In fluid, the frequency used in tapping mode is much low&(Q(kHz).

Substrates included Platypus gold, house gold on mica, house template
stripped gold, house flarennealed gold, and silicofsee chapter 2 section 2.1.1,
subsections thereof, and 2.1.2 for descriptions). Rinse solutions included chloroform,
acetone, and ethanol. Drying was performed with nitrogen gas. SAM formation and
modifications utilized ethanol, thiols {@minothiolph@ol, l-octadecanethiol, 1,11
mercaptoundecanol, 1Afercaptoundecanoic acid-dbdecanethiol, aminc1-
undecanethiol, hydrochloride), octadecyltrichlorosilane, and buffers (see sections
2.2.2 and 2.2.3 for preparation details). Surface and SAM charzatien were
performed with a Rudolph Research (now Entrepix) AutoEL ellipsometer for
substrate optical properties and monolayer thickness determination, and d&gme
Inc. NRL C.A. goniometer (Model 1600) for static contact angle measurements

with three droplets of water (six measurements) for each surface. After measuring
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contact angles, the surfaces were rinsed with chloroform, acetone, and ethanol and
dried with nitrogen gas.
Bovine fibrinogen (Product Number F863G, type 1S, 71% protein; 85%
clottable protein) was ordered from Sigklrich. Fibrinogen was diluted in buffer
from lyophilized protein. Phosphate buffer, 50mM, pH 7.0 from Fisher Scientific
was adjusted to pH of 4.0, 5.8, or 7.4, (with hydrochloric acid or sodium hydroxide)
for surface equilibration and protein dilutions.
For SPR studies and kinetics, a BiaCore (now GE Healthcare) 3000 SPR
(COBRE Center in Protein Structure and Function, KU CORE facilities), and
BiaCore gold chips as well as chemically modified gold SPRschipre utilized.
Regeneration solutions such as 0.5% sodium dodecyl sulfate from -8ignzh
were utilized in SPR studies. SPR studies were performed at a flow rate of 100
eL/ min to avoid mass transport i mi tation
prepared via the SPR. Il njections included
and after protein injections to check chip performance. For protein injections, either
individual or sequenti al 100 €L protein Kk
periods (in which the buffer was allowed to flow over the surface) with a long wait
time at the end were performed. Sometimes, injection(s) of regeneration solution
were made. A reference flow cell was not used because it was inapplicable since the

intentionof the experiment was to study nonspecific adsorption to surfaces.
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3.3. Results and Discussion

The following sections explain the results and the information acquired from
these studies of fibrinogen adsorption to a variety of surfaces via AFM and SPR.
First, AFM studies of nonspecific fibrinogen adsorption to mica, graphite, gold, and
various SAMs provided information on fibrinogen structure or conformation on the
surfaces. Then, SPR studies of fibrinogen adsorption to gold and various SAMs
provided inbrmation on the relative binding affinity and kinetics of fibrinogen
adsorption.

3.3.1. Nonspecific Conformation (or Orientation) of Fibrinogen Adsorption via
AFM

Conformation(s) of fibrinogen nonspecifically adsorbed to a variety of
surfaces (model atowally flat and chemically controlled surfaces) were studied
using tapping mode AFM. These different surfaces were chosen for their unique
characteristics. SAMs on gold were utilized due to their tunability. The following
sections will discuss the diffent surfaces utilized to study nonspecific fibrinogen
adsorption.
3.3.1.1. Mica and Graphite (Atomically Smooth Substrates)

Mica and graphite are both atomically smooth substrates utilized for initial
fibrinogen adsorption studies. Mica is a smooth bptilic surface with some
negative charge under the conditions of these experiments. Mica was freshly cleaved
and incubated in 50 mM phosphate buffer pH 7.4 for approximately 10 minutes. A

0.1 eg/mL fibrinogen sol uti odto adsosh foadded

158



approximately 20 minutes. The surface was then rinsed thoroughly with buffer and
Milli -Q water and dried with nitrogen gas. The sample was adhered to an AFM puck
with a sticky tab. AFM i mages (\wragg0 &m
on mica was evenly distributed throughout surface and dependent on fibrinogen
solution concentration (Figure 3.2a). By zooming in on groups or individual
molecules, the conformation of the individual fibrinogen molecules was observed on
mica via ARV image and crossectional analysis and was found to be globular
(Figure 3.3a). A thredimensional representation of this 150 nanometer by 150
nanometer image highlights this globular conformation (Figure 3.4a). This makes
sense as in solution (a hygtalic environment) fibrinogen is globular and maintains
that formation after adsorption to a hydrophilic surface. Since both the substrate
surface and protein surface were hydrophilic, the protein had no need to unfold to
minimize the energy of the ingtion, and thus fibrinogen remained balled up on the

s ur f ac eC.arms dréntleougbt to be wrapped around the hydrophobic domains of
the protein and adsorbed to the surface. It was more favorable for the protein to
adsorb through these arms rathemttf@Ze more hydrophobic portions. Additionally,
mica is a negatively charged surface, so charge distribution along the protein may
have played a significant role in this adsorption mechanism (arms are positively
charged and globular domains are negatiwélgrged). The width of this molecule
was measured to be about 30 nanometers (smaller than the extended form) and the
height was about two nanometers. Little to no aggregation was evident on the mica

substrate; the molecules adsorbed individually and iresdaseparate. This agrees
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with results from the McDermott grodp. The fibrinayen molecules were evenly
distributed across the mica substrate.

Graphite is a flat model hydrophobic surface. Protein atisor was
performed as per the preparation of the mi
2.00 &em AFM i mages of fibrinogen to graphi
upon adsorption to the graphite surface (Figure 3.2b), which agrees with greviou
studies’? Typically, about three fibrinogen molecules were observed per gajgrat
pH 7.0. Additionally, fibrinogen exhibited mobility on the graphite surface as
molecules were closer to step edges and distribution across surface was nonuniform,
inconsistent with a random distribution of proteins. By zooming in on individual
molecules via AFM imaging and craesgctions, the conformation of fibrinogen on
graphite was found to be mostly trinodular (bent or linear), with some globular
molecules as well (Figure 3.3b). The crgsstion only shows two (instead of three)
domains beasse the molecule was bent instead of linear thus, the middle domain is
not in line with the crossection so was missed. A three dimensional representation
of this 150 nanometer by 150 nanometer AFM image highlights this trinodular bent
conformation (Figte 3.4b). Since in solution fibrinogen is globular, this indicated a
conformational change in the protein upon surface adsorption. Looking at the
fibrinogen domains, this makes sense because the large hydrophobic domains would
rather interact with the siace than the hydrophilic arms, causing the molecule to
spread out on the surface. The length of the linear proteins was about 50 nhanometers

as expected for the extended form of the protein.
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This more extended conformation on graphite than mica (hydoplversus
hydrophilic surface) provides direct evidence that fibrinogen adsorption is surface
dependent . Additional l vy, this was congru
surface hydrophobicity increased the footprint of fibrinogen on the sutface.

Initial AFM studies were expanded to include a variation in pH. On graphite,
decreasing the pH to 4 resulted in a higher amount of protein aggregation on the
surface (Figue 3.5). This aggregation may be due to a change in the charge
distribution across the protein as well as an alteration in protein conformation as a
result of pH change, which would change the interactions between protein

molecules’
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Figure 3.3: Zoomed in AFM height images (~150 nm x 150 nm) ofrieigen Adsorption to a) Mica
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163



a) Fibrinogen on Mica

1.0 rnm

b) Fibrinogen on Graphite
0.5 nm
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Figure 3.4: ® AFM images (~150 nm x 150 nm) of Fibrinogen Adsorption to a) Mica and b)
Graphite with1.0 nm height scate
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3.3.1.2. Au, SAMs, Silicon (Chemical Control of Substrate)

For tunable surfaces, lgbsubstrates were first utilized. Then a silicon surface
with a SAM of octadecyltrichlorosilane was utilized. Fibrinogen conformation,
aggregation, and surface coverage were all analyzed on these different surfaces after
nonspecific adsorption. For dactudy, first the gold or silicon and then the
monolayer surfaces were imaged, and imaged again after protein adsorption.

Template stripped gold surfaces have large grain sizes with adequate areas of
flat regions that are large enough to study proteiomdsn (distinguish protein from
surface roughness). Before protein adsorption, the gold surface was smooth and flat
(with deeper areas indicative of grain boundaries or pits) and mainly a consistent hue
in the AFM image (Figure 3.6a). After protein agstion (Figure 3.6b), the gold
grains were still visible and the fibrinogen adsorbed to the surface could be analyzed.
This 1. 00 em by 1.00 &em AFM i mage reveal ed
to the mica substrate, the fibrinogen adsorbed to the hydrophilic gold substrate was
evenly distributed and round in conformation.

Fibrinogen was also adsorbed to an anterenirated SAM on a template
stripped gold surface. Initially this surface was similar to the plain gold surface with
large grains and low roughness, a consistent hue was observed in the AFM height
image (Figure 3.7a). After protein adsorption (Figure 3.4)ad ysi s of the 1.
by 1.00 em AFM height i mage showed that si
mica and gold substrates, an even distribution and round in conformation were

observed. In some areas the observed heights and lengths were Emgexgacted
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(4.2 £ 0.7 nm and 42 + 10) for a single molecule and was possibly due to protein
aggregation. These areas still maintained the globular structure. The smaller set of
molecules observed were globular with heights of 1.8 £ 0.3 nm and leng2Bstof

nm, consistent with single molecule dimensions.

Another substrate, silicon, was utilized for its low surface roughness, which
was also ideal for the study protein adsorption. Before protein adsorption, the silicon
with the octadecyltrichlorosilarngurface was smooth and flat and mainly a consistent
hue in the AFM height image (Figure 3.8a). This provided a model hydrophobic
terminated SAM film for protein adsorption studies to determine protein
conformation. After protein adsorption (Figure 3,8ie conformation of adsorbed
fibrinogen on the surface could be analyze
revealed that much like fibrinogen adsorption to the graphite substrate, the fibrinogen
adsorbed to the hydrophobic monolayer on silicon in @enebed conformation with

much aggregation and crekasking.
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3.3.2. Nonspecific Adsorption of Fibrinogen via SPR

SPR stidies were performed to complement the AFM conformation data with
information about kinetics and adsorption affinity. Initially, individual injections of
fibrinogen were performed on different surfaces. Analysis of SPR sensorgrams for
fibrinogen adsorptin to the methyl versus amine terminated surfaces (Figure 3.9),
confirmed that the initial rate is the same and surface independent as was the case in
Sant or e 6s *elxboth cases) tha dorscentration of fibrinogen was high and
so the total response from fibrinogen adsorption was also high (228D RU).
Fibrinogen is stiky and as such adsorbed at high coverages to both surfaces. Slightly
more fibrinogen adsorbed to the methyl terminated over the amine terminated surface.
This corresponds to fibrinogen affinity being higher on hydrophobic versus
hydrophilic surfaces, asuggested in the literature. After the fibrinogen injection,
upon return to buffer, little fibrinogen desorbed from the surface as seen by the slight
drop in response. Again, most of the fibrinogen once adsorbed remained on the
surface as expected. Tlstrength of this adsorption was further evaluated by
attempting to regenerate the surface. This means that one injects a solution which
may disrupt the binding of fibrinogen to the surface, thereby removing it from the
surface and returning the surfaceane free of protein and the response (RU) would
return to the initial level. Learning about what types of solutions disrupt binding of
fibrinogen to surfaces will help elucidate the binding characteristics.

A wide variety of regeneration solutions wasted and none were found to be

both suitable and system compatible for all surfaces (Table 3.1). These regeneration
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solutions were chosen based on their properties that might disrupt Eot&Eioe
interactions such as different ionic strength (etestaitic interactions), different pHs
(change charge distribution and hydrogen bonding), surfactants (hydrophobic
interactions). After buffer equilibration, fibrinogen was injected onto an amine
terminated and a meth{¢rminated surface (Figure 3.9). (Cboth surfaces,
fibrinogen adsorbed to a great extent (the baseline increased and leveled off at a high
response). Then, a regeneration solution was injected and the resultant sensorgram
was analyzed. Initially, on the methyl terminated surface, the ceusieas nearly
regenerated with 0.5% sodium dodecyl sulfate (SDS) as seen by the drop in response
back close to the initial baseline after the regeneration injection (about 7% of initial
protein adsorbed still remained on the surface). This means thatithsrvery little
protein still bound to the surface after the regeneration step. This was not the case
with the amine terminated surface as the response dropped a little, but did not return
to baseline, indicative of a good percentage, roughly 67%eqirbtein still bound to

the surface after the regeneration. Thus, fibrinogen was removed with 0.5% SDS
more efficiently from the metm®AM (hydrophobic) than from the ami&AM
(hydrophilic). This indicated a difference in binding and interactive $onceolved

in fibrinogen adsorption on the two surfaces. Probable interaction of fibrinogen with
SDS was hydrophobic forces; the fibrinogen was more strongly attracted to the long
hydrophobic chain of the surfactant than to the meiryhinated surfaceand so it
desorbed from surface. On the amieeminated surface, it is possible that these

hydrophobic groups were buried and so did not interact with the SDS. Thus, for the
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most part fibrinogen remained bound to the antéreninated surface even aftine
surfactant injection. Unfortunately 0.5% SDS was not compatible with the IFC in the
SPR as fibrinogen and 0.5% SDS produced a precipitate under some conditions and
lower concentrations of SDS were unsuccessful at completely regenerating even the
methy-terminated surface.

Typically, it is not as easy to regenerate the surface if adsorption is via
nonspecific interactions unless something is known about the forces that are active in
the binding of the protein to the surface. If electrostatic forees W play, then one
could use a change in salt concentration to disrupt the interactions. If hydrophobic or
hydrophilic forces are involved, then SDS or cetyltrimethylammonium bromide
(CTAB) could be utilized. With these regeneration solutions it ipenative to
ensure that the solutions are compatible with the SPR system and do not form a
precipitate upon interaction with the protein or surface. To date successful
regeneration of fibrinogen has not been feasible. This is not surprising because it is
consistent with fibrinogen being a very sticky, difficult protein to work with, that
fouls a variety of surfaces. Learning about what might desorb adsorbed fibrinogen
from the surface might help elucidate some of the important binding characteristics

involved.
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Figure 3.09: SPR Sensorgrams of phosphate buffer
of 0.1 mg/mL fibrinogen) at O seconds, return to buffer at about 100 seconds for desorption until 600
seconds when subsequent regeneration attempt with®on amine (redRH,) and methyl (blue

R-CH,) terminated SAMs.Fibrinogen is removed with 0.5% SDS more efficiently from the Methyl

SAM (hydrophobic) than from the Amir@AM (hydrophilic). This is indicates a difference in binding

and interactive fores involved in fibrinogen adsorption on the two surfaces.
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Table 3.1: Regeneration solutions tested

50 mM Phosphate Buffer, pH 7.4

0.5% Sodium Dodecyl Sulfate

0.05% Sodium Dodecyl Sulfate

1 M Sodium Chloride

3M Sodium Chloride

100 mM Hydrochloric Acid

100 mM Phosphoric Acid

100 mM Sodium Hydroxide

250 mM Sodium Hydroxide

100 mM Sodium Hydroxide + 3 M Sodium Chloride
10 mM GlycineHCI pH 2.5

100 mM Sodium Hydrogen Carbonate pH 8.14
200 mM Sodium Carbonate pH 11.22

70 % Formic Acid

25 % Ethanol

70 % Ethanol

50 % Ethylene Glycol pH 2.04

20 % Acetonitrile pH 7.25

20 % Acetonitrile + 100 mM Sodium Hydroxide pH 12.94
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3.3.2.1. Nonspecific Affinity Analysis of Fibrinogen Adsorption via SPR

Fibrinogen was absorbed to a number of ddfé SAM surfaces via SPR.
Table 3.2 provides characterization data for the various SAM films with experimental
data that match well with literature values (see Table 2.4), indicative of decent SAM

formation. For structure of these various thiols, segeréi 3.12.

Table 3.2: Characterization of SAMs

Terminal Grou Experimental| Experimental
S P | Thickness (A)Contact Angle (°
tructure _ _
(n=7) (n=6)
n/a 41+ 2
HS-(CH,)1:.-COOH 13.9+4.6 28+ 3
HS-(CH,)11-OH 16.3+7.4 33+3
HS-CsHs-NH,, 6.9+1.9 7012
HS-(CH)11-NH> 204 +£4.7 35+4
HS-(CHy):~CH3 240+7.2 108+1

Typical kinetic analyses require at least four injections of analyte at different
concentrations. Since regeneration of the SAM surface féftanogen adsorption
was not currently feasible, the experimental procedure outlined above was altered.
Single injections of fibrinogen on the surface were not practical since all of the
protein could not be removed from the surface so different clopgdvibe required in
order to obtain enough data for kinetic analysis. This is undesirable because of the
variability amongst different chips. Thus, instead of single fibrinogen injections upon
the surface, sequential injections of increasing concemimtmf analyte were
performed® The idea behind this is to inject low concentrations of analyte such that

the surface sites were not significantly diminished between each injection. The
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advantage of this approach waseaegration (which is not feasible in this case) was

not needed to obtain sufficient information for kinetic analysis. Figure 3.10 depicts

an example sensorgram of fibrinogen adsorption to a hydterylinated SAM with

this sequential injection scheme. rdtj the surface was equilibrated with buffer to
obtain a stable baseline. Then, 0.1 eg/ mL
response was observed). After the injection, buffer was introduced into the system to

allow for dissociation (a decreaseresponse was observed). Then this process was
repeated with fibrinogen solutions of I nc
eg/ mL, 2.0 e€g/mL, 7.0 e€g/ mL). Finally, t
three times in this same manner. Thasulted in a serial increase in response. A

greater initial response was observed after each protein injection as the protein
concentration increased. Eventually the surface began to saturate and little to no

further adsorption was observed.
Sequential Injections of Increasing [Fibrinogen] Sensorgramn
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Figure 3.10: SPR sequential sensorgram of fibrinogen adsorption to a hytdnowiiated SAM.
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This sensorgram can be analyzed for both affinity and kinetic information.
series of these sequential injection schemes were performed on ibesVaAM

films (Figure 3.11).
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Figure 3.11: SPR sequential sensorgrams of fibrinogen adsorption to various SAMs.
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Figure 3.12: Structures of various SAM thiols.
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The following trends were observed for the nonspecific adsorption affinity of
fibrinogen to various surfaces, at a pH of 7rénf comparison of the point (response
level) at which each sensorgram leveled off at the end of the sequence. The amine
terminated SAM exhibited the highest overall response, and thus had the highest
affinity. This was followed by the methyl, the hydrdxynd carboxylic acid
terminated SAMs, respectively. Plain gold had a response in between the methyl and
hydroxyl terminated SAMs. The relative amounts of fibrinogen adsorption to the
surfaces (highest to lowest) was found to be the amine, carboxyhylmgold,
hydroxyl terminated SAMs, as determined from the level of response at the end of the
sequential injection series. And the relative desorption amounts (highest to lowest)
was determined to be carboxyl, hydroxyl, methyl, gold, amine, as deterioynthe
relative shape of the desorption curves (the steeper the slope, the larger the
desorption). In terms of previous studies, a qualitative analysis via examination of
the shapes of the adsorption and desorption curves from the sensorgrams regported b
Schoenfischet al. yielded similar results for the highest and lowest adsorption
surfaces, but the middle carboxyl and methyl surfaces were opposite irt°offiee.
responses for their methyl and carboxyhtmated SAMs were close, and perhaps if
my sensorgrams had a longer desorption time, the carboxyl curve with a higher
desorption slope would have leveled out to a response below the response of the
methyl and match their results. Also, in terms of th&odaion curve slopes, results
here match up with their desorption results with the exception that the amine was

highest for them and lowest for this dataThe difference in the order of the amine
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terminatedSAM in terms of desorption curves may be due to issues with preparing a
decent aminéerminated film or differences in the packing. They utilized a long
chain amine, while my results were from a short phenol amine thiol. This amine
issue will be discugsl in more detail later. Additionally, the differences in the
overall order of these results may be due to different binding conditions. This group
performed injections of larger protein concentrations over a longer time frame at a
slower flow rate, allparameters which can influence adsorption and desorption
properties. While these studies observed the adsorption and desorption curves from
sensorgram data on different surfaces, only one concentration of fibrinogen was
tested. Thus, only qualitative orination about binding dynamics could be assessed;
kinetic analysis was not performed.

An issue arose with the consistency pfienol amineterminated SAM
sensorgrams. Some experiments resulted in a high response (as in Figued3.11
red sensorgram in §ire 3.13 and others resulted in a much lower respogsey(

sensorgram ifrigure 3.13).
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Figure 3.13: Overlay of SPR sensorgrams of sequential injections of increasing fibrinogen
concentrations for aminrminated SAM inestigations. The red trace is the initial high response for
the phenol aminéerminated SAM,the orange trace is a dithiol SANhe grey trace is the lower
response from the phenol amitegminatel SAM, and the purple trace is aohgchain amine
terminated SAM

This deviation was potentially due to either the formation a mixed layer of
amine terminal groups (intended) or thiol groups (double layer from hydrogen

bonding§* *°

to which the protein was exposed. Due to the similarity of contact
angles of these surfaces as well as difficulties in measurements of thickness with
ellipsometry in these very thin metal films for SPRalysis, results were inconclusive

and did not distinguish if either a single or midtyer formation was occurring.
Further tests were performed with a long chain amine and controlling the pH of the

thiol solutions to try to disrupt hydrogen bondingheTlong chain amine sensorgram

was very similar to the low phenol amine sensorgraigure 3.13, purple
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sensorgram) Additionally, a dithiol SAM was prepared and tested via sequential
fibrinogen injections to try to resolve this is§oeange sensorgrafigure 3.13) The
dithiol monolayer sensorgram shapes and final response were closer to the high
phenol amine sensorgrams. This suggests that at least some of the responses
observed from the high phenol amine sensorgrams may be attributed to fulliar part
bilayer formation. Other possibilities for the differences in these amine terminated
sensorgrams may be attributed to differences in packing density, monolayer
formation, and charge. We are still working to resolve these issues with the
variability in fibrinogen adsorption to the amiterminated SAMs. SPR responses
from other surfaces were very consistent.
3.3.2.2. Nonspecific Kinetics Analysis of Fibrinogen Adsorption via SPR

The shapes of SPR curves of fibrinogen adsorption to various SAMsldn go
provided insight into the adsorption and desorption kinetics of nonspecific binding of
fibrinogen to a variety of surfaces (Figure 3.11). The initial rises in response for the
different SAMs were the same, which is in agreement with work by Sastate®
Following the initial slope, the curves started to deviate from each other on the
different surfaces. The desorption curves resulted in even more distisbtipes
amongst the various surfaces. Specifically, the slope of the desorption curves for the
carboxyl and hydroxyl terminated SAM appear qualitatively larger than those of the
other SAMs.

While a qualitative assessment of the curve shapes is imeresd

guantitative approach was also performed to yield more concrete comparisons. The
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individual sensorgrams were cut into individual injections of fibrinogen

concentrations and overlaid (Figure 3.14).
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Figure 3.14: Example SPRrsmrgram data of fibrinogen adsorptionhgdroxytterminated SAM
(colored lines) and kinetic fits (black lines).

The fitting model initially chosen was the simple 1:1 Langmuir binding
model. This model accounts for one analyte binding to one site@utface.
P + S<«—> PS, where P stands for protein, S for the surface site, and PS for the
protein adsorbed to the surface. This model was not ideal for this sequential injection
experiment because it does not take into account a potential cfdemease) in
available surface sites with each additional injection, but was adequate to obtain an
estimate of kinetic parameters. A correction factor for conformational changes in the

protein after adsorption was also not integrated into this kinetidemoDue to
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constraints within the model and the way the data collection had to be done (starting
with a reasonably covered surface is bad), the fits were only performed on the first
four injections at the lowest concentrations. The sensorgrams wete mdlate
individual injections such that an overlay of the various concentrations was feasible.
Although the fitting model was not ideal, as seen in an example sensorgram array
with sample data and fits for the amiteeminated SAM (Figure 3.14), thetdi
matched closely with the experimental data. This analysis was performed for each
surface tested to provide kinetic adsorption and desorption rate constants (Figures
3.15 and 3.16 and Table 3.3). Note, the large error bars are mostly due to differences
between SPR chips. The sensorgrams between the four flow cells on one chip were
consistent. The data was compiled from individual flow cell sensorgrams from
different chips to provide an n of 12 for the gold, methyl, and carboxyl terminated
SAM, 4 for he amine terminated SAM, and 7 for the carboxyl SAM. In addition to
the adsorption and desorption parametersp avl(s also determined for all surfaces.

The association rate constants were similar for the hydroxyl and carboxyl terminated
SAMs. The agsciation rate constants for the amine and methyl terminated SAMs
were similar. With the large error bars, the gold surface association constant was not
distinguishable from any of the SAM surfaces, possibly due to the fact that the gold
surface is more vable as it is more susceptible to contamination than the SAM
surfaces are. The dissociation rate constants were similar for the hydroxyl and
carboxyl terminated surfaces could be distinguished from the asnménated and

gold surfaces, as they were chugreater. Qualitatively, the shapes of the curves
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were consistent with these fits. The desorption slopes of the carboxyl and hydroxyl
terminated SAMs were much greater than the gold or the amine terminated SAM, so
we would expect more protein to desdrbm those surfaces and less from the gold
and amine terminated SAM. While the general trend can be seen in the quantitative
values, more drastic differences can be observed from the shapes of the curves,
especially in the carboxyl terminated SAM. Thisly be due in part to the limited
concentration range we were able to fit. Only the low concentrations (first four) were
fit, decreasing the accuracy of the kinetic values. We are currently working to

improve the kinetics model and the sequential inpectnethod.
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Figure 3.15: Bar graph of SPR sensorgram data for kinetic adsorption analysis of fibrinogen
adsorption to various SAMs.
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Figure 3.16: Bar graph of SPR sensorgrdata for kinetic desorption analysis of fibrinogen
adsorption to various SAMSs.
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Table 3.3: Summary of Kinetic Data @ Fibrinogen Adsorption to SAMs

Terminal Surface  Adsorption Rate | Desorption Rate Rate Constant (i)

Chemistry Constant (k) Constant (lg)
A 4 11
(n=12) (3+3)x 16 (1+2)x10 (8 +10) x 10

R-NH
R-CH

3.4. Correlations of Nonspecific Fibrinogen Adsorption Results from AFM and

SPR

AFM and SPR studies were performed on different surfaces. Different types
of surfaces, such as a hydrophobic versus a hydropduliface, were different in
adsorption conformation. Thus far, similar surfaces exhibited similar types of
aggregation and protein conformation. Adsorption of fibrinogen to hydrophilic mica
and hydrophilic gold surfaces resulted in a rounded or glolsifacture with even
distribution across the surface. While fibrinogen adsorption to hydrophobic graphite
or hydrophobic methylerminated SAM surfaces resulted in an elongated structure

with much aggregation.
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To correlate the two methods, AFM studiege@ed that fibrinogen was more
spread out on the hydrophobic than the hydrophilic surface, which makes sense with
why the SDS worked better to desorb fibrinogen on hydrophobic versus hydrophilic
surface. In terms of ultimate surface coverage via SPRydrophilic surfaces, the
fibrinogen balled up, therefore each molecule occupied less space and more
molecules could be packed in per area and a greater amount of adsorption was
observed via SPR with the amiterminated SAM. AFM studies revealed thattbe
hydrophobic methyterminated SAM in which the molecules take up more space and
thus, fewer molecules can be packed in per area and a lower adsorption was observed
via SPR. However, other hydrophilic SAM surfaces had a lower adsorption via SPR
than tle methyl terminated surface, so conformation is not the only important factor
in adsorption properties. Thus, surface chemistry has an effect on not only the
amount of protein adsorbed but also the strength of protein binding (or the amount of
protein tharemains adsorbed).

3.5. Summary

AFM and SPR studies provided evidence that surface chemistry plays a
critical role in the conformation of adsorbed fibrinogen as well as in the rates of
adsorption and desorption of fibrinogen to various surfaces. AbBMes on smooth
hydrophobic graphite substrate exhibited a trinodular structure and aggregation while
on hydrophilic mica substrate the structure was balled or rounded and molecules were
evenly distributed (little aggregation evident). On gold, a hydlopBurface,

fibrinogen molecules acted similarly to the mica substrate in that they were balled up
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and evenly distributed. On the hydrophobic meteyminated silicon surface
fibrinogen aggregated. SPR studies revealed that surface chemistry plays an
important role in the binding kinetics of fibrinogen. The rates of adsorption and
desorption were different on different surfaces. The effect was more than just a
difference between a hydrophobic or hydrophilic surface. Several hydrophilic
surfaces (pla gold as well as an amine, carboxyl, and hydroxyl terminated SAM)
were tested and the resultant sensorgrams showed significant differences between
these different surface chemistries. This indicates that the relative hydrophobicity is
certainly not theonly important factor in determining how the protein will bind.
Fibrinogen is sticky and hard to get off of any surface and as such the SPR desorption
rates were slow.

Proteinsurface interactions were studied via tapping mode AFM. Surface
chemistry &ected the conformation of adsorbed proteins. SPR studies revealed that
fibrinogen desorbs from surfaces to a different degree depending on the surface
chemistry, changing the final level of adsorbed protein on the surface. The kinetics
on different suiaces correlated with conformation of fibrinogen on the different
surface. In addition to surface chemistry, pH plays are role in the aggregation and
adsorption properties as it changes the charge distribution on the protein and can also
change the chargat the surface for the amine and carboxyl terminated SAMs. By
controlling the chemistry and structure at the surface, it may be possible to
manipulate the adsorption of protein at the surface for the desired result. For

instance, to improve biocompatiby, although it might not be possible to completely
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eliminate fibrinogen adsorption to surface, it may be possible to minimize this
adsorption based on surface chemistry. Alternatively, controlling the adsorption in
such a way that the conformation wagch that the thrombin cleavage site(s) were
inaccessible, would also reduce chance of clot initiation and improve compatibility.
Most likely, the balled up or globular conformation will be less susceptible to
cleavage based on previous work. So the nycdd, and amine terminated SAM
might reduce polymerization more so than the methyl terminated SAM. Ideally,
probably a surface with this conformation and a low amount of adsorbed protein to
begin with, such as the amine terminated SAM, will be mostlsleittowards

improved biocompatibility.
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CHAPTER FOUR:

Towards Nanoscale Devices Incorporating the Molecular Motor FATPase
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4. Overview

The previous chapter discussed fibrinogen experiments which were based on
nonspecific protein adsorption. In this chapter, a different proteiATP synthase,
was investigated via both nonspecific and specific adsorption methedsl Pase is
of particular interest due to both its size and its rotary motor capabilities. As devices
are manufactured at smaller and smaller scales (from micron to revemyually
fabrication of inorganic motors to power these devices will not be feasible with
current technology. A small rotary molecular motor offers a unique solution for
fabrication of such devices due to its small size (inherently nanometers in dinjensi
Incorporation of biomolecules into hybrid nanobiodevices requires control over both
biomolecule placement and its orientation within the device. Investigation into
nonspecific adsorption of the tiny motor;-ATP synthase (ATPase), via tapping
mode AFM was performed to study protein orientation(s) on the surface. For the
immobilized protein to function properly within a device, precise orientation is
required. Therefore, controlling this orientation is imperative for increasing the
number of functnal molecules, as other orientations will lead to inactive protein
motors. Additionally, placement of the protein motor within the device is vital for
device fabrication. Several techniques, including SPR and AFM, have been utilized
to study and controkhis adsorption process. The chemistry involved in this
controlled orientation process and the durability of immobilization have been studied
via SPR. AFM was used to both create a landing pad with specific chemistry (to

control placement within the dee) and to control orientation of the individual
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protein molecules. By coordinating these efforts with nanoelectrode construction, a
functional hybrid nanobiodevice may be successfully engineered (Figure 4.6).
4.1. Introduction

Adenosine triphosphaf@®TP) synthases synthesize ATP, the primary energy
source for living organisms. ATP synthase (ATPase) is a tiny enzyme that
synthesizes ATP from adenosine diphosphate (ADP) and inorganic phosphate. The
ubiquitous FATPase can be found in plants, animaisd bacterid. Figure 4.1
shows a general structure of ATPAseF-ATPase is composed of two portions
including the membrane bound &nd the soluble jFportion. The hydrophobicF
portion contains subunits labeled a, two subunits labeled b, as well as a ring of ten to
fourteen ¢ subunits {g14abp) and isconnected to the gamma and epsilon subdits.
The hydrophiic kpor ti on is primarily composed of t
and a symmetric hexameric barrel consisting of alternating alpha and beta subunits
(46;) as wel | as an epmiliogn anTdh ed eilnttaa cstu beunnzi
two coupled motors dren by the protein gradient across the membrane. Although
both portions rotate, just part of the Fo r t isbgon) (W0 | | be the foct
dissertation. This section of the portion is approximately 360 kDa, measuring 10
nm in diameter and 8 nm irelght according to the crystal structGréhe radius of

the gamma subunit is 1 nmE;-ATPase is the smallest known molecular métor.
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Figure 4.1: ATPase Structure courtesy of Ostef, GReprinted by permission from Macmillan
Publishers Ltd: [Nature] (Wang, H.; Oster, Gature1998396, 279282), copright (1998).
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In addition to crystal structure experiments, previous investigations into the
structure of ATPase via electron microscopy and AFM have mostly focused on either
the whole complex (fF; ATPase from chloroplasts were studied by Derithed
Seelerl), the bacterial §F; ATPase}'? or just the g portion.?

Dencher used a lipid bilayer approach to adsorb chloropiesf FPase onto
a mica surface and studied thégsmas via cryoelectron microscopy and contact mode
AFM in fluid and determined that the; Fportion of the motor projected 10
nanometers above the lipid matrix with a diameter of about 28 nanorhefys.
chemically or mechanically removing the portion, the & portion was studied and
found to have ringike structure with a divot in the middle and was about 0.4
nanometers above the matrix with a diameter of about 7 nanometers.; powidn
was estimated to be about 13 nanometers in diameter. Unfortunately, théaesolu
on these images was poor and distinct subunit information was uhclear.

Spinach chloroplast ATPase molecules were studied via AFMeight
images distinctly display a ridligke structure with the farteen subunits per rotor for
this species g).> In contrast, using a combination of contact mode AFM with a
mica substrate and cryoelectron microscopy with cadw@ated copper grids,
Dimroth determined that the ¢ subunit bacterial-N&@Pase (a different species) to
be undecameric {§.* An electron nicroscopy and tapping mode AFM study of
bacterial i and RFi-ATPase molecules in lipid membranes adsorbed unto a mica
substrate revealed an $ector of 90 A diameter andFt were observed to be pairs of

spheres with a height of 100 A, respectively. sfuctures were much smaller at less
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than 10 A with ringike structures either with or without a hollowed center.
However, the resolution of these studies was limited and substructure information
was not obtained® X-ray studies by Stock of yeast mitochondrial ATPase revealed
only 10 subunits in the ¢ rings@.”

More extesive studies have been performed on thpdftion due to the ease
of sample preparation (merely adsorb a lipid bilayer with protein imbedded in it on
the surface and image). This method of preparation results in protein packed within
the bilayer such thiahe protein is confined and its movement is constricted, making
imaging of this protein easier. To date, subunit resolved AFM images of;the F
ATPase witipt)hdavet aont(been reported.

Work on determining both structure and rotational rae@dms includes
studies of conformational changes via electron microséamd high speed AFNF
13 Electron microscopy was performed via negative staining. Their results show an
uneven dumbbell sip@ with two spherical structures (one slightly larger than the
other) connected by a rod shaped structures, corresponding tg the F, and the
gamma subunit, respectively. The study was performed both in the absence and
presence of nucleotide. Wittucleotide, the §stayed the same while the éhanged
slightly. These images provide a compelling structural picture of the ATPase
complex'’ A somewhat complementary study was performed with bpged AFM
images where rotorless;-ATPase (so lacking the,Fa n d ) portions)
nucleotide were adsorbed onto mica and revealed six distinct sections in a ring,

corresponding to the alternating alpha and beta hexameric barrel structures; the
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catalytic beta subunits were higher than the alpha ones with aldeoita(where
gamma subunit is missing). After nucleotide addition, the structure changed a bit and
revealed only one higher beta subunit. Upon addition of ATP, the brighter area was
on one beta subunit and rotated around in a counterclockwise dirantimmgst the

beta subunits. Quantitative measurements of the sizes of the molecules and subunits
were not reportelf The fact that this conformatiarhange was observed without the
gamma subunit present is consistent with mutation studies where the gamma subunit
has been sequentially shortenaad rotation still occurs. These studies seem to
contradict the current theory about the rotation mechamswiving interactions of

the gamma subunit with the beta subunits. Further mechanistic investigations are
required to elucidate the structtftenction relationship within this enzyme.

Part of the ATP synthesis process invo
subunit™* When just the Fportion is studied, ATP hydrolysis occurs and observed
spinnirg is in the counterclockwise direction (as viewed from thside). Rotation
studies with long filaments resulted in a 360° rotation with three 120°*$tefpedh
full rotation results in the hydrolysis of three ATP molecules to ADP and inorganic
phosphate. Studies with smaller armatures (beads) with limiting ATP concentrations
were able to elucidate discrete substeps within this rotation process of 80° and 40° o
with 90° and 30° intermediate halts® Fi-ATPase is thught to have three catalytic
sites at the boundaries between the alpha and beta subunits. These sites are said to be
in an open, closed, or intermediate state in which there is an empty site, ATP, or ADP

bound to the beta suburitCalculated rotation speeds were about 130 revolutions per
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second with a high energy efficientd. This rotation generates a huge torque
(ranging from 20 pN*nm to 800 pN*nm), meaning that this rotor may be useful
for a variety of application!’ Potential applications include anything from
delivery agents to powering motors for nanodevices to switches. If one wanisel
this motor as a switch, control over the spinning of the motor is critical. Thus, having
the availability of a built in regulator to start and stop the motor (as is the case with
the chloroplast ATPase which has a regulatory dithiol redox swit¢theérgamma
subunit® or an integrated zinc switth to control the spinning is desired. Both the
size and function of this protein are key attributes to be exploited. Most notably for
this dissertation, ATPase will serve as a candidate for incorporation into a
nanobiodevice as a molecular motor.

Previous experiments which provide evidence of matafor this enzyme will
be briefly explored. In one study, a fluorescent microsphere was attached to the tip of
the gamma subunit and rotation was observed via a differential interferdthétein.
et al. performed rotation studies with 40 nanometer gold beads coated with
biotinylated bovine serum albumin attached to the biotieglajamma subunit via
streptavidin, monitored via laser dark field microscopy, and captured with a €harge
coupled device camertd. While these studies were compelling as to the possibility of
rotation, some controversy exists. Since the beads were not much larger than the
protein itself and placed almost directly abovepha&tein, the motions captured were
very tiny. It is possible that the observed movement was due to only Brownian

motion and not from actual rotation of the gamma subunit. To more directly
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determine rotation, one could extend movement away from cemtiafion. If
rotation is still evident, then it is less likely to be Brownian motion. However,
modifications to the protein that allow the rotation to be observed more off axis,
would also be more likely to introduce drag and change the inherent mottbe of
motor.

Previous investigations by two groups, Yoshida (Figure 4.2) and Montemagno
(Figure 4.3), have shown rotation of the gamma subunit by extending the length of
the unit attached to it. Yoshiad al. demonstrated that a fluorescent actinnfiéant
attached to the gamma subunit rotates in the counterclockwise direction upon
introduction of ATP. Mont emagnods group
nanopropeller attached to the gamma subunit rotating in the counterclockwise
direction via aCCD camera’

Noji, et al. pioneered the exploration of-ATPase rotatiorexperiments. In
1997, fluorescent measurements of this enzyme showed rotation of a two micrometer
long fluorescent filament attached to the gamma subunit in the counterclockwise

direction upon addition of ATP (Figure 4.2).
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Figure 4.2: Evidence of ATPase rotation examplté Reprinted by permissionsoim FASEB Journal
[Kazuhiko Kinosita, Jr.FASEB199913, S201S5208] & Macmillan Publishers Ltd: [Nature] (Noji, H;
Yasuda, R.; Yoshida, M.; Kinosita, K\ature1997386, 299302), copyright 1997.
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In a second revolutionary visual example of ATPase rotatdontemagnet
al. used a chargeoupled device camera to monitor the rotation of nickel rods
(nanopropellers) attached to the gamma subunit-@TPase (Figure 4.3). These
motors were attached to nickel posts that were 50 to 120 nm in diameter and 200
nanometers high via histidine tags incorporated into fleubunit.  The
nanopropellers (150 nanometers in diameter and 750 to 1400 nanometers in length)
were attached via streptavidin coupling, as both the gamma subunit and
nanopropellers were biotinylated. Spinning of these nanopropellers was monitored

and control studies wemperformed.
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Figure 4.3: Evidence of ATPase rotation examplé Rrom [Soong, R.K.; Bachand, G.D.; Neves,
H.P.; Olkhovets, A.G.; Craighead, H.G.; Montemagno, C3Zience2000 290:5496 15551558].
Reprinted by permission from AAAS.
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Both those examples exhibit the extraordinary power of {p&TPase notor
to spin a filament or rod around in a counterclockwise direction through ATP
hydrolysis. What makes this so impressive is that these propellers are on the order of
microns while the motor powering the rotation is only tens of nanometers. These
exampes of this protein spinning something so much larger than itself are true
examples of the uniqueness of the torque of this motor. Unfortunately, in both
rotation examples above, less than two percent of the motors were active. For
Yoshida et al, about only one out of 70 filaments were observed to rotate
continuously in the counterclockwise directidnin the case of Montemagno, only 5
of about 400 propellers tated continuously in the counterclockwise direction and the
device lasted for about 2.5 hours before the propeller broke dway.

In both cases, although histidine tags were used in an attempt to specifically
attach and orient the proteins, some snags were evident in the protein immobilization
strategi es. F o e sulstrateh wad @& &gkass glideoupgn, whiah h
horseradish peroxidase containing some nidiiellotriacetic acid groups was
adhered. While this was a reasonable plan, this surface turned out to not be ideal for
the size scale of the protein investigated daethte roughness of the INITA
layer??? Both the glass slidand the horseradish peroxidase surface components
were rough. Previous members of the Berrie group constructed similar surfaces of
cleaned glass slides and glass slides coated with horseradish peroxidase and observed

this surface roughness (Figuré}
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b) glass slide with horseradish peroxidase adsorbed with a 150.0 nm height scale.
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Additional investigations by the Berrie group involved a mimic SAM NTA
surface which was also very rough with a RMS roughness of about 1.573 nanometers
over a® area®(Fiqurm 4.5). The AFM height images show variations in the
heights of the matrices; the surfaces were not a uniformly solid color across scan of
image. Ths roughness means that there are some valleys where the histgijed
protein might reside which would inhibit the molecules spatially and thus cause them
to be unable to spin or be observed. If the protein is trapped within matrix, then the
arm cannototate freely because there is not enough room to spin. This decreases the
overall percentage of functional molecules adsorbed to the surface. Additionally,
orientation is a problem, if the surface chemistry is not uniform over the entire film.
Nonspedic adsorption of -ATPase could be an issue too. If the protein adsorbed
to other unintended places on the surface, studies of rotation may be adversely
compromised. And finally, denaturing of protein may also adversely impact the

function or rotatiorafter immobilization.
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10.0 nm and corresponding cross section. Surface is very rough and is not suitable for protein
attachment. (Image courtesy of Dr. Jill E. Headrick)
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For Montana gn o 0 s group, t wo mai n i ssues I
percentage of functional spinning proteins. One was the use of nickel posts instead of
nickel ions. Previous investigatidishave shown that histidine tags have a lower
affinity for nickel metal than nickel ions. A hard acids and soft bases argument also
offers insight into this difference of affinityNickel metal is considered soft while the
nickel ion is considered hard. Therefore, the nitrogen of histidine which is hard is
more likely to more strongly coordinate with the hard nickel ion than the soft nickel
metal. Soft atoms covalently bonds stren¢p soft atoms and hard to hard. Soft
atoms are more polarizable with a more diffuse electron cloud while hard atoms are
the opposite, less polarizable with a tighter electron cloud. Thus, a charged metal
surface improves the adhesion strength of hiskdine coordination to nickel. Metal
ions were found to be more fAreliable and s
hybrid nanobiodevice§ Thus, protein molecules are less likely to coordinate to
metal versus metal ions. Additionally, the attachment of nickel propellers was not
specifically controlled in terms of where the propeller attached to thengasubunit.

This led to variation between molecules where some attached at the end of the
propeller, some in the middle, and some other various positions. Not all propeller
attachments were adequate for proper rotation. Yos#tidd. did not control he
attachment of the filament either, as it was coated with biotin everywhere, so the
filament could attach anywhere along the length which might hinder rotation. Also,
with both groups, since the actin filament or propellers were so long (microns), there

was a potential of drag, resulting in a slower rate of rotation. Although both groups
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confirmed the unique capability ohfATPase to spin, a combination of the above
factors led to an inadequate number of functional molecules in both cases.

The motivaton for this project, this tiny molecular motor, emerged from the
idea to determine if we can utilize this motor in a practical fabricated hybrid
nanobiodevice. This tiny molecular motor rotates counterclockwise when ATP is
introduced into solution. Leamy more about how it functions and how we can
capitalize on this power in order to take advantage and harness what nature already
provides, would be splendid. These studies should help to elucidate the mechanism
of rotation through structure function aéibnships. Possible applications include
motor to power micropumps or microgenerators, switching valves in nanofluidic
devices, gears or levels within miniaturized analytical systems, controllable
transporters, drug delivery system, cargo transport,starauring or sorting protein
assemblies, adaptive and se#faling materials, rotorooter, and mété® One
application already in development is a polymer aleswhich contains the whole
F.F1-ATPase complex and converts light to fuel for devideDespite somewhat
extensive work into studying this protein motor, information is still lacking about
structurefunction relationships and how the motor spins. Some controversy exists
about the mechanism of the rotation in ATPase. The role of the substeps is
undefined. The nature of the possible contact sites of the gamma subunit within the
alphabeta barel and potential conformational change is unclear. Additionally, there
are some problems with placing this motor protein in a precise location within a

device and with maintaining function of the motor after immobilization to the surface.
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Thus, the goabf this portion of the dissertation is to improve upon the
number of functional motors within a nanobiodevice by controlling the landing site
chemistry and roughness, in hopes of increasing the number of functional protein
molecules and controlling the ddlaground matrix to prevent, or minimize nonspecific
adsorption. To determine the functionality within the device, nanoelectrodes will be
constructed around the protein to monitor the current produced when ATP is added
and a magnetic bead spins over theaadectrodes as the gamma subunit rotates. The
proposed nanobiodevice is depicted in Figure 4.6. The focus of this work is the
immobilization of the motor, but other work in the group is on investigation of wire
fabrication. This hybrid nanobiodeviceptadown view shows immobilized ;¥
ATPase motor in the center on a landing spot with the gamma subunit protruding
(away from the surface) from the middle of the alplesa barrel. Attached to the
gamma subunit is an armature with a magnetic bead on theBeholw the magnetic
bead are «shaped nanoelectrodes connected to microelectrodes. As ATP is added to
the system, the gamma subunit should rotate, causing the magnetic bead to spin over
the nanoelectrodes. As the bead spins, a current will be measuoeght the
microelectrodes connected to the nanoelectrodes. Components other than a magnetic
bead may be attached to the armature and alter the functionality of the device, such as
a capsule that contains drugs, a fluorescent tag to monitor motion,ers.otfhis
structure would also be useful in driving the synthesis of ATP on demand by applying
voltages across the electrodes sequentially. Development of this device should help

us to determine the mechanism of rotation through structure functiomnslaips.
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Goals of the current work included determination and control over the
orientation of ATPase at the surface, as well as control of the spatial locations of
incorporation of the protein within the device. Immobilization of ATPase on the
surfaceat desired location, in the desired concentration, with the correct orientation,
while maintaining adequate functionality should drastically improve success in device

fabrication.
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Figure 4.6: Proposed Hyid Nanobiodevice.
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4.2. Experimental

An AFM Multimode Nan&copé llla produced by Digital Instruments (now
Bruker) in contact mode, friction mode, and tapping mode was utilized for these
studies. ANanoScop8 J (large scale) scanner was also utilifedlarger micron
grafting experiments while an AEO scanner
the protein orientation investigations. Cantilevers used include Bruk&1RPNonr
conductive silicon nitride; 4 -ghaped cantilevers/tips with followingets of force
constants and resonant frequencies: 0.350 N/m ai®0 &6iz; 0.12 N/m with 18
kHz; 0.24 N/m with 4675 kHz; and 0.06 N/m with 324 kHz. For surface
engineering studies (patterning of SAM fil
cantilevers: 0.65 N/m with 41 kHz, 0.3 N/m with 21 kHz, and 0.35 N/m 28tkHz
were utilized. For patterning angNstapping
coating and an aluminum backside coating with 3 rectangular cantilevers: 7.5 N/m
with 210 kHz, 14 N/m with 315 kHz, and 4.5 N/m with 150 kHz were utilized. In
fluid, the tapping mode frequency used was much low20(kHz).

Substrates included Platypus gold, house gold on mica, house template
stripped gold, and house flaraanealed gold (see chapter 2 section 2.4.1 and
subsections thereof for descriptions). Ringkitsons included chloroform, acetone,
and ethanol. Drying involved nitrogen gas. A Rudolph Research (now Entrepix)

AutoEL ellipsometer for substrate optical properties and monolayer thickness

determination and a Ranté@rt, Inc. NRL C.A. goniometer (Motd&00-00) for static

contact angle measurements with three droplets of water (six measurements) for each
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surface were utilized for SAM characterization. After measuring contact angles, the
surfaces were rinsed with chloroform, acetone, and ethanol agul wiih nitrogen
gas.

SAM formation and modifications (see chapter 2 section 2.2.2 and 2.2.4)
utilized ethanol, thiols (Hodecanethiol, -bctadecanethiol, 1;6exanedithiol, and
1,11-undecanedithiol from Sigmaldrich), or neat idodecene, and THLCI pH 8
buffer. Note, dithiol SAMs utilized higher concentrations of dithiols (~25mM) to
crowd the surface with thiols to encourage upright binding of one thiol over
adsorption of both thiols to the surface. Maleimide nitrilotriacetic acieN{W) or
[N-(5-(3-maleimidopropylamidce)l-carboxypentyl)iminodiacetic acid, disodium salt,
monohydrate] was obtained from Dojinodo Molecular Technologies, Inc. Nickel (ll)
ion solution was prepared from nickel chloride from Mallinckrodt and buffer. Protein
(F1-ATPase) ad modified versions were obtained from collaborators in the Richter
lab (Molecular Biosciences, KU). T#8Cl, pH 8 buffer was utilized for AFM
studies. Two millimolar adenosine triphosphate and one millimolar
ethylenediaminetetraacetic acid (EDTA) (9@ were added to protein buffer
solution for protein stabilization. Concentration of proteins was determined using
UV-VIS spectroscopy by the Richter lab. SDS PAGE gels were performed by the
Richter lab to verify that all three components (alpha, bata, gamma) of the
enzyme were present.

For control studies of histidine binding to nickel iBTA surfaces and

corresponding kinetic information, a BiaCore (now GE Healthcare) 3000 SPR
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(courtesy of KU CORE facilities), and BiaCore NTA chips were utilizétEPES
buffer, pH 7.4 (0.01 M HEPES, 0.15 M NacCl ,
was used as a running buffer. A 500 &M n
buffer solution was used as a source for nickel ions. A 500 millimolar imidazole
(SigmaAldrich) in water, regeneration solution (prepared in the same way as HEPES
buffer, except with 0.35 M EDTA and pH 8.3), and 0.5% sodium dodecyl sulfate
from SigmaAldrich were utilized in SPR studies as solutions to regenerate the NTA
chip. SPR studieswer per f or med at a fl ow rate of 20
literature and testing for mass transport limitations. A series of protein dilutions were
prepared via the SPR. Injections were performed on a reference cell and sample cell
as follows. Ineti ons of 20 eL regeneration sol uti
both cells were performed to clean the sur
injected on the sample cell only, foll owed
and a 2 0 njection. PAudfererce flow cell (without nickel chloride solution)
was wused in addition to the sample flow c
protein kinjection with 300 second dissociation was made. This was followed by a 20
eL bufferO ieal eichiidanzolde i njection, 60 eL r
and 100 eL SDS injection (at 100 eL/ min f
extracleanstep was performed after all injections to help reduce carryover. This was
required to eliminate oss contamination of subsequent injections.

Fluorescence studies for confirmation that the grafted thiol terminal group was

available for additional chemistry utilized a Zeiss Axioplan 2 upright epifluorescence
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microscope with Slide Book 5.0 and #34 1024 Ocra ER CCD camera and 1.3 MP
spot color camera (courtesy of KU MAI facilities).
4.3. Results and Discussion

This section provides details on the results and analysis. Specifically, section
4.3.1 will describe nonspecific adsorption studiespATPase to mica surfaces via
AFM. Section 4.3.2 includes SPR studies of specific immobilization chemistry and
kinetics of binding to NTA chips. Section 4.3.3 describes the creation of a landing
pad and details of fabrication of these nanoscale pat@@chsonfirmation of protein
binding on structure via AFM as well as provides evidence for successful
immobilization of protein within pattern. Section 4.3.4 provides additional control
studies for successful patterning steps via fluorescence. Tog#tbeg results
demonstrate the controlled immobilization of theAH Pase for use in future device
applications. This has been a long standing problem in working with protein motors
of this type.
4.3.1. Nonspecific Adsorption Studies ATPase/ATPagéis

In order to view things on a molecular scale such as imaging proteins and
molecules on the surface, a technique such as AFM that is capable of resolution on
that lengthscale is needed. Nonspecific adsorption of ATPase to mica was studied
both dry and inltiid via AFM in tapping mode. The ATPase utilized in these studies
was only a portion of the;FA T P a sgfo )(. U This should result't
hexameric ring with the gamma subunit in the center, protruding from the ring.

Nonspecific adsorptiostudies were performed in order to gain an understanding of
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the interactions of ATPase with the surrounding SAM matrix and to determine
whether the resolution required to image protein orientation would be achievable.
This had not been previously demoastd on this system, so was a critical
prerequisite for the subsequent investigations. Nonspecific adsorption relies on
physisorption rather than on chemisorption and is generally considered to involve
weaker binding interactions. This means that pragggeduch as hydrophobicity, van
der Waals forces, and ionic interactions or electrostatic forces will be prevalent
modes of binding as opposed to covalent bonding. These tests were performed under
two different sets of conditions, dry and in fluid. Imagseolution is typically better
dry, but fluid imaging allows mimicking of pseugysiological conditions (typical
protein conditions and environments).
4.3.1.1. Mica

Mica, a hydrophilic, atomically flat surface (Figure 4.7) was utilized for initial
nonspecific ATPase adsorption studies. Ruby muscovite mica has some terminal
hydroxyl groups and was negatively charged under the conditions of these
experiments. Mica was prepared for use in studies by cleavage with tape. Cleavage
resulted in a freshlyxposed clean surface to which protein molecules were adsorbed.
4.3.1.1.1. Dry

The method for dry immobilization started with incubation of the mica surface
in buffer solution (TrisHCI, pH 8 with 1 mM EDTA and 1 mM ATP) for about ten
minutes to equilibri the surface to buffer conditions and then a one microgram per

milliliter solution of protein was added to the surface and allowed to adsorb. After
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about 1520 minutes, the surface was rinsed with buffer and water and dried with
nitrogen gas. The sangWas then imaged via tapping mode AFM.

While this experimental design is relatively simple, conditions of experiment
critical. Protein concentration must be low enough to image individual protein
molecules; too high a concentration gives protein monadaye which individual
proteins are indistinguishable, while too low a concentration gives rise to time spent
searching for immobilized proteins. After protein incubation, rinsing with buffer and
then thorough rinsing with water is vital to ensure remmfasalts. If salt is not
removed, salt crystals will form upon drying, interfering with protein imaging (big
clumps of crystals can obscure the much smaller protein molecules).

Once suitable imaging conditions are met, images can be analyzed. Mica is
atomically flat, with an RMS roughness of about 0.072 nanometers over a 5.00 by
5.00 micrometers image. This provides a very uniform surface with very little

contrast in AFM images (Figure 4.7).
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After a clean mica surface was confirmed by imaging, the protein was
adsorbed to the surface as discussed previously. Spots showed up due to protein
adsorbedd surface. A 325 nanometer by 325 nanometer image of ATPase adsorbed
to mica was analyzed (Figure 4.8). Protein molecules adsorbed on the surface are
higher than the surface and thus are the brighter spots on the image. Zooming in on
individual molecués and obtaining cross sections through proteins within this image
showed a somewhat surprising result. Not just one, but three main orientatigns of F
ATPase were observed as indicated in Figure 4.8. One type cross section observed of
the protein had alip or depression in the center of the protein (darker color),
indicative of either the gamma subunit missing or the protein adsorbed to the mica
upside down. Another observed type of cross section of a protein was just rounded,
thought to be of the prate molecule adsorbed on its side. (Another alternative
would be that the resolution was too low to distinguish the central gamma subunit
however since some molecules were observed within the same image this theory was
dismissed). And finally, one typ# protein cross section observed had a protrusion
from the center of the protein (brighter color), indicative of the protein adsorbed in
the correct orientation with the gamma subunit pointed upright. Analysis of cross
sectionals through multiple protemolecules and corresponding thwdienensional
AFM height images resulted in observation of repeated molecules for each type of
orientation. Three example cressction cuts (one for each type) highlight the
various orientations (Figure 4.8). The firstaenple was of a molecule with a

protrusion (higher point) in the middle of the peak due to the gamma subunit pointed
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upright (denoted Type ). The second cresstion molecule was either upside down

or missing its gamma subunit. The corresponding esesson showed a distinct
depression in the center of the molecule (denoted Type Il). And finally, the third
crosssection was representative of a rounded molecule with a single peak for the

molecule (denoted Type IlI).
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It is likely that only the first of these orientations will lead to a functional
protein on the surface, as with the other orientations the gamma subunit is missing or
not free to rotate in thelagne parallel to the surface. Therefore, control over the
orientation of the protein is essential in enhancing the number of functional proteins
within hybrid nanobiodevices. Another observation gleaned from these nonspecific
adsorption studies was thidte protein adsorbed all over the surface. Thus, control
over placement will also be an essential component in hybrid nanobiodevice
construction. This type of resolution on theAPase motor with the rotor has not
been observed before and is critical fletermination of the orientation of the protein
bound to the surface.

Although resolution is usually sufficient when imaging dry, one must consider
how the design of the experiment might affect the results obtained for protein
orientation and sizeATPase is typically in a fluid environment. When imaging dry,
the protein has been exposed to theligird interface. This may alter both the
apparent size and the structure of the protein. The protein is no longer hydrated and
may denature (spread tpwpon drying. Alternatively, the protein may decrease in
size upon drying due to dehydration effé€tsTherefore careful assessment must be
made in determining the results of such studies and how they might relate to the

native protein state.
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4.3.1.1.2. Fluid

Fluid adsorption was performed using the AFM and fluid cell. The mica
surface was initially imaged irulifer to confirm that nothing from the buffer solution
would adsorb to the surface. The AFM height image of a mica surface in buffer was
consistent with images of freshly cleaved mica. Then same method as in dry
adsorption was followed except the prot@oncentration was higher (~mg/mL),
imaging was performed in TH4CI buffer pH 8, and no rinsing with water or drying
steps were performed. Liquid can be exchanged in the fluid cell without introducing
exposure to aiwater interface.

This maintains tb environment around the protein to kEseude
physiological Figure 4.9 shows the results of these studies. Fluid cell studies
resulted in the same variation of protein orientations (protrusion, depression, or
rounded) as dry immobilization. Cresectons, as with dry measurements, were
provided for each type of orientation. For further visual clarification, a 3D AFM
image was provided for each representative molecule. Additionally, Figure 4.10
provides general schematics for the various types otiprairientations observed

upon nonspecific adsorption of this protein to mica.
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Figure 4.10: Schematics of three typical orientations eAFPase adsorbed nonspecifically to mica.
a) Type 1 (Protrusion), b) Type Il (Depression), and c) Type Il (Rounded).

228



However, thesize and resolution of the protein molecules were different
between dry and fluid experiments. The protein molecules immobilized in fluid were
larger and more sporadic while proteins immobilization followed by drying were
smaller and covered more surfazea by comparison (Table 4.1). The differences in
the size of the protein may be due to different conditions, differerdatiple
interactions, and the protein may be deformed differently under dry conditions in
contrast to fluid conditions. Figure 14. provides a schematic of the protein
dimensions measured.he height of the ATPase for the hexameric alpe&barrel,
the width of ATPase at half height, and the feature height (or depression), as

represented by the white arrow were measured.
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Figure 4.11: Schematic offATPase and measured components of protein height, width at half height
and feature height (or depression).
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Table 4.1: R-ATPase dimensions determined from tapping mode AFM images from dry and
fluid imaging on mica substrate.

Imaging Type Protein Height| Width at %2 Heighq Feature Height
Conditions (nm) (nm) (nm)
| (Profusion)} - g.7+0.1 1242 0.13 +0.05
Dry |"(PePressiont 574002 16 + 2 -0.08 +0.02
' (Rounced) | 9.7:0.1 14.7+0.8 n/a
I (Pr(r)l'zgsmn) 10 + 4 69 + 13 1.9+0.7
Fluig | (PePression} - g5 03 70+11 -1.0£0.2
Il (Rounded)] - 742 55+ 7 na

The height, width at half height, and feature height values measured fo
proteins adsorbed and dried were lower than those adsorbed and imaged in fluid for
all three types of orientations. This phenomenon of smaller features in dry imaging
versus fluid imaging has been observed previotfslfzor example, the values for
height measurements of the protrusion orientation proteins were smaller when imaged
dry (at 0.7 nanometers) versus wheraged in fluid (at 10.1 nanometers). The fluid
values for height of about 10 nanometers were close to the expected value of about 8
nanometers from crystal structure data; dry measurements were low compafatively.
The width at half height of the hexameric barrel measured in fluid was much larger at
50-70 nanometers compared to the expatalue of 10 nanometers from crystal
structure data; dry measurements were slightly above expected Valins.can be
explained by the tip broadening effect. If the cone angle of the tip is large relative to

the size of the protein molecule, then in addition to the apex interactions with the
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sample there are cosample interactions,acsing the protein to appear wider than

the true width. The feature height for the protrusion or gamma subunit over the
hexameric barrel was about two nanometers in fluid was about double the expected
value of 1 nanometer obtained from crystal structate;ddry measurements of about

0.1 nanometers were less than expected values (probably due an increased amount of
force from the tip to the sample when imaging dry).

Nonspecific adsorption results in a variety of orientation, only one of which is
desired (protrusion of gamma subunit). Also, protein was observed all over the
surface. Therefore, both a landing pad and control over immobilization are critical
for incorporation of this protein motor within a hybrid nanobiodevice. Thus, in order
to have better odds of a functional device, it is necessary to control the orientation of
themolecule at the surface.

4.3.2. Specific Adsorption Studies of ATPaséHis

Since nonspecific adsorption studies of ATPase to surfaces yielded various
orientations, only one of which was desired, control over ATPase adsorption was
necessary to enhance this prabgb To achieve this, a specific adsorption scheme
is utilized. For further discussion of specific adsorption methods, see Chapter 1
section 3. Briefly, specific adsorption involves utilizing a characteristic (anchoring)
group within the molecule todaorb it onto a surface via specific chemistry and
perhaps even at a precise location. Examples of specific adsorption methods include

amine coupling, streptavidibiotin coupling, and others as discussed in chapter one.
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Another form of specific attachemt chemistry involves histidine tags. This
idea stems from immobilized metal affinity chromatography, a typical method of
protein purification. Basically, a series of histidines (in this case, a sequence of six
separate histidines) are incorporated itite sequence of the protein to form a-His
tag. This histidine tag can then coordinate with a nickel ion (cobalt, zinc, copper ions
have also been used). This nickel ion is also coordinated to the carboxylic acids in a
nitrilotriacetic acid (NTA) group. By having a column functionalized with this
chemistry, those proteins with a histidine tag should bind strongly to the nickel ion
and the other proteins should flow through the column, thus purifying the protein of
interest. One of the great assets @ thchnique is that then mild elution conditions
(imidazole) can be utilized to elute the protein of interest. By incorporating these
histidine tags (Higtags) into the Nerminus of the three noncatalytic alpha helices of
the alphabeta barrel, the ATése can be specifically attached to the surface via this
functionality without adversely affecting proteins. There are three alpha subunits;
therefore each ATPase molecule will have three sets of hexahistidine tags.
Additionally, placement of these Hiags on the cytoplasmic side of the barrel
resulted in the gamma unit protruding from the opposite end as in the desired
orientation and configuration.

To incorporate this scheme into a nanobiodevice, a surface nanoengineering
scheme has been developedirst gold surfaces were formed. Then a resist
monolayer was formed. This monolayer was either a methyl terminated SAM or a

PEG SAM. The purpose of the resist was to have a surface where little to no protein
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adsorbs nonspecifically. A methtgrminatedSAM was shown to be a decent resist
(See section 4.3.3.1.1, Selective Adsorption on Hydrophilic Nanopatterns) as the
hydrophobic methyl surface has little nonspecific adsorption under the conditions
utilized. As discussed in chapter 1, for initialvitro studies, PEG may also be used

a protein resist matrix.

This general schematic for the surface patterning is outlined as follows
(Figure 4.12). Grafting conditions were confirmed by grafting in a longer chain thiol
in this case, an octadecanethiol patte Dithiols (1,6hexanedithiol and/or 1,11
undecanedithiol) were then grafted into the resist matrix. Maleiid& solution
was added to the system to allow the maleimide functional group to covalently bind
to the exposed thiol functional group. Thesaction is highly chemoselective and
forms a covalent thioether bond between the thiol and maleimide group upon
selective addition into the double bofidA nickekchloride solution was added to the
system. This allowed the nickel ions to coordinate to the carboxylic acids in the NTA
portion of the surface. Finally, histidine taggedA Pase was added to the system
and allowed to bind. Hitags coordinatedotthe nickel ions, aligning the ATPase
both spatially and in the correct orientation. The protein orientation was imaged. The
gamma subunit should then be exposed at the surface and should be functional.
Functionality tests will be performed by our edibrators.

Before embarking upon the specific attachment studies via AFM,
confirmation that this specific attachment worked as expected was demonstrated via

SPR. These SPR experiments allowed the kinetics of binding to be evaluated.
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Figure 4.12: Schematic of specific chemistry utilized to adsorb ATR&st® surfaces. a) Step one is

to form a 1,6hexanedithiol or 1,1-lundecanedithiol SAM (full surface coverage or patterned area) on
gold. b) Addition of maleimidéTA andcoordination to the terminal thiol. c) Addition of nickel ions
which coordinate to the NTA groups. d) Finally, histiditagged ATPase is added and the histidine
tags coordinate to the nickel ions, selectively immobilizing ATR4ise e) Insert of zoord view of
histidines coordinating to nickel ions and NTA showing only one histidine tag on an alpha subunit for
clarity.
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4.3.2.1. Surface Plasmon Resonance

Goals for SPR studies included verification that the last two steps (nickel ion
and histidinetag coordnation) of the specific chemistry schematic (Figure 4.12)
work and determination of the robustness of thé\FPasehistidinenickel ionNTA
coordination. Additionally, these studies allowed for investigation of the kinetics of
binding and the adsorptiand desorption rates. Ideally, a small\Was desired such
that large k, and a small i were obtained. This would mean that a lot of the protein
adsorbs to the surface and only a small amount of adsorbed protein is easily removed.
SPR can be used todirectly check the orientation of the protein in future studies.
Additionally, this technique allows for the determination of interaction specificity
with hopefully only a little nonspecific adsorption occurring, another key goal of
these studies. Alsonew information was determined about kinetics of binding
(multiple rate constants required).
4.3.2.1.1.Substrates (BiaCore NTA chip)

SPR was used to check the chemistry of the coordination of nickel ions to the
carboxylic acid groups of NTA, and then coordinatiof histidines in FATPase
Histidine tag to those immobilized nickel ions. A modification of the protocol for
NTA chips from GE Healthcare was utilized for this experimental pottiofirst, a
BiaCore NTA chip was docked into the SPR. This gold chip has a
carboxymethylated dextran matrix with some NTA groups incorporated on the
surface. Using a HEPES running buffer, nickel chloride was injected over the

surface. An initial change in the response indicates a difference in refractive indices
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between the nickel chloride solution and the buffer. If after the injection a positive
response unit was observed compared to initial baseline response, then mskel io
have coordinated to the NTA groups on the surface (Figure 4.13). After this step, the
histidinetagged ATPase was injected. As the protein was injected, the SPR response
increased, again partially due to a change in refractive index to the surfacaoré
protein was introduced to the surface, the initial curve increases as protein adsorbed
and desorbed from solution. After switching back to buffer, some of the protein
desorbed, as indicated by the decreasing response. A comparison between the
basdine before protein injection and after returning to buffer and allowing
stabilization provides an idea of how much protein remains bound to the surface. The
magnitude of this response is indicative of the amount of protein bound to the surface;
the highe the response, the more protein that was bound to the surface. The shape of
the curve indicated the kinetics of the reaction; injections of varying protein
concentrations allowed a fit to a kinetic model. Additionally, a reference cell was run
in paralel and used to determine nonspecific binding and to eliminate the difference
in refractive index between the buffer and the sample. The surface was completely
regenerated by a series of washes (all thAHPasehis was removed, unlike
fibrinogen), as cabe seen by the return of the response to the initial baseline level.
For an example sensorgram of this immobilization and regeneration process (Figure

4.14).
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Figure 4.13: SPR sensorgram Response (RU) versus Time (s) of NTA chimigkigi chloride
injection, showing nickel ions immobilized on NTA groups.
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Figure 4.14: SPR sensorgram Response (RU) versus Time (s) of NTA chip with injections of nickel
chloride, 125 nM FATPaseHis, and regeneration solution.
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A BiaCore NTA chip consists of a dextran matrix with some nitrilotriacetic
acid (NTA) groups exposed. Nickel ions were tetracoordinated to carboxylic acids
and nitrogen of the NTA groups, leaving two free coordination sites for fulfillment o
nickel octet (Figure 4.12c). Rinsing, buffer transfer, and needle washing were crucial
to remove residual nickel ions from the needle and needle surface in order to obtain
an adequate reference curve. Histidine tags on the ATPase coordinated Syeoifical
the nickeiINTA groups (Figure 4.12d). This interaction was concentration
dependent as expected. The higher the concentration, the more protein adsorbed to
the surface (Figure 4.15). A slight amount of nonspecific adsorption occurred as
indicatedby the reference cell. The protein remained immobilized on the surface
even after changing back to buffer during dissociation and after the injection,
indicative of a strong binding of the protein to the nigk&lA surface, thus protein
should remain baul to the hybrid nanobiodevice after successful immobilization.
However, the chip can be regenerated through a series of washes, meaning that
immobilization can be specifically interrupted when desired.  Thus, after
incorporation within a hybrid nanobiodee if the protein motor(s) becomes inactive
(stop rotating), protein(s) can easily be removed from the surface and replaced with
fresh protein motor(s), essentially regenerating the device. This regeneration step

also allows another concentration of f@in to be tested as needed for kinetic studies.
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Figure 4.15: SPR sensorgram Response (RU) versus Time (s) of NTA chip with injections increasing
concentrations of FATPaseHis.
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