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ABSTRACT

The first step in two of the most troublesome biological responses to the implantation
of blood-contacting biomaterials, i.e. thrombosis and inflammation, is the adhesion of blood
plasma proteins to the biomaterial surface, which may then initiate platelet adhesion and
activation, and thereby set in motion a cascade of adverse host responses. If devices could be
developed that prevent that first step from occurring altogether, a new gencration of
“stealth” biomaterials would be born. Such was the motivation of this project, which sought
to investigate the constituent intermolecular interaction forces governing protein adhesion to
biomaterials, using the technique of high resolution force spectroscopy. The model protein
chosen for our study was human serum albumin (HSA), the smallest and most abundant
blood protein in the human body, and typically the first to adsorb to a blood-contacting,
implanted device. In the first stage of our investigation, HSA was covalently grafted to a
nanosized probe tip at the end of a soft, microfabricated cantilever force transducer. The
intermolecular interaction potential, U(D), was recorded between the HSA-modified probe
tip and four different model surfaces, including: 1) gold, 2) a hydrophobic, CH;-terminated
alkanethiol self-assembling monolayer (SAM), 3) a hydrophilic, COO-terminated
alkanethiol SAM, and 4) individual, covalently end-grafted molecules of poly(ethylene



4
oxide), in aqueous sodium phosphate buffer solution (PBS, ionic strength IS = 0.01M, pH =

7.4). Both theoretical and numerical modeling were employed to evaluate the experimental
results on each of the different surfaces, and to characterize the nature of the protein-bound
probe tip. In the second part of this study, we aimed to elucidate the various constituent
intermolecular interaction forces contributing to U(D) by strategically manipulating
experimental conditions such that we were able to isolate, and in some cases quantify, the
electrostatic, steric, and hydrophobic components. It was found theoretically that
electrostatic and steric forces accounted for approximately 8% and 4% of the total
intermolecular interaction force; experimentally, these forces are observed to be completely
dominated by a repulsive force which increases in magnitude as the ionic strength of the
solution is increased. It is believed that this additional force is imparted by the PEO, and
may be due to a change in the conformation of the PEO coil, or the structure of the network
of water molecules in the space between the PEO coil and the approaching probe tip. The
hydrophobic component was experimentally quantified to be approximately 20% of the total
intermolecular interaction force at D ~ 1 nm. In the third part of this investigation, we
sought to study the interactions between HSA and a series of oligosaccharide-functionalized
surfaces inspired by the glycocalyx, which coats all living cells and is naturally and
necessarily hemocompatible. The results of this study were then compared to experiments
conducted in parallel on poly- and oligo(ethylene oxide) modified surfaces. Our results
suggest that higher oligosaccharides may indeed be effective candidates for novel
biomaterial surface coatings with enhanced hemocompatibility, and in fact have the
potential to outperform both poly- and oligo(ethylene oxide), which are well-known to be
the most protein-resistant biocompatible materials currently in use. Finally, we demonstrate
the versatility of our technique in probing a variety of intermolecular interactions, by
extending it to the investigation of the binding forces and affinities between the HIV
therapeutic drug Cyanovirin-N and oligosaccharides mimicked from the specific
glycoprotein on the HIV viral envelope which is responsible for the binding of the virus to

host cells.
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Chapter 1

GENERAL INTRODUCTION

1.1 Biomaterials: Materials and Design

1.1.1 Definitions.

A biomaterial may be defined as: “a synthetic material used to replace part of a living
system or to function in intimate contact with living tissue.” A bio-based material, while
sometimes referred to as a “biomaterial”, is perhaps more accurately defined as: “an
egineering material made of substances derived from living tissues”. [1] This project is
primarily involved with devices fitting within the former definition of biomaterials, and
specifically with those materials that are used as surface coatings on implantable
biomaterials in order to elicit a desired response from the biological system. A biomatenial
may be further be identified as belonging to one of three classes: “Class 17 refers to devices
intended for percutaneous, temporary use, such as Band-Aids™; “Class 2” refers to devices
used for temporary internal applications, such as drug delivery systems; “Class 3” includes
devices that are permanently implanted in a body and intended to integrate and fuction with

the living body, such as vascular grafts. [2] Here we focus primarily on the interactions of

Class 3 devices with the biological system in which they have been implanted.
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1.1.2 Design Criteria.

A combination of factors govern the design of Class 3 devices. Not only must they be able
to perform the intended biological function, but they must also be capable of illiciting an
appropriate response from the host organism; this latter requirement is increasingly the
accepted definition of “biocompatibility”. The “desired host response” is most often evasion
of attack by the host’s immune system, but may also include intentional signaling of various
biochemical pathways, e.g. initiation of tissue integration with the implanted device.
Another factor governing material design is that the device must be capable of withstanding
the wide variety of forces it will be subjected to in the host organism. For example, a
vascular graft must be strong enough both not to break under high systolic blood pressures
and also not to collapse under low blood pressures; at the same time, the graft must also be
flexible enough to weave around bones, tissues, and organs, and to bend when the body
bends — but without collapsing. The graft must also be structurally and chemically sound so
as not to degrade or erode prematurely in the organism, as loosened debris may trigger an
unfavorable response from the host’s immune system. Finally, it may be important in some
cases to match the compliance of the surrounding tissues, so as to prevent degradation of the
existing tissues. For example, in the design of joint prosthetics such as total hip replacement
devices, if the modulus of the prosthetic is much greater than that of the surrounding bone,
the prosthetic will preferentially absorb the majority of applied forces as the host walks or
runs, e.g., and the surrounding bone will begin to atrophy, ultimately resulting in loosening
of the prosthetic in the joint, great pain to the patient, and the need for replacement of the

device.

There are two great caveats to the above material requirements: first, those materials
which are strong enough not to break or degrade under the various loads applied by the
normal activities of the host, most often have much migher moduli than the surrounding
tissue, and therefore compliance matching becomes extremely challenging; second, those
materials that may fit the majority of mechanical requirements, are often not compatible

with the human body. The first of these is a rather difficult problem that remains to be
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solved, and which will not be addressed in this document. The second caveat may be

addressed by the introduction of a protective coating around the implanted device to shield it
from attack by the host immune system, and/or to initiate a specific biochemical response.
Common examples of materials used to impart biocompatibility to implantable devices
include the coating of total hip replacements with porous hydroxy apatite to encourage bone
in-growth, [3]and the coating of vascular grafts with heparin to reduce thrombosis.
[4]Materials may be coated by either chemical attachment (i.e. “chemisorption”, by covalent
grafting) of the coating material onto the outer surface of the device, or by “physisorption”,
i.e. by the adhesion of the coating material to the device by nonspecific intermolecular
interactions such as hydrophobic interactions, van der Waals forces, etc. Clearly the latter
method is not as robust of a design as the former, and erosion can be a significant problem in

physisorbed systems.

1.1.3 Materials.

Coatings and core materials may be made from a number of different materials, depending
on the necessary processing and desired application. Some of the most common materials
include titanium alloys and stainless steel (total joint prosthetics and coronary stents), and
calcium phosphate derivatives (bone substitutes); a variety of polymers are also used in
biomaterials, including poly(tetrafluoro ethylene) (Teflon™, vascular grafts),
poly(hydroxyethyl methacrylate) (contact lenses), polyethylene (total joint prosthetics),
polylactide, polyglycolide, and copolymers thereof, as well as polycaprolactone (drug
delivery systems) and poly(ethylene oxide) (surface coatings). The introduction of
polymers into the field of biomaterials has launched a new era in the fabrication of
prosthetics, [5]regenerative guides, [6,7] chromatographic supports, contact lenses, and drug
delivery systems. [8-10] The advantages of polymeric devices over those manufactured from
other materials include ease of processing, the ability to microscopically tailor texture, shape
and mechanical properties, and profoundly lesser cost. Polymeric coatings in the form of
physisorbed or end-grafted "brushes" (i.e. polymers which are packed so closely on the

surface that they stand up on end to accommodate their neighbors and to retain their own
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excluded volume in a more crowded environment) are frequently employed to improve the

biocompatibility of a wide array of biomaterials.

1.1.4 The Challenge of Evading Protein Adsorption.

One of the greatest challenges to biomaterials scientists is preventing the nonspecific,
noncovalent surface adsorption of proteins, the well-known first step in many undesirable
processes such as triggering inflammation around artificial organs, fouling of contact lenses,
and accelerated clearing of bare liposomes by the reticuloendothelial system. [11]
Thrombosis, the process of blood clot formation and build-up on or within a blood vessel or
blood-contacting surface, is a common problem in blood-contacting devices, and is a
cascade of multiple biochemical reactions which is first initiated by the adsorption of blood
plasma proteins, and followed by platelet adhesion and activation, initiation of the
coagulation cascade, and finally, thrombus formation. [12,13] As shown schematically in
Figure 1.1, protein adsorption, the first step in the coagulation cascade, can take place by
myriad mechanisms depending on a number of factors such as the protein "radius," Rp, the
height of the polymer brush, L,, and the mean distance between polymer end-grafting sites,

S.
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Figure 1.1 Schematic showing the interaction of proteins with a polymer brush end-grafted to a biomaterial
substrate (adapted from Halperin, 1999[14])

These include: (1.) adsorption of proteins to the top boundary of the polymer brush, (I1.)
local compression of the polymer brush by a strongly adsorbed protein, (IIl.) protein
interpenetration into the brush followed by the noncovalent complexation of the protein and
polymer chain, and (IV.) adsorption of proteins to the underlying biomaterial surface via
interpenetration with little disturbance of the polymer brush. [14] The adsorption process is
determined by the total effective interaction free energy between the protein and the surface,
U(D) (where D is the protein-surface separation distance), which is a sum of the protein-
brush and protein-substrate interactions. U(D) is a superposition of various repulsive and
attractive contributions that lead to complicated intermolecular potentials whose shape

varies with the strength and range of the constituent interactions. [14,15]

To produce protein-resistant biomaterial surfaces, it is clear that one must design systems
in which repulsive interactions are maximized and attractive ones are minimized. For
polymeric surfaces, "steric" or "overlap" interactions, which are enhanced by long chains

(i.e. high molecular weight) and high surface grafting densities, are of prime importance.
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Other repulsive forces may include hydrophilic hydration forces, orientational entropy

penalties for rod-like polymers, enthalpic penalties for disruption of polymeric
supramolecular structure, and electrostatic repulsion due to overlap of the surface diffuse
counterion electrical double layers (for charged systems). Attractive protein-brush and
protein-substrate forces may include hydrophobic interactions, hydrogen bonding, and/or
van der Waals (VDW) forces. In order to predict the mathematical form of many of these
interactions, a number of theories[16-18] have taken the approach of modeling proteins as
dense, rigid, structureless, colloidal particles with nonadsorbing surfaces and the polymer

brush as simple, flexible chains.

Subsequent stages of protein adsorption become increasingly complex and depend on the
conformation, orientation, and mobility of the adsorbed proteins, the time-scale of
conformational changes, protein exchange and desorption, and interactions of adsorbed
proteins with each other. [19] The kinetics of the adsorption process and the time-dependent
nature of the adsorbed biofilm (e.g. thickness, chemical structure, morphology, etc.) can be
probed by a variety of experimental techniques such a radiolabeling, total internal
refelection fluorescence, surface plasmon resonance, ellipsometry, optical waveguide
lightmode spectroscopy, attenuated total reflectance fourier transform infrared spectroscopy,
neutron and X-ray reflectivity, quartz crystal microbalance, electrical techniques, atomic
force microscopy (AFM) imaging, and contact angle measurements. A variety of
standards[20-23] also exist for in vitro hemocompatibility testing using biochemical and
immunological assays to test for thrombosis, coagulation, platelet count, etc., which are
quicker and less costly than in vivo clinical trials. Although widely investigated and
discussed in the literature, hemocompatibility, which varies greatly from material to
material, is still poorly understood. Hence, attempts to prepare thromboresistant blood-
contacting devices such as hemodialysis membranes, intra-arterial chemical sensors and

catheters, vascular grafts, and blood pressure monitors have been met with limited success.
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1.2 Specific Aims

The main objective of this project was to develop a fundamental understanding the
molecular origins of the biocompatibility of blood-contacting, implantable biomaterial
devices, and to use this knowledge in the design of novel “smart” biomaterial surface
coatings with enhanced protein resistant properties. We began our investigation by targeting
the most commonly encountered scenario: we chose as our model biomaterial “surface”
poly(ethylene oxide), perhaps the most extensively used polymer for biomaterial surface
coatings; as our model protein, we chose human serum albumin, the most abundant blood
protein in the human body, and typically the first to adsorb to an implanted, blood-

contacting device. [24]

1.2.1 Poly(ethylene oxide)

The model polymer chosen was the neutral, flexible, water-soluble, synthetic polymer,
poly(ethylene oxide) (PEO), -[CH;-CH,-O],-, poly(oxyethylene) (POE), or poly(ethylene
glycol) (PEG), -[CH,-CH,-O],-, which is a synthetic polymer that is typically thought of as
biologically inert and is used extensively to provide a protective coating to improve the
protein resistance of biomaterial surfaces. However, a variety of different experimental
techniques have shown that proteins do indeed adsorb to PEO given enough time and certain
disadvantageous conditions (e.g. high forces, dilute polymer solutions, long incubation
times, etc.) [11,25-36] Despite extensive efforts and debates in the literature, the detailed
molecular mechanisms of the interaction of PEO with proteins is still largely unknown.
Following is a brief summary of the numerous suggested nonspecific attractive and
repulsive constituent contributions to the net protein-PEO intermolecular interaction

potential as a function of separation distance, U(D).

PEQO : Repulsive Interactions. PEO has a number of unique properties that are

thought to be directly related to the presence of repulsive interactions which give it a
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distinctive capability for protein resistance. PEO is hydrophilic (advancing contact angle,

Ow(ay= 60 + 1) and water soluble at room temperature, with a relatively low Flory-Huggins
interaction parameter (y = 0.41-0.45 at ~25°C [37] and high values of the second virial
coefficient (42 = 30-60x10* cm’mol/g” at ~ 25°C [37] due to its strong tendency to form
hydrogen bonds with water via the -O- groups. The unique structure of PEO has been
predicted by molecular dynamics simulations[38] and studied experimentally by infrared
spectroscopy, [39,40] Raman spectroscopy, [41] nuclear magnetic resonance. [40,42] and
single molecule force spectroscopy measurements. [43] (all in aqueous solution), as well as
calorimetry, [44] and X-ray diffraction (in the crystalline form). [45] It has been postulated
that the majority of chain segments exist in a trans-trans-gauche (ttg) conformation that is
stabilized by water binding, leading to an (11/2) helical supramolecular structure[44] that is
similar to, but more expanded than, that found in the crystalline form (Figure 1.2 (A)-(C)).
As shown in Figure 1.2(D), in the more extended planar trans-trans-trans (ttt) configuration
the distance between -O- atoms is large enough that a water molecule may only form one

hydrogen bond with the PEO backbone.
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Figure 1.2 Possible conformations of PEO in aqueous solution : In water, PEQ may take on a "folded" trans-
gauche-trans (tgt) configuration in which the ether oxygen atoms undergo hydrogen bonding in a variety of
different ways (A-C). The all-trans (ttt) planar zig-zag conformation (D) is also shown.

While it is known that the -O- atoms of PEO in the melt may chelate a variety of metal
cations including Na" and Li* (the former of which has a binding energy approximately ten
times smaller than that of the latter), thus rendering a fixed positive charge along the chain,
in aqueous salt solution PEO has been found to be incapable of chelating certain larger
cations, including Na”, K", NH4", and CS™. [46-49] The buffered solutions employed in the
majority of the experiments presented in this report have Na* and K* cations, and hence, the
PEO 1s assumed here to be effectively neutral; however, since mostly all proteins are
typically charged under physiological conditions, there is also the possibility of a repulsive
electrostatic double layer force due to the local ionic osmotic pressure and Maxwell electric
stress. [50] Correspondingly, attractive electrostatic interactions with proteins of net
opposite charge or surface regions of a protein with opposite charge will be minimized.
Since PEO does not have any bulky side groups or fixed charge groups, steric and
electrostatic hindrances are expected to be minimal (the steric parameter at 20°C, 5 = 1.38-
2,) [37] and the chain's flexibility and mobility can help accomodate the shortened ttg
conformation and continuous structural rearrangements with water. The strong affinity and
binding with water thus creates repulsive enthalpic penalties for disruption of these bonds
and the helical supramolecular structure. Another repulsive force, which is not unique to
PEQ, arises from polymeric "steric” or "overlap" interactions, which are enhanced by long
chains (i.e. high molecular weight) and high surface grafting densities. For end-grafted
polymer brushes in a good solvent, there are two main components to the steric force that
are determined: an attractive elastic restoring force due to configurational entropy, and a
repulsive osmotic pressure due to an increase in polymer chain segment concentration. The
osmotic pressure originates from solvent translational entropy and intrachain excluded
volume due to short-range monomer-solvent affinity and/or monomer-monomer repulsion.
PEO has a large excluded volume due to its high affinity for water, as reflected by its low
value of y and high value of A,. For compression of low density surfaces of isolated, end-

grafted polymer "mushrooms," the steric force arises from a free energy penalty for chain
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segment-surface confinement, as well as an entropic elastic penalty for chain stretching in
the plane perpendicular to the compression axis. [51-54] Lastly, the compression of a
polymer layer (for example by incoming proteins) will also be opposed by a hydrodynamic
lubrication force due to lateral expulsion of the solvent residing between the protein and the
surface. [15] To summarize, the possible repulsive forces present for PEO include steric,
enthalpic penalties for disruption of hydrogen bonds with water, electrostatic counterion

double layer forces, and hydrodynamic lubrication forces.

PEO: Attractive Interactions with Proteins.  Attractive protein-polymer
interactions may include hydrogen bonding, electrostatic, and van der Waals (VDW) forces

(including so-called "hydrophobic" interactions).

Hydrogen bonding is a type of secondary bonding originating in dipole-dipole
interactions. As is depicted in Figure 1.3, Particularly nucleophilic atoms such as oxygen,
nitrogen, and fluorine, form a strong dipole within their covalent bonds to hydrogen atoms,
resulting in a partial positive charge on the hydrogen atom. The electrophilic hydrogen atom
then becomes available for partial bonding with other nucleophilic atoms in its near vicinity.
The hydrogen bond is relatively strong as a secondary bond, but is much weaker than a
covalent bond (the strength to break a hydrogen bond is approximately 20 kJ/mol, as
compared to 400 kJ/mol for a covalent C-H, O-H, or N-H bond). [55] Water is one of the
most polar molecules known, and its hydrogen atoms readily form hydrogen bonds with the
ether oxygen atoms in PEO, resulting in the high solubility of PEO in water. The PEO-water
system exhibits a lower critical solution temperature (LCST) behavior, i.e. as the
temperature of a solution of PEQO and water is raised, the PEO solubility decreases. This
effect is due to an increased instability of the hydrogen bonds in at the higher energy state.
PEO may also hydrogen bond with hydrogen donots on proteins in much the same way that

it does with water.
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Figure 1.3 Depiction of the mechanism of hydrogen bonding.

The &'molecular origin of the hydrophobic interaction is controversial and largely
unknown, but generally thought to be entropy-driven. [56] Water molecules near a
hydrophobic surface cannot form hydrogen bonds with the surface since there are no donor
hydrogen atoms or hydrogen bond acceptors, and hence the original water structure is
disturbed. Rather than having interfacial molecules with partially charged dangling bonds, it
is thought that water molecules reorient themselves into a more ordered structure so as to
preserve as many hydrogen bonds as possible. Although this process is not entropically
favorable, the associated entropic penalty is less than the corresponding enthalpic penalty for
disruption of hydrogen bonds. The strong attraction felt between two hydrophobic surfaces
in water is then not only due to the drive to avoid disruption of the surrounding hydrogen
bonded network, but also due to the favorability of minimizing the exposed hydrophobic
surface area, and thereby minimizing the entropic penalty for rearrangement of the water
molecules. The hydrophobic character of PEO is supported by its known solubility in both
aqueous and organic solvents, [32]adsorption to hydrophobic surfaces and the air-water

interface, [57-59]and its use as a surfactant in a number of applications. [60-63]
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1.2.2 Human Serum Albumin.

55 wt% of blood is plasma or serum (pH = 7.4, ionic strength = 0.15M) which contains 6-
8% proteins (over 3,000 different types) including 58% albumins, 38% globulins, and 4%
fibrinogens, most of which possess a net negative charge. [64] The model protein chosen for
these studies is the highly water-soluble plasma protein, human serum albumin (HSA),
which is the smallest and most abundant plasma protein in the human body, and typically
the first to adsorb[24] to a blood-contacting implanted biomaterial. Accounting for 55% of
the total protein in blood plasma, HSA is a single-stranded polypeptide whose amino acid
sequence is known. [65] Its ionizable groups include 116 total acidic groups (98 carboxyl
and 18 phenolic -OH) and 100 total basic groups (60 amino, 16 imidazolyl, 24 guanidyl).
The absolute molecular weight of HSA, as calculated from the numbers and molar masses of
the 565 constituent amino acid residues, is 66,436 g/mol. Assuming a polypeptide repeat
unit contour length of 0.38 nm (Figure 1.4), the total contour length of the denatured protein
iS Leontour(HSA) = 216 nm.
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Figure 1.4 Schematic of the contour length of a single polypeptide repeat unit, as calculated from reported
peptide bond angles. [66]

HSA contains 17 disulphide bridges, one free thiol (Cys 34), and a single tryptophan (Trp
214). HSA typically binds 1-2 lipids per protein, [67] which effectively reduces the
isoelectric point (pl, i.e. the pH at which the total charge including bound ions is zero); in
0.15M NaCl the pl for lipid-bound HSA is 4.7, [68] while pI = 5.7 for lipid-free HSA. [69]
As is shown in Figure 1.5(A), at pH = 7.4, the shape of native HSA in solution is thought to
be a prolate ellipsoid of revolution with major and minor axes of 12.0 and 2.7 nm,
respectively, [70] or 14.1 and 4.1 nm, [56,71] linking three homologous, globular domains
in series each carrying net charges of -9e(domain I, N-terminal), -8e(domain II),
and+2e(domain III, C-terminal) giving a total net charge for the protein of -15¢ (calculated
from the amino acid composition) [67]or -19¢ measured experimentally (due to additional
bound ions) at pH = 7.4 (the pH of blood). [72]X-ray determinations of the structure of HSA
in a crystal have suggested a “heart-shaped” structure, also with three homologous domains,
which can be represented by an equilateral triangle with sides of approximately 8 nm each
and an average thickness of 3 nm (Figure 1.5 (B)-(C)). [73-75]

HSA is a dynamic, rapidly moving, "breathing” molecule having a rotational
diffusion coefficient of approximately 20 nsec, [67] and is known to have some degree of
flexibility, expansion, and contraction, which enables significant conformational transitions.
Due to the exceptionally dynamic nature of this protein, the average shape that HSA takes
on in aqueous solution remains unclear. [76,77] It is believed that there are six helical
subdomains that form hydrophobic channels with basic and hydrophobic amino acid
residues placed at the ends, while the overall surface remains extremely hydrophilic. As
determined from X-ray diffraction, HSA is 67% a-helical, with the remainder in B-turns and
extended polypeptide chains, and contains no B-sheet structure. [67] HSA is known to have
a 0.55 nm thick monolayer of closely associated water molecules on its surface, with most
(98%) oriented with their H atoms pointed towards the protein surface. The next layer of

water is about 30% oriented, creating a "fuzzy" hydrated interphase in aqueous solution.
[67]
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bound lipids

=4 nm

Figure 1.5 (A) Schematic of proposed HSA ellipsoidal shape in solution, showing the dimensions and net
charges of its three domains (adapted from referencef78]). (B) Wireframe display showing the dimensions of
HSA in the crystalline form, complexed with myristic acid (downloaded from reference[74], also see
reference[73]). (C) Ribbon model of the display shown in B.; the three domains 1, I, and 111 are labeled and
shown in red, green, and blue, respectively.

The noncovalent complexation between PEO and HSA in dilute aqueous solution has
been studied extensively via quasi-clastic light scattering, static light scattering,
electrophoretic light scattering, dialysis, and fluorescence spectroscopy under a variety of
conditions and for a series of different PEO molecular weights. [26] Complexation is

observed to occur at low pH, presumably due to hydrophobic interactions supported by
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hydrogen bonding between the ether groups of the PEO with the carboxyl and phenolic -OH

groups in the protein. Complexation also occurs at high pH since most of the basic groups
in the HSA are deprotonated and can also form hydrogen bonds with the ether groups of the
PEO.

1.2.3 Instrumentation.

In order to directly quantify the molecular-level interactions between HSA and PEO,
we employed the technique of high-resolution force spectroscopy (HRFS), a relatively new
method that employs an extremely soft force transducer (e.g. microfabricated cantilever with

a fine probe tip) to measure pN-level forces as a function of nm-scale separation distances.

HRFS experiments were conducted using a new cantilever-based instrument, the
Molecular Force Probe® (MFP) (Asylum Research, Santa Barbara, CA) to measure force, F
(nN), versus tip-sample separation distance, D (nm) (henceforth referred to and labeled on
graphs as "Distance"). Similar to the atomic force microscope (AFM), a focused laser beam
is reflected off the backside of a microfabricated cantilever force transducer with a fine
probe tip into a position sensitive photodetector (PSPD). Data is collected on "approach”
(i.e. as the probe tip moves towards surface) and "retract" (i.e. as the probe tip moves away
from surface). The vertical sensor output difference of the top minus bottom quadrants of
the PSPD, s (nA), is used to measure the cantilever deflection, § (nm), which is then
converted into force, F (nN). Atomic-scale vertical movement of the cantilever is made
possible by the use of a piezoelectric crystal, which responds to an applied voltage by
expanding and contracting on the unit cell level. A typical HRFS experiment on a hard
substrate is depicted in Figure 1.6. Data acquisition is initiated and s (nA) is recorded as a
function of z-piezo deflection, z (nm), where z is the axis normal to the sample surface that
is converted into tip-surface separation distance, D (nm). A full description of this
instrument, its limits of force and displacement detection in fluids, procedures for spring
constant calibration and conversion of raw data, details of measurement errors, and

description of typical force versus distance curves including the mechanical instabilities of
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the cantilever, are given in Appendix A.l. It should be noted that in all HRFS experiments,
the spring constant of the cantilever, k., is much less than the stiffness of the underlying
{(Au) substrate. Hence, little or no deformation of the substrate occurs, leading to the D =0
vertical region of apparent infinite slope in the high-force, constant compliance regime and
all forces measured are surface forces rather than contact mechanical forces due to substrate
elastic and/or plastic deformation. In nanoindentation, the setup is quite the opposite; a very
stiff cantilever is pressed into a (relatively) softer surface, which deforms to varying degrees
depending on the mechanical properties of the substrate. Force (nN) versus Distance (nm)
curves were measured at room temperature using a Thermomicroscopes™ microfabricated
V-shaped Si3N; cantilever (k. ~ 0.01 N/m, length, / = 320 um, resonance frequency, ®, =
850Hz) with unsharpened (Reip unmodified ~ 30-100 nm) square pyramidal probe tips at the end
that had been modified with HSA as described in the following chapter. The HRFS
experimental parameters for all experiments reported here included: z-piezo range = 1 pm,
rate of data acquisition = 5000 points/s, constant z-piezo displacement rate = 1 um/s (slow
enough to minimize hydrodynamic effects), and the piezo reversed immediately between

approach and retract cycles (i.e. there was no dwell time on the surface)
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Figure 1.6 Top left: photograph of the 1-D Molecular Force Probe; top right: image of a single cantilever
force transducer; bottom right: deflection of a cantilever in response to intermolecular interactions with the
surface; bottom left: a typical HRFS force versus distance curve on a hard substrate.

1.2.4 HRFS of Polymers.

Typical polymers in a “good” solvent take on a “freely jointed chain” [79] or “worm-like
chain” [80,81] conformation, in which the polymer segments are randomly distributed in a
Gaussian manner, about their center of gravity. For surface-bound polymers, the center of
gravity is the grafting point of the polymer chain to the surface. The segments are in
constant motion, gyrating about their center, and their root-mean-squared average dimension
is known as the “radius of gyration”, R,. Flory developed an expression for the R, of an
isolated, end-grafted, polymer chain (similar to the conditions frequently employed in this
study); this expression, shown below, is referred to heretofore as the “Flory Radius”, Rg:
[82]

C.N

Ri=d Equation 1.1

where @’ —a’ =2C,[0.5- y]\M, ; [82] a is the Flory expansion parameter and measures

the degree of swelling in solvent, Cy is a constant, y is the polymer-solvent interaction
parameter, M, is the number average molecular weight of the polymer, / is the mean
backbone bond length, C_ is the characteristic ratio, and N is the number average number of

repeat units in the polymer chain. [83]

The extension of individual polymer chains by HRFS is quite often marked by a
continuous, nonlinear peak in the force-versus-distance graph, the force magnitude of which
increases with increasing distance of the tethering probe tip from the grafting surface (Fi gure
1.7, solid line). This behavior is observed for many randomly oriented polymers in a good

solvent, and is predicted well by the extensible freely-jointed chain model: [84]
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Fa kBT]
Equation 1.2

D(F) = L; coth [k

s1 Fa

where Lt = Leontour + #F/k; is the total contour length of the bridging chain which takes into
account extensibility of the statistical segments, ; is the statistical segment elasticity, » is
the number of statistical segments, @ is the statistical segment length, T is the absolute
temperature, and kp is Boltzmann’s constant. This model reflects the entropic elasticity of
the polymer as it is being stretched from a randomly oriented state displaying a Gaussian
distribution of conformations, to a fully extended conformation in which the bond angles are
predominantly in an all-trans configuration and the polymer possesses very little
configurational entropy. PEO has been observed[43] to follow this behavior quite well in

nonpolar solvents.
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Figure 1.7 Thermodynamic models for extension of individual polymer chains in solution: the extensible
freely jointed chain model (thin line), and the Markovian two-state model (thick line).

As mentioned previously, however, in aqueous solution PEO has been predicted[38] to
take on a more ordered conformation fortified by intramolecular hydrogen bonding with
water molecules (Figure 1.2). Disruption of this structure on extension during a force

spectroscopy experiment leads to a fully reversible, strain-induced conformational transition
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from the water-bound, contracted, trans-trans-gauche (ttg) state to the more extended trans-

trans-trans (ttt) state, and involves an additional enthalpic penalty for dehydration of the
polymer and breakage of the intramolecular hydrogen bonds. The enthalpic barrier, coupled
with the loss in entropy as the polymer is confined to fewer and fewer possible
conformations, results in the appearance of an intermediate linear regime in the force-
versus-distance curve, as shown in Figure 1.7 (thick line). Such extensional behavior has
been observed[43] to closely follow a Markovian two-state thermodynamic model

employing an extended Langevin function:

4, i F-a) kyT F _
D(F)= n'(eAG/kBT T + R +1}-|:Coth(ks -T)_ g :|+n k_ Equation 1.3

N

where I/ is the length of the contracted polymer subunit (for PEO ttg, I,= 0.278 nm), 1, is the
length of the extended polymer subunit (for PEO ut, 1, = 0.358 nm), # is the number of
extended segments (ttt), AG = 3 + 0.3 kgT is the Gibbs free energy difference between the
ttg and ttt conformations, a is the statistical segment length (a = 0.7 nm for PEO), [43] and
ks 1s the segment elasticity (k,= 150 N/m for PEO). [43]

1.2.5 HRFS of Proteins.

High resolution force spectroscopy has been employed in the study of protein binding and
unfolding by a number of researchers. [85-89] Perhaps one of the most well-known
examples is that of the unfolding of the giant muscle protein, Titin, [85,86,89] a multi-
domain modular protein which unfolds one domain at a time, much like the stretching of
springs in series. A typical force curve of such a protein is depicted in Figure 1.8; each of
the peaks on “retract” is attributed to one of the protein domains being extended by the
probe tip, and presumably the domain with the weakest intramolecular nonspecific binding

is unraveled first, followed by the second weakest, etc.
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Figure 1.8 Depiction of the extension of an individual medular protein (in the native conformation) by HRFS.
Left: the domains of a three-domained protein (adapted from reference [90]). Right: the force curves of
unfolding of each of the domains.

The force curves of a native protein on extension follow the worm-like chain model:

[80,81,90]

-2

T D

F(D)= ZLN B 1- 21 + D Equation 1.4
p |4 L 4 L

contour contour

Where &z is Boltzmann'’s constant, T is absolute temperature, p is the persistence length of
the protein, D is the distance between the probe tip and the surface, and Leonou 15 the total
contour length of the protein. At very high stretches, the second and third terms become
negligible. It is common that only part of the protein will be unraveled during a given
extension, and this is a direct result of the randomness of where the probe tip binds to the
protein, and the numbers and strengths of nonspecific bonds tethering the protein to the
probe tip. If the protein does fully extend on retract, then the distances of maximum
adhesion for each of the retraction peaks should correspond to the individual contour lengths
of each of the three domains. If the protein has been denatured, its force versus distance

curves will take on a shape resembling that depicted in Figure 1.9, and the peaks will behave
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similar to the freely jointed chain model (FJC, Equation 1.2). Although HSA is not a

modular protein, it does consist of three homologous domains, as was illustrated in Figure

1.3.
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Figure 1.9 Depiction of an HRFS extension curve pulling a denatured protein.

1.3 Summary of the Experimental Approach

The main objective of this project was to develop a fundamental understanding of the
molecular origins of hemocompatibility, by targeting the constituent intermolecular
interactions between human serum albumin (the most abundant blood protein in the human
body) and various chemically modified surfaces, including polygranular Au, a CHj-
terminated self-assembled monolayer (SAM), a COO -terminated SAM, and an Au substrate
sparsely bound with end-grafted PEO. Deconvolution of the total intermolecular interaction
potential was carried out by a strategic series of experiments in which solvent conditions
were manipulated to selectively probe (and thereby quantify) individual constituent forces.

In seeking novel surfaces with enhanced hemocompatibility, we then drew inspiration from
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high carbohydrate content of the glycocalyx, which coats all living cells and is necessarily

hemocompatible. We selected a series of oligosaccharide derivatives on which to perform
HRFS, and compared our results with parallel experiments conducted on polymers and
oligomers of ethylene oxide, which is perhaps the most protein-resistant material currently
in use. Finally, the technique of using HRFS to probe fundamental molecular-level
interactions was extended to a novel application, namely the study of the binding of a human
immunodeficiency virus (HIV) therapeutic drug to oligosaccharides found on the viral

envelope of HIV.
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Chapter 2

SINGLE MOLECULE FORCE
SPECTROSCOPY OF POLY(ETHYLENE
OXIDE) WITH AN UNMODIFIED S13N,
CANTILEVER

2.1 Introduction

Having selected the model polymer for study, we felt it important to first develop a
thorough understanding of the intricate details of the nanomechanical behavior of PEQ alone,
before embarking on an investigation of the nanomechanics and intermolecular interactions
of PEO with HSA. Many variables needed to be addressed, such as what substrate we
would use as the grafting material, what chemistry we would use to attach the polymers to
the substrate, and which polymer molecular weight range to focus on. It was of prime
importance for us to choose a system that would allow us to study individual polymer
molecules, so that our molecular mechanical analyses would not be complicated by
intermolecular interactions or the extensional behavior of multiple, entangled polymers. It is
quite easy to detect if the surface has multiple adsorbed layers or entangled polymers, as
opposed to single chains: this first indication of multiple chain extension is the observation

of force curves extending to distances greater than the theoretical Loptour 0f the polymer
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chain; a second indication is the shape of the force curve - single PEO chains in an aqueous
PBS solution exhibit force curves which follow the shape and magnitude predicted by the
Markovian two-state model shown in Figure 1.6, whereas multiple chains tend to exhibit
purely nonlinear extensions at forces intermediate between the FIC and Markovian models
(Figure 1.6). We also sought a covalent attachment method which would ensure that the
polymers would not detach from the surface during our HRFS experiments. Once these
preliminary factors had been decided upon, we then verified the efficacy of our attachment
protocol by ensuring reproducibility of previous experiments performed on PEO in both
aqueous and organic environments. (43] Finally, in order to probe the dependence of the
nanomechanical behavior on various experimental conditions, we studied our system using
cantilevers of various spring constants, under a range of scan rates, under a broad range of

ionic strengths, and in solutions of a variety of types of salts.

2.2 Optimization of Experimental Protocol

2.2.1 High Resolution Force Spectroscopy (HRFS) Measurements.

HRFS experiments were conducted using a new cantilever-based instrument, the
Molecular Force Probe® (MFP) (Asylum Research, Santa Barbara, CA) to measure force, F
(nN), versus tip-sample separation distance, D (nm) (henceforth referred to and labeled on
graphs as "Distance") on approach and retract. A full description of this instrument, its limit
of force and displacement detection in fluids, procedures for spring constant calibration and
conversion of raw data, details of measurement errors, and description of typical force
versus distance curves including the mechanical instabilities of the cantilever, are given in
Appendix A.1. It should be noted that in all HRFS experiments, the spring constant of the
cantilever, k. is much less than the stiffness of the underlying (Au) substrate. Hence, little or
no deformation of the substrate occurs, leading to the D = 0 vertical region of apparent
infinite slope in the high-force, constant compliance regime and all forces measured are
surface forces rather than contact mechanical forces due to substrate elastic and/or plastic

deformation. Force (nN) versus Distance (nm) curves were measured at room temperature
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using a Thermomicroscopes™ microfabricated V-shaped SisN4 cantilever (k. ~ 0.01 N/m,
length, / = 320 um, resonance frequency, @= 850Hz) with unsharpened (Rrip, unmodificd ~ 30-
100 nm) square pyramidal probe tips at the end that had been modified with HSA as
described in the following section. The HRFS experimental parameters for all experiments
reported here included; z-piezo range = 1 um, rate of data acquisition = 5000 points/s,
constant z-piezo displacement rate = 1 um/s (slow enough to minimize hydrodynamic
effects), with the piezo reversing immediately between approach and retract cycles (no dwell
time on the surface), and all experiments were conducted in phosphate buffer saline (PBS)
solution (pH = 7.4, IS = 0.01M). PBS solutions were made using sodium phosphate buffer
tablets (Sigma lot #59H03371) which contain 8 g/L. NaCl, 0.2 g/L. K'H,POy, 1.15 g/L
2Na""HPO,*, and 0.2 g/l KCl. PBS stock solutions (pH = 7.4) were diluted to obtain
solutions with an ionic strength of 0.01M. Dilution did not have any effect on the efficacy
of the buffer (i.e. the pH of the diluted buffer solutions remained stable). All water used for
solutions, rinsing, and storage was first deionized (18 MQ-cm resistivity, Purelab Plus
UV/UF, US Filter, Lowell, MA), then filtered through Millipore® syringe filters (pore size =
0.22um) prior to use. The force versus distance curves on approach from at least three
different sites on the sample surface were averaged (minimum of 50 curves per site) and the
standard deviations were calculated and reported. Upon retraction, the full force versus
distance curves were not averaged because of the large adhesion force and distance
distributions inherent in the nonspecific adhesion events, which would smooth out many
characteristic features of the curve. Rather, statistical analysis of the maximum forces and
distances of adhesion under each of the experimental conditions was performed. The
normalized Force/Radius (mN/m) values are reported along with the unnormalized Force
(nN) on a double y-axis for all experimental data for which the probe tip radius was
determined. Tethering and extension of individual molecules was evidenced by extension
profiles consistently occurring at distances less than or equal to the theoretical contour

lengths of the polymers.



48

In the data that follows, Fagnesion 15 the maximum attractive force observed on retraction for

each distinct adhesion event (which may occur more than once for a single force curve if
multiple molecules of varying lengths are tethered between the tip and the substrate), and
<Fadnesion> Tepresents the mean value of Fagnesion for one dataset, i.e. corresponding to
numerous force versus distance curves for one particular probe tip-sample combination (this
notation is used consistently throughout the rest of this document). <Dagpesion™ 15 the mean
distance corresponding to <Fagpesion™.  <Fadnesion/’Radius> is the mean adhesive force
normalized by the probe tip radius giving an effective adhesive energy of interaction that
can be employed universally for all HRFS data employing a hemispherical probe tip. For
data conducted with different probe tips, only <Faghesion’/Radius> should be compared, not

Fadnesion, and even then differences may arise due to local variations in probe tip geometry.

2.2.2 Choice of Cantilever.

A wide variety of cantilevers are available for HRFS — they may be rectangular or V-
shaped, long or short, thick or thin, they may have pyramidal probe tips on the ends,
colloidal particles, chemically attached molecules, or no tip or functionalization at all. In
choosing the appropriate cantilever, one must consider first which system they intend to
study, and what the desired experimental output is. A colloidal particle is useful when wants
to study microscopic interactions, e.g., while a sharpened pyramidal probe tip may be more
appropriate for nanoscopic applications. The compliance of the cantilever is also of great
importance: if the cantilever is much stiffer than the underlying substrate and stronger than
the molecular forces it is intended to study, it will indent the substrate in contact and will not
be able to reflect the intermolecular interactions it is experiencing; if the cantilever is much,
much softer than both the substrate and the molecular forces it is intended to study, it will
bend excessively in response to interactions or compression on contact — again, it will not be
capable of relaying molecular-level interactions. For these reasons, it is optimal to choose a
cantilever that has the same compliance as the forces one is intending to study. Selecting

such a cantilever is not always an easy task, and often requires trial and error. Due to the
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sensitivity of the forces that are the focus of our study, that is, hydrogen bonds and other
nonspecific interactions, we chose to begin our studies with the softest cantilever
commercially available at the time, the Thermomicroscopes™ standard SizNs V-shaped
cantilever of length ~320 pum, and spring constant k. ~ 0.01 N/m. For all of the data
presented in this chapter, the unsharpened model (product #MLCT-AUHM, with a probe tip
radius of curvature Ryp > 20 nm) was employed; in all subsequent chapters, we found that
sharpened model (product #MLST-AUNM, Rrp < 20 nm) were more successful when
chemically modifying the tip. A study investigating the effect on experimental data by using

tips with higher spring contacts was conducted, and is reported later in this chapter.

2.2.3 Choosing the Appropriate Substrate

Many researchers, most notably Gaub, Rief, Li, and Fernandez, have pioneered the
technique of single molecule force spectroscopy (SMFS). Their studies on PEO, [43]
polysaccharides, [91-93] proteins, [89,94-96] and DNA[97] verified that AFM could be
used to successfully study the mechanical behavior of individual synthetic or biological
molecules. Various methods have been used among them to attach the molecules to a
substrate for study, with gold, mica, and glass being the most popular substrate choices due
to their hydrophobicity (enabling adhesion via hydrophobic interactions), relatively
negligible interactions with the probe tips, and, in the case of gold and mica, their abilities to
form atomically flat surfaces. After a thorough review of the literature, we chose to conduct
our experiments on gold, as we felt it offered a wider variety of chemical attachment
possibilities than mica. Also, mica substrates are more commonly used in the study of
proteins rather than synthetic polymers, which are the focus of our investigations. Although
atomically flat gold is commercially available, our access to vapor deposition facilities at
MIT provided an easier, and far less expensive, source for materials. The gold used in all of
the studies reported in this document was deposited on either silicon wafers or glass slides.
The gold is in a rough, polygranular form, with “mounds” on the surface approximately Snm

in height and 50-100nm in diameter, as determined by atomic force microscopy in air. Prior
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to modification with PEO, all substrates were cleaned using piranha solution (3:1 12M
H,S0;: 30% H,0,) for ten minutes just before further chemical modification and testing by
MFP experiments. [WARNING! Piranha solution is extremely oxidizing, reacts violently
with organics, and should only be stored in loosely tightened containers to avoid buildup of

pressure. ]

2.2.4 Attachment of Poly(ethylene oxide) to Polygranular Gold: Chemisorption

versus Physisorption, and the Issue of Molecular Weight

A varicty of methods have been used to attach molecules to gold substrates for SMFS
experimentation. Some researchers allow the molecules to physisorb (i.e. to stick onto the
substrate via nonspecific interactions only, such as hydrophobic forces, e.g.) onto the gold
substrates from solution, [87,96,97] while other have chosen to allow a solution of the
molecule of interest to dry onto the gold substrate, after which it is rinsed off, leaving behind
a film on the surface. [98,99] Still others chose to chemically modify the gold with an
epoxy- or amine-terminated alkanethiol, which readily chemisorbs (i.e. covalently binds) to
the gold via the terminal sulthydryl group, before attaching the specitic molecules of interest
to the epoxy groups or amine termini. [100,101] Perhaps one of the simplest and most
popular, and most chemically robust, methods of attachment of molecules to gold involves
the functionalization of the molecules of interest with thiol groups, which then enable direct

chemisorption of the molecules to gold. [89,100,102,103]

We attempted each of the four methods described above, with a broad range of PEO

molecular weights. To briefly summarize our experimental results:

* Drying of the polymer solution onto the substrate, followed by rinsing.

Experimental Protocol. Methoxy-PEG-thiol (Shearwater Polymers, Inc., lot #PT-
089-12, mw ~ 5,000 g/mol) and methoxy-PEG-succinimidy! propionate (Shearwater
Polymers, Inc, lot #PT-119-10, mw ~ 20,000 g/mol) were prepared as ImM
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solutions in DI H,0, and placed dropwise onto 1 cm® polygranular gold substrates.
The substrate was then placed in an oven and heated at 55°C until the surface had
dried. The samples were then rinsed thoroughly with DI H,O and tested by HRFS
immediately. When not under the microscope, the samples were stored in sealed

glass vials of DI HO.

Results. The attachment of polymers to the surface was immediately apparent by the
increased wettability of the substrates. HRFS experiments in DI H,O, however,
revealed the presence of a dense, aggregated layer of polymer chains on the surface.

SMFS was not possible under these conditions.
= Physisorption from solution.

Experimental Protocol. Polymer solutions (~1 uM) of molecular weights ~ 29,000
and 50,000 (Polymer Source, Inc., product #P1440-EG20H and #P1621-EG20H,
respectively), as well as ~ 100,000, 200,000, and 300,000 (Acros Chemical, product
#17858-0050, 17859-0050, and 17860-0050, respectively), all of which were not
end-functionalized with a chemically reactive group, were placed in a vial with a 1
cm?’ gold substrate that had been previously reacted for 12 hours in a solution of
2mM 2-amino ethanethiol (Aldrich, product #12,292-0) to form an amine-terminated
self-assembled monolayer (SAM). The polymers were allowed to physisorb to the
SAMs for various amounts of times to determine the optimal reaction time to enable
SMFS. After incubation in solution, each substrate was rinsed thoroughly with DI
HyO before being tested by HRFS in DI H,O. This procedure was also repeated on

freshly cleaved mica.

Results. For polymers of mw < 100,000, approximately 12 hours in solution
appeared to yield the best results (SMFS was possible), while for polymers of mw >

100,000, incubation times of > lhour yielded highly aggregated surfaces. Results,



however, were not always consistent from sample to sample. No physisorbed

polymers were detected on the mica substrate by HRFS.

» Chemisorption to an amine-terminated self-assembled monolayer

Experimental Protocol. A 0.2uM solution of methoxy-PEG-succinimidyl
propionate (Shearwater Polymers, Inc, product #PT-119-10, mw ~ 20,000 g/mol) in
DI H,O was reacted with a 2-amino ethanethiol SAM (prepared as described above),
to form a covalent amide bond between the polymer and the SAM. Incubation times
of 1, 6, 8, 10, 12, 18, and 24 hours were attempted. The concentration of the solution
was set to present a ten-fold molar excess of PEG to SAM molecules. Vigorous
rinsing with DI H,O was done for each substrate after incubation, before HRFS

testing.

Results. A 12-hour incubation time gave the most consistent results, and enabled
SMFS. Incubation times of less than 12 hours were insufficient to enable consistent

single molecule extension, and longer times resulted in densely aggregated surfaces.

* Chemisorption to directly gold via thiolate bonding

Experimental Protocol. Two types of procedures were tried: attachment of thiol-
terminated polymers alone to gold, and attachment of thiol-terminated polymers and
hydroxyl-terminated alkanethiols to gold simultaneously to aid in the separation of
the polymers from one another. In the case of the mixed solutions, a ~50 pM solution
of methoxy-PEGyk-thiol (Polymer Source, Inc., lot #P1608-EOSH, mw ~ 2,000
g/mol) and a ~ 20 uM solution of methoxy-PEGsk-thiol (Shearwater Polymers, Inc.,
lot #PT-089-12, mw ~ 5,000 g/mol) were prepared in DI HO, and 11-mercapto
undecanol (Aldrich #45,056-1) was added to each solution in a 5.7:1 PEG:undecanol
ratio. The solutions were then added to gold substrates and allowed to incubate for 1

hour before being rinsed thoroughly and tested via HRFS. For the homogenous
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solutions, a 2pM solution of methoxy-PEGsk-thiol and a 10uM solution of PEQsgk-
thiol (Polymer Source, Inc. #P2415-EOSH) were prepared and added in 2mL
aliquots to gold substrates for 45 minutes before being removed, rinsed thoroughly

with DI H;O, and stored in DI H,O before testing by HRFS.

Results. HRFS results showed no indication of improved experimental results by
backfilling with undecanol as compared to the homogenous grafting procedures.
Furthermore, the strain-induced conformational transition reported[43] for PEO was
most often observed on the higher molecular weight PEOsok than on the PEGy,
which tended to exhibit short-ranged, featureless, worm-like chain force curve

profiles.

The above experiments culminated in a scientific decision to employ only direct-grafting
of polymers via thiolate bonding, and to only use higher molecular weight polymers which
exhibit the most reproducible and interesting force curve profiles. From this point forward,
our investigations of polymer-protein interactions focused solely on the thiol-terminated

PEOsok, which was consistently prepared as described above.

2.2.5 Characterization of the PEO-grafted Surface

The Flory radius, or radius of gyration, in aqueous solution Linear PEOsok-SH, M, =
48,320 g/mol, My = 51,700 g/mol, PDI = 1.07 (as determined by GPC in tetrahydrofuran
using monodisperse poly(ethylene glycol) standards) was calculated to be Ry = 8.7 nm from
Flory statistical mechanics using Equation 1.1: [82]

C.N

R, =al =
FT 0oy whore @~ =2Cy, [0.5—1],/Mn,

L. is the carbon-oxygen bond length (= 0.143 nm), C=~ 4 is the characteristic ratio, [37]
Cm = 0.175 is a constant, [37] x = 0.42 at ~25°C, [37] o = 1.59 is the Flory expansion
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parameter and measures the degree of swelling in solvent, and N = 1098 is the number
average number of repeat units in the polymer chain. The extended contour length, Leonour,
was calculated to be 393 nm from the polymer number average molecular weight using the
all-trans segment length of 0.358 nm, assuming a C-O bond length of 0.143 nm, a C-C bond
length of 0.158 nm, and bond angles of 109.5°. The polymer concentration of the 10 uM
stock solution was well below the critical overlap concentration, ¢c* = 0.6 mM, or 0.0291

g/mL, calculated from the equation:

3M

c* I

= —4NAIZR; Equation 2.1
where N, is Avogadro's number. Contact mode fluid atomic force microscope images of
bare Au substrates (Figure 2.1 (A)) compared to PEO grafted surfaces (Figure 2.1 (B)) have
allowed the identification of isolated single PEO chains and verified that the distance
between grafting sites, s = 62 + 26 nm, is much greater than twice the Flory radius. Under
these conditions the polymers are in the “mushroom” state. [83] The dimensions of the
individual polymer chain mushrooms were found to be; Lt (length perpendicular to the scan
direction) = 7.9 + 2.2 nm, L| (length parallel to the scan dircction) = 18.5 + 3.8 nm), and
height, # < 5 nm. As the polymer chains are unavoidably compressed and dragged by the
probe tip in contact mode even under low force imaging, there was a consistent elongation

in the scan direction, as well as a reduced height (i.e. 7 <Rg).
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Figure 2.1 Contact mode AFM images in PBS sclution of (A) a bare polygranular gold substrate, and (B) a
polygranular gold substrate modified by covalent attachment of PEQs.

2.2.6 Data Treatment, Analysis, and Presentation

The intermolecular forces exerted on a polymer by a SisN4 probe tip vary in type and
magnitude as a function of the distance of the probe tip from the polymer-grafted surface,
and in cases in which the probe tip is already in contact with the surface, such forces may
also vary as a function of the time that the probe tip remains in contact if energy dissipating
mechanisms are active, as well as the number of polymers present in the interaction area,
which is function of the tip radius. In terms of HRFS experiments, this means that the
approach and retraction curves may not necessarily correlate, and results from experiment to
experiment may vary slightly in range and magnitude if the radii are not similar. For these
reasons, we examine the approach and retract portions of our data separately, and then
consider the total accumulation of our observations in formulating our final conclusions.
For the data on retract, the points of maximum adhesion from at least twenty force curves on
each of three different sample sites on each substrate, under each experimental condition,
were tabulated and analyzed in a systematic statistical manner. First, each of the data sets
was subjected individually to a “Q test” using a 95% confidence level[104] in order to

remove statistical “outliers” from the data pool: [66]
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gap
range

where the “range” is the total spread of the data, and the “gap” is the difference between
the data point in question and the next nearest value. For a certain confidence levels, e.g. for
95% as used in our experiments, Rorabacher, et al. [104] have tabulated corresponding ()
values, and the convention holds that if the calculated Q is greater than the tabulated Q, the
data point may be rejected from the data set with 95% percent confidence. The tabulated
values of Q for a 95% confidence interval were found to fit the following double exponential

function quite well, which enabled extrapolation of Rorabacher’s table to larger N values:

x, =0.257012
x, =0.369178
Q=x +x, expl- x, -N]+ X, exp[— X; -N], where {x, =0.073258
x, =1.30302
| x; = 0.377264

and N is the number of observations, or the number of data points in the data set
containing i points, assuming that the data set has been arranged in order from least to
greatest values, and the fifth smallest value represents i = 5. To perform a valid Q test, N

must be greater than five. [66]

Next, each of the data sets was compared to each of the others within a given set of
experiments with the same probe tip using the “Student’s £, in order to determine if the data

sets were statistically different from one another: [66]

(= <x1>—(x2> ‘ nn, , where s, :\Flz(nl _1)+S;(n2 _1)
S pooled n +hn, m+n, =2

and <x> is the average of all of the values in data set i, »; is the number of data points in

data set i, and Spookq is the standard deviation for both of the data sets combined. Again, a

95% confidence level (also often referred to as p = 0.05) was set as our minimum criterion
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for “statistically different”. Like the Q test, when fcaicuiated > fiabuiated> the two data points are
considered to be statistically different. Student’s ¢ values at different confidence intervals are
given in Table 5.1. [66]When comparing two data sets, the number of “degrees of freedom”
= Mot — 1, Where ma = the total number of data points in both of the data sets being
compared, combined. All “trends” claimed in this chapter and subsequent chapters in this

document are > 95% statistically significant according to the tests described above.

Degrees of freedom [ 90% | 95% [98% }99% | 99.9%

1 6.314 [ 12.706 | 31.821 | 63.657 | 636.619
2 2.920 [ 4303 |6.965 |9.925 |[31.598
3 2353 (3.182 | 4.541 | 5841 |12.924
4 2.132 12776 |3.747 |4.604 | 8.610
5 2.015 2571 {3.365 |4.032 |6.869
6 1.943 | 2.447 |3.143 |3.707 | 5.959
7 1.89512.365 |2.998 |3.500 |5.408
8 1.860 | 2.306 |2.896 |3.355 |5.041
9 1.833 | 2.262 | 2.821 |3.250 |{4.781
10 1.812|2.228 |2.764 |3.169 |4.587
15 1.753 1 2.131 [2.602 |2.947 |4.073
20 1.72512.086 |2.528 |2.845 | 3.850
25 1.708 | 2.068 |[2.485 |2.787 |3.725
30 1.697 ) 2.042 | 2.457 |2.750 |3.646
40 1.684 | 2.021 |[2.423 |2.704 | 3.551
60 1.671 | 2.000 [2.390 {2.660 |3.460
120 1.658 | 1.980 |2.358 |2.617 |3.373
a0 1.645 | 1.960 |2.326 |2.576 | 3.291

Table 2.1 Values of the “Student’s r” (adapted from reference [66]).
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Finally, the standard deviations for the adhesion frequency data were calculated by
comparing average frequencies at different sample sites for each of the experimental

conditions.

2.3 Investigating the Dependence of the Single Molecule Force
Curve Behavior of Poly(ethylene oxide) on Experimental
Conditions.

Having optimized the experimental protocol for SMFS of PEO, we then began to probe
the question of how the various experimental parameters in our HRFS protocols affected the
experimental results. In order to eliminate the variable of pH, we began immediately to
perform our experiments in phosphate buffer saline solution (PBS) (IS = 0.15, pH = 7.4 i.e.
physiological conditions). The variables we then individually manipulated included the
cantilever spring constant, the scan rate, and the ionic strength of the PBS solution. We also
explored the effect of different salts in the solution, as well as the effects of organic solvents

on the force curve behavior.

2.3.1 Dependence on Tip Compliance

Force spectroscopy experiments were conducted in PBS on the same substrate using probe
tips of spring constants k. ~ 0.01 N/m, 0.03 N/m, 0.06 N/m, and 0.1 N/m. Other fixed
experimental parameters included: scan rate = 1.0 um/s, and tip displacement distance = 1.0
um. No difference was observed in the results on approach or retract among the various data
sets, suggesting that deviation of tip compliance within a reasonable range surrounding our
nominal k. = 0.01 N/m does not markedly affect our experimental results. We suspect this
would not be the case if the spring constant was increased more than one order of

magnitude.
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2.3.2 Dependence on Piezo Velocity

Force spectroscopy experiments were conducted in PBS on the same substrate,
sequentially, using the same probe tip (spring constant k&, ~ 0.01 N/m) with a tip
displacement distance of 1.0 pm, at piezo velocities (scan rates) of 0.5, 1.0, 2.0, 5.0, 10.0,
and 20.0 N/m. Rates faster than 20.0 N/m are beyond the capabilities of the piezo. No
difference was observed in the results on approach or retract among the various data sets,
suggesting that deviation of scan rate within a reasonable range surrounding our nominal

rate of 1.0 pm/s do not markedly affect our experimental results.

2.3.3 Dependence on Ionic Strength

Force spectroscopy expenments were conducted in PBS on the same substrate, on the
same day, using the same probe tip (spring constant k. ~ 0.01 N/m) with a tip displacement
distance of 1.0 um, over three orders of magnitude of ionic strength in the following
sequential order: 0.0001M, 0.001M, and 0.01M. Upon changing the solution to each higher
ionic strength, both tip and substrate were first rinsed with the new solution, then allowed at

least twenty minutes to equilibrate in the new solution before experimentation was begun.

On approach, a long range repulsion was observed, beginning at D ~ 40nm, and reaching a
maximum force at D = 0 of 0.6 nN. The curves at each ionic strength overlap until D < R,
at which point the repulsion between the SizN4 probe tip and the PEO substrate begins to

increase with increasing ionic strength (Figure 2.2).
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Figure 2.2 Averaged approach curves of a Si;N, probe tip vs a PEO-grafted Au substrate, along with standard
deviations, as a function of ionic strength.

These results, which were reproduced several times in various ionic strength ranges from
0.0001M to 3.0M, are somewhat surprising, as they are counter to two hypotheses we may
have had about the data: 1) typically, in systems involving electrostatic repulsion, one would
expect the repulsion to decrease on approach as the charges on the opposing surfaces
become “shielded” by an increase in the concentration of counterions available to adsorb to
each surface; 2) as was mentioned in Section 1.2.1, PEO is incapable of chelating Na”
cations in solution, [46-49] and in fact the cation has a desolvating effect on the PEO as it
competes for water molecule binding; under these conditions we would expect the repulsion
from configurational entropy to decrease, as polymer segment-segment interactions become
more favorable than segment-solvent interactions and the chain begins to collapse. Clearly
the results at D < Ry do not agree with either of these hypotheses, and by further comparison
to parallel experiments on unmodified Au, which follows the expected trend for electrostatic
repulsion in that as the ionic strength is increased, the repulsion on approach of SizN4 to Au

decreases, we may conclude first that this effect is due to the PEO, rather than the Au
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substrate, and second that neither steric (configurational entropy) nor electrostatic
interactions are of great importance in the PEO system. Rather, another force that is greater
in magnitude than either (or perhaps both combined if both are present) is dominating the

response to ionic strength.

On retract, increases in ionic strength result in a reduction of the frequency of adhesion, as
shown in Figure 2.3. It appears that NaCl concentration has a significant effect on HSA-
PEQ binding affinity, although the origin is not well understood. No significant effects were

observed on any other adhesion statistical parameter (<Daghesion™s <Fadhesion™)-
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Figure 2.3 Frequencies of adhesion of a 5i;N, probe tip from a PEO-grafied substrate on retract, as a function
of ionic strength. Statistically different data points (as determined by the “Student’s t”) are connected by
brackets.

2.3.4 Dependence on Salt Type: HRFS in K,S0O,

Like NaCl, K;SO4 has been found to be a poor solvent for PEO. [48] The mechanism of
this phenomenon, ofien referred to as a “salting out” effect, may perhaps best be interpreted
in the sense that the water molecules preferentially solvate the particular salts over PEO,

thus leaving PEO deficient of solvent molecules. The relative affinity for polymer segment-
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segment interactions consequently increases, and Ry decreases. Here we sought to compare
our system to previous work reported by Irvine, et al, [48] which studied the effect of K;S0,

concentration on the dimensions of PEQ star polymers.

Force spectroscopy experiments were conducted in PBS on the same substrate, on the
same day, using the same probe tip (spring constant &, ~ 0.01 N/m) with a tip displacement
distance of 1.0 pum, over three orders of magnitude of ionic strength in the following
sequential order of K,;SO, concentration in PBS (IS = 0.15M): 0.1M, 0.3M, and 0.4M.
Upon changing the solution to each higher K,SO;4 concentration, both tip and substrate were
first rinsed with the new solution, then allowed at least twenty minutes to equilibrate in the
new solution before experimentation was begun. As predicted, the results on approach,
shown in Figure 2.4, show a clear decrease in the repulsion with increasing concentration of

K>S0, The data on retract, however, did not show any effect from the addition of K>S0;.

0.69 —PBS (no K2504)
—PBS + 0.1M K2504

0.59 4 PBS +0.3M K2504
~—PBS +0.4M K2504

Force (nN)

Distance (nm)

Figure 2.4 Averaged approach curves of a Si3Ny probe tip vs a PEO-grafted Au substrate, as a function of
K80, concentration in PBS (IS = 0.15M),
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2.3.5 Dependence on Solvent Affinity: HRFS in Organic Solvents

Force spectroscopy experiments were conducted on PEO using a Si3Ns probe tip in
hexadecane, a poor solvent for PEO. On approach, a long ranged attraction was observed,
beginning at D < 750nm. On retract, a strong surface adhesion was observed, followed by
PEO extension. The force did not completely return to zero until D ~ 600nm. The average
adhesion values were: <Faghesion™ = 0.66 £ 0.40 nN, and <D.ghesion> = 209 + 91.8 nm, which
are at least twice that typically observed in PBS. An example force curve from the
experimental data set is shown in Figure 2.5. From the shape of the extension curve on
retract, it 1s clear that the Markovian shape typically observed in aqueous solution has been
replaced by a curve which more closely resembles the freely jointed chain model, which is

predicted for a polymer chain in a poor solvent.

Force (nN)

0 150 300 450 600 750
Distance (nm)

Figure 2.5 Example HRFS force curve between an Si;N, probe tip and a PEO-grafted surface.

Such long-ranged attractive forces have been reported between two hydrophobic surfaces in
water, and are often attributed to a “hydrophobic™ or “solvophobic” force. These terms are

usually interpreted in terms of an indirect interaction force between surface molecules
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through a solvent with strong intermolecular associations. [105] Attractive forces between
silanized surfaces in a salt solution at distances up to 300nm have been reported, [106-108]
and are increasingly thought to be due to the bridging of submicroscopic gas bubbles (or
solvent “cavities”) adsorbed to the respective surfaces. The phenomenon has been observed
directly[106] using atomic force and optical microscopy, and is perhaps one of the best
explanations to date for such odd, long-ranged attractive forces between surfaces in poor

solvents.

This experiment was repeated on both a freshly cleaved mica surface and an unmodified
polygranular gold substrate. On mica, the long-ranged attractive force was again observed,
at distances spanning the limits of the piezo. On gold, the attractive force was reduced to a
maximum range of 300nm, beyond which the force was negligible. Figure 2.6 shows an
averaged approach curve of a Si3N, probe tip to Au in hexadecane. It is interesting that this
phenomenon is strongest between two hydrophilic surfaces (PEO and mica) in hexadecane,
rather than on Au. It may be that the “solvophobic” force is not as pronounced on the
relatively hydrophobic Au surface, or, if the “bubble theory” is valid, that the larger bubbles
are more stable on the hydrophilic substrates than on Au. Certainly PEO has been observed
to be quite stable at an air-water interface due to its amphiphilic nature and capabilities as an

effective surfactant.
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Figure 2.6 Average approach curve (with standard deviations) of a Si;N, probe tip to an unmodified
polygranular gold surface in hexadecane.

2.4 Conclusions.

In the experiments reported in this chapter between an unmodified SisN4 probe tip and a
PEO-grafted Au substrate, we successfully optimized our experimental protocol for
attachment of single molecules of PEO to Au, and found that incubation of a piranha
solution-cleaned Au substrate in 2mL of a 1mM solution of PEOsy for 45 minutes,
followed by thorough rinsing with DI H,0, was sufficient to end-graft PEO chains such that
the distance between grafting sites, s, is > 2Rr (so the polymers are in the isolated,
“mushroom” conformation on the surface), and yet close enough together that HRFS may be
done with ease. To test the efficacy of our system, we successfully repeated previously
reported results by Oesterhelt, et al, [43]|demonstrating the strain-induced conformational
transition when a water-solvated PEO molecule is extended in an HRFS experiment, and the
freely jointed chain force curve extension profile of PEQ in the poor solvent hexadecane. On
exploring the sensitivity of our system to ionic strength, we observed an unusual increase in
the repulsion on approach, and a decrease in the frequencies and forces of adhesion on
retract, as the concentration of NaCl was increased in a standard PBS solution. The origin of
this effect is not yet fully understood, but does discourage the hypothesis that the long-range
repulsion between Si3Ns and PEO is due to electrostatic parameters. Steric effects, on the
other hand, were observed to play an important role in the repulsion on approach to PEO; we
were able to demonstrate this by investigating the “salting out” effect of PEQ in the presence
of K250y, from which we observed a marked reduction in the repulsive force on approach as
the concentration of K>SO4 in PBS was increased. Finally, we were able to demonstrate that
the piezo velocity (scan rate) and tip compliance have negligible effects on both the shape of
force curves and the forces and distances of repulsive forces on approach and adhesive
forces on retract. Although scan rate can play an important role in larger scale systems in
which hydrodynamic effects are nontrivial, our nanosized cantilever probe tips would

require a scan rate many times greater than the upper limits achievable by the MFP, in order
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to exhibit significant sensitivity to the scan rate. Overall, the important achievements
reported in this chapter were an optimization of experimental protocol, and the development
of a sound understanding of the HRFS behavior of PEOsgk, under a variety of experimental

conditions.
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Chapter 3

NANOSCALE INTERMOLECULAR
INTERACTIONS BETWEEN HUMAN
SERUM ALBUMIN AND ALKANETHIOL
SELF-ASSEMBLED MONOLAYERS

3.1 Introduction

The interaction between the surface of an implanted artificial medical device and blood
typically results in the nonspecific, noncovalent surface adsorption of blood plasma proteins
followed by platelet adhesion and activation, initiation of the coagulation cascade, and
thrombus formation. [12,13] In the absence of transport limitations, the interaction potential
between the protein and the surface as a function of separation distance, U(D), will
determine whether or not a protein will adsorb and at what rate. U(D) is typically a
superposition of numerous nonspecific repulsive (e.g. electrostatic counterion double layer,
steric, hydration, etc.) and attractive (e.g. van der Waals, hydrophobic, H-bonding, ionic,

ctc.) components that can lead to complicated functional forms that vary with the strength
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and range of the constituent interactions. [11,109] Generally, improved protein resistance

can be achieved by maximizing repulsive interactions and minimizing attractive ones.

A variety of standards[20-23] also exist for in vifro hemocompatibility testing using
biochemical and immunological assays to test for thrombosis, coagulation, platelet count,
ctc. which are quicker and less costly than in vivo clinical trials. Although widely
investigated and discussed in the literature, hemocompatibility, which varies greatly from
material to material, is still poorly understood. Hence, attempts to prepare thromboresistant
blood-contacting devices such as hemodialysis membranes, intra-arterial chemical sensors
and catheters, vascular grafts, and blood pressure monitors, have met with limited success.

To attack this problem, we chose to focus on that first step in the thrombosis an
inflammatory cascades, i.e. the adhesion of blood proteins to the biomaterial surface.
Employing the powerful method of high resolution force spectroscopy (HRFS) to directly
measure the net nanoscale intermolecular force between a probe tip covalently bound with
blood plasma proteins and a variety of model planar surfaces as a function of protein-surface
separation distance, F(D), where U(D)=-IF(D)dD. A more complete understanding of the
molecular origins of the protein adsorption process can be achieved through deconvolution
of the contributions of each of the individual constituent interactions. This goal can be
realized through rigorous experimental and theoretical methodologies, by varying the
environmental (solution) conditions and sample characteristics in conjunction with various
theoretical model predictions using independently measured parameters. Although HRFS
experiments yield an approximation of the actual potential experienced during the initial in
vivo adsorption process (e.g. since the proteins are constrained in mobility on the probe tip,
brought near the surface at a near-constant rate, and isolated from other blood components),
experiments on synthetic polyelectrolytes have successfully correlated molecular level
forces with adsorbed layer thicknesses measured via ellipsometry. [110] Given this fact,
HRFS has great potential to be a useful tool for predicting adsorption kinetics, [111-114]
evaluating and prescreening candidate biomaterials for which only extremely small
quantities of material are available, and assisting in the chemical design of new

hemocompatible biomaterials.
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Before moving on to study polymeric surfaces, we chose to study the interaction of our

model protein on monolayers of a variety of chemical functionalities, in order to better
understand the HRFS behavior of human serum albumin (HSA). In the research presented in
this chapter, HSA, the most abundant human blood plasma protein and that which is
typically the first to adsorb to a blood-contacting biomaterial, [24] was covalently grafted to
a nanosized silicon nitride (Si3zN,) probe tip at the end of a soft, microfabricated cantilever
force transducer. F(D) was recorded between the HSA-modified probe tip and three
different surfaces including: 1) gold; 2) a hydrophobic, CHs-terminated alkanethiol self-
assembling monolayer (SAM); and 3) a hydrophilic, COO™-terminated alkanethiol SAM;
both on "approach" (i.e. as the probe tip moves towards surface) and "retract" (i.e. as the
probe tip moves away from surface), in aqueous sodium phosphate buffer solution (PBS,
ionic strength IS = 0.01M, pH = 7.4). SAMs are widely regarded as excellent model
surfaces to study protein interactions due their highly uniform, crystalline-like structure,
ease of varying chemical head group functionality, ease of deposition, and robustness. [115]
A new nanomechanical instrument, the Molecular Force Probe®, {116] which has a limit of
force detection > + 5 pN and a limit of displacement detection > + 3 A (using the cantilevers
employed in this study), was used to carry out the HRFS measurements. The approach data
was analyzed through a comparison with molecular level theoretical models for the
individual constituent components of the total net force (e.g. van der Waals, [117]
¢lectrostatic counterion double layer[118]), and the retract data was analyzed statistically
using adhesive contact mechanical theories. [119-121] This study was critical to the
interpretation and understanding of a series of parallel experiments conducted on more
complex surfaces containing chemically end-grafted polymer chains (Chapter 4), a situation

more commonly found in clinical applications.
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3.2 Experimental Procedures

3.2.1 Surface Preparation and Characterization

Silicon (100) wafers (Recticon Enterprises, Inc., Pottstown, PA; test grade) were cleaned
with ethanol and immediately coated with 2 nm of chromium to promote adhesion, followed
by 100 nm of Au deposited using a thermal evaporator at 1.5 A/s at room temperature at a
pressure of 2¢10® Torr. These polycrystalline Au surfaces have a typical root-mean-square
(rms) surface roughness of 2 nm and an Au island size range of 25-76 nm, as measured by
contact mode atomic force microscopy (AFM) in air (taken with a Digital Instruments™
Multimode®). The Au-coated Si wafers were cleaned using piranha solution (3:1 12M
H,S804 : 30% H,0,) for ten minutes just before further chemical modification and testing by
MFP experiments. [WARNING! Piranha solution is extremely oxidizing, reacts violently
with organics, and should only be stored in loosely tightened containers to avoid buildup of
pressure.] Hydrophobic CHj-terminated SAMs were prepared by incubating piranha-
cleaned 1 cm? gold substrates in dodecanethiol, CH3(CH»)1:SH (Aldrich #47,136-4), (5 mM
solution in ethanol), for 48 hours, which was followed by rinsing with hexanes and
subsequently PBS before experimentation. Hydrophilic COOH-terminated SAMs were
prepared by incubating a piranha-cleaned 1 em” gold wafers in 2 mM solution of 11-
mercaptoundecanoic acid (HS(CH.),CO.H, Aldrich #45,056-1) in 100% ethanol for 48
hours, followed immediately by rinsing with deionized water and then PBS before
experimentation. [110]Receding and advancing contact angle measurements were performed
with in DI H,0, the results of which are summarized in Table 3.1. Alkanethiol SAMs on
Au(111) are known to have a (V3XV3) R30° structure relative to the underlying substrate,
corresponding to a molecule-molecule spacing of ~5A and an area per molecule of 21.6 Al
with an all-trans, planar zig-zag hydrocarbon chain tilted by ~34° from the surface normal,

~1.5 nm in height. [115]
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SUBSTRATES— CH, SAM COO SAM Au
GW(A..*. ing) 111°+1° 44° & 1° 970 1 7o
OwReceding) 108° & 2° 1394 1° 70° + 6°

Abw 3° 31° 27°

Table 3.1 Contact angle measurements of DI H,O on Au and alkanethiol SAMs.

3.2.2 Covalent Attachment of Human Serum Albumin on Si;N4 Cantilever

Probe Tips

HSA was covalently attached to a Si3Ny cantilever probe tips using the chemical reaction
scheme shown in Figure 3.1. [122,123] Aminobutyldimethylmethoxysilane (ABDMS,
#8565350), glutaraldehyde (#G-8552, lot #31K5306), and HSA (#A9511, lot #126H9322,
containing bound lipids) were purchased from Sigma. These Si3Ny probe tips were prepared
by chemical vapor deposition using a 4:1 mixture of dichlorosilane and ammonia gases
respectively, resulting in approximately a 4:1 ratio of SiOH:SiNH; surface groups. [124]
Si3Ny4 probe tips were cleaned and oxidized in an oxygen plasma for 10s at 30Pa and 10 W
power immediately prior to modification. They were then immersed in a 4% (v/v) toluene
solution of ABDMS for 2 hrs. The silanized probes were rinsed in methanol followed by
0.01M PBS before being immersed in a 2.5% (v/v) aqueous solution of glutaraldehyde for
30 min and then rinsed with an excess of DI water. The cantilevers and probe tips were then
immersed in a 0.01 % (w/v) HSA solution (in 0.01M PBS) for 1 minute. Finally, the HSA
modified probe tips were rinsed copiously with PBS and stored in the same concentration
buffer until tested. The ABDMS and glutaraldehyde molecules provide a short linker for the
HSA off the probe tip which may allow for some flexibility and retention of the native
movements of the protein. Multiple covalent linkages are possible and it should be noted
that the orientation and conformation (e.g. elliptical or triangular) of the HSA on the probe

tip is not known.
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Si—NH, Si—NH;
T >
/\/\/NHZ R A NH2
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NH,

Figure 3.1 Reaction scheme for the covalent attachment of HSA to a 8i;N, probe tip. HSA may form multiple
tethers to the probe tip via any of its 60 available amino groups.

The success and optimization of the HSA chemical grafting reaction to form a monolayer
on the probe tip, and the ability of the HSA to maintain its native conformation, was a
critically important component of this work and was verified by three different
methodologies. Data obtained by all approaches was compared to control samples which
involved the same chemical procedure as was used in the probe tip modification, in which
the final reaction step in the chemical procedure was carried out in HSA-free buffer rather

than 0.01% (w/v) HSA (henceforth referred to as "glutaraldehyde control").

i. Contact Angle Measurements and AFM Imaging. Characterization of HSA
grafted to planar Si;Ns wafers (prepared by chemical vapor deposition at 780°C and 0.25
Torr of a 10:1 mixture of dichlorosilane and ammonia gases respectively, thus resulting in
approximately a 10:1 ratio of SiOH:SiNHj; surface groups) was carried out by contact angle
measurements and contact mode AFM imaging in PBS (Digital Instruments™

Multimode®). Planar SisN4 wafers needed to be employed for these standard techniques
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since they are not able to obtain measurements on the small surface area of the probe tips.
Advancing contact angles were 44 + 1° for the HSA surface and 63 = 6° for the
glutaraldehyde control. AFM imaging of the HSA-grafted surface suggested complete
coverage of the surface with the HSA and showed rounded features 10 nm in relative height
that were not observed on the glutaraldehyde control, which showed jagged features
approximately 5 nm in relative height (Figure 3.2). Imaging was conducted with a Digital
Instruments™ Multimode 3a® atomic force microscope, using the fluid cell setup with PBS
(IS = 0.01M, pH=7.4) in contact mode, employing a Thermomicroscopes™ Si3N; v-shaped
cantilever (length ~ 320um, k ~ 0.01 N/m) with an unmodified probe tip of radius ~ 20-

50nm.

Figure 3.2 Contact-mode atomic force microscopy images taken in PBS (IS=0.01M, pH=7.4) of (A) a
glutaraldehyde-functionalized flat Si;N, substrate, and (B) an HSA-functionalized flat Si;N, substrate.

ii. Flourescence Microscopy. Secondly, glutaraldehyde and HSA-functionalized
cantilevers and probe tips were tagged with a flourescent compound by immersing for 48 hrs
in a solution of 1.0 mL of 0.01 M PBS and 0.25 mL of a 6.67x10™* M solution of Oregon
Green Dye (Molecular Probes, Inc., product # 0-6147) in dimethylsulfoxide (DMSQ). Tn
this procedure, an active ester on the fluorescent dye readily covalently reacts with free

amine groups on the protein, but not with aldehyde groups on the glutaraldehyde “control."
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The cantilevers were then rinsed thoroughly first with DMSO and then 0.01 M PBS, and

finally stored in PBS until viewing with the fluorescence microscope (Zeiss Axiovert 200
fluorescence microscope equipped with a Xe lamp using a 40X objective lens). Excitation
was set at a wavelength of 488 nm and emission was detected in the range 510-520 nm, and
the two chips were imaged in the same sample well so that background fluorescence could
be subtracted from the final images. Total exposure time was 10ms, and data collection was
done by z-sampling every 1um for a total depth of 60um. The images were taken using a
40x oil-immersion objective collecting on a cool-snap HQ OCD camera. After the images
were collected, the background fluorescence was subtracted and the relative brightness was
scaled identically for both images, so that the two could be directly compared. Although
some nonspecific adsorption of the Oregon Green inevitably occurred on both substrates due
to poor solubility of the compound in water, fluorescence on the HSA-grafted cantilever
(Figure 3.3(B)) was found to be 8.2X more intense than the glutaraldehyde control (Figure
3.3(A)). It should be noted that the probe tip, located at the end of the cantilever, is not

visible under such low magnification.

Probe tip
location

I 2

Figure 3.3 Flourescence microscope image of: (A) an Oregon green 488-exposed gluteraldehyde control
cantilever and (B) an Oergon green 488-labeled HSA-modified cantilever.

iii. HRFS in PBS. Lastly, HRFS experiments in PBS were employed to optimize the
grafting reaction conditions to produce a well-packed HSA monolayer (as opposed to

adsorbed multilayers). The HSA-modified probe tip versus a hydrophobic control surface
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(CH3-terminated SAM) showed the presence of long range, nonlinear attractive forces due to

the stretching (unfolding) of protein chains between the probe tip and adsorbed segments
which tether the protein to the hydrophobic surface For the probe tip reaction conditions
employed, the distance ranges of these long-range protein unfolding events were almost
always less than the calculated contour length of an individual HSA molecule, suggesting a
monolayer on the probe tip surface. For longer reaction times in step III (of Figure 3.1), the
unfolding lengths were observed at distances up to many times greater than the contour
length, suggesting multiple adsorbed layers. In addition, the glutaraldehdye control probe
tip tested via HRFS showed distinctly different force spectroscopy behavior in magnitude,
range, and shape compared to the HSA probe tip on a variety of surfaces tested. Figure 3.4

compares HRFS data between the two tips and a PEO-grafted surface on approach and

retract.
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Figure 3.4 Comparison of HRFS data using both glutaraldehyde- and HSA-grafted probe tips on a PEO-
grafted surface. Approach data is compared directly in (A), and retract data is compared side by side for (B) the
glutaraldehyde-modified probe tip and (C) the HSA-grafted probe tip.

iv. HRFS in the Denaturant Urea. Urea is a well-known protein denaturant, and even
small concentrations can have a marked effect on a protein’s tertiary and quaternary
structures. HRFS experiments were carried using an HSA-modified probe tip in both PBS
(IS = 0.01M, pH = 7.4) and in 1M Urea (dissolved in the same PBS solution), on a COO-
terminated SAM. The HSA was allowed 24 hours to equilibrate in the urea solution after
being tested in pure PBS, before further experimentation was performed. The force curves
obtained under each condition were markedly different. While in pure PBS, HSA
experienced no surface adhesion on retract, and its protein extension profiles exhibited a
structured form resembling curves often seen for structured polymers such as PEO (Section
1.2.4), in the presence of 1M Urea, surface adhesion became prevalent and protein extension
curves took on a shape indicative of a freely jointed chain, which has been found to model
randomly oriented polymers quite well. Typical force curves from each experiment are
shown below in Figure 3.5. These results support the hypothesis that HSA is in its native

conformation under the experimental conditions employed throughout the majority of this

project.
0.5 0.5
A B
0.3
3 £ 0.1
8 8
o o 0.1 100 200 390
T8 [T
03
05 0.5
Distance (nm) Distance (nm)

Figure 3.5 Typical force curves between an HSA-grafted probe tip and a COO™-terminated SAM in (A) PBS,
and (B) 1M Urea in PBS.
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3.2.3 Measurement of Probe Tip Radii

The radii of the chemically modified probe tips were determined for each individual
cantilever by scanning electron microscopy (SEM) (JEOL 6320FV Field-Emission High-
resolution SEM, operating voltage = 5 kV, working distance = 8mm, magnification =
100,000x) (Figure 3.6) where Rrjp was determined by drawing two intersecting straight lines
tangential to the sides of the probe tip and then drawing a circle tangential to both of them.
Rypp for the COO™ terminated SAM probe tip was found to be ~ 63 nm. Rpp for the HSA
probe tip used on the COO" terminated SAM surface was found to be ~ 150 nm. Rqyp for the
HSA probe tip used on the CH; terminated SAM and Au surfaces was found to be ~ 65 nm.

Figure 3.6 SEM image of an HSA-modified Si;N, probe tip. Operating voltage = 5kV; working distance =
8mm.

3.2.4 Estimating the Interaction Area between a Probe Tip and a Planar

Surface.

The experimental geometry and schematic of relevant parameters is given in Figure 3.7.
As the probe tip begins to penetrate the interaction distance range (i.e. the distance at which
forces just begin to be detected between the probe tip and the surface), the surface

interaction area will increase from 0 to a maximum value at D = (.
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probe tip

surface \
interaction

Figure 3.7 The geometry and relevant parameters for defining the surface interaction area between an HSA-
grafted probe tip and an underlying surface.

The geometrical parameters are defined as follows: D is the separation distance between
probe tip and planar surface, Arp is the effective interaction surface area on the probe tip at
D, Dy is the distance the probe tip has moved into interaction range (i.e. D; = Dyax-D where
Duax is the maximum tip-sample separation distance range of interaction), and Rryp is the

probe tip radius. Using Pythagoreum'’s theorum, r can be calculated from Rryp and Dy :

r=\Ryp’ [Ryp-D, I Equation 3.1

The interaction area on the tip is the surface area of a portion of a sphere which is defined as

following:

Ap =7 RpDy Equation 3.2

The interaction area on the substrate, AsupsTrRATE, 1S the projection of the interacting piece of

tip, Arip, onto a plane. Therefore, it is just the area of the cross-section of the sphere at Dy:

2 2 2 .
Agupstrate = B 7 = 1t(Rnp -[Rp -D] ) Equation 3.3
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The relevant areas for the force profiles on approach are the surface interaction area of the

probe tip and substrate. The maximum probe tip and substrate surface interaction areas at
D=0, Amp, and AsysstratE, TeSpectively, were approximated as shown in above for each
probe tip-substrate combination from Ry and the maximum separation distance of
interaction measured by HRFS on approach, Dyax, and was found to range between ~3,000-
16,000 nm?. From these values, the maximum number of proteins, assuming a dense
monolayer, in Arrp (at D=0) was calculated assuming either a triangular or ellipsoidal shape
(lying flat) and found to range ~60-600 proteins. For a maximum applicd force of
Fmax=3nN at D=0, the maximum force per protein was calculated and found to be < 8.6 pN
for CHs-terminated SAM, < 19 pN for COO" terminated SAM, and < 44 pN for Au, much
less than the expected force needed for mechanical denaturation][95]. Hence, it is expected
that steric deformations of the protein on approach within the surface interaction area have a
negligible contribution to the interaction force profile. Since the area per SAM molecule on
the substrate is 0.216 nmz, the number of SAM molecules in AgypstraTe Was 56,000 for the

CHj-terminated SAM and 60,000 for the COO’-terminated SAM. These values are

summarized in Table 3.2.

SUBSTRATES—» CH; SAM | COO SAM | Au
Dpax (nm) 80 15 15
RTIP (nm) 63 150 65
HSA Aqp (nm®) at D=0 16,000 7,100 3,100
Atriangre (HSA)(nm?) 28 28 28
Agruese (HSA)(nm') 45 45 45
Asunsyrate (nm’) at D=0 12,000 13,000 5,500
# Proteins in Arp_(assuming a triangularly shaped protein) | 580 260 110
# Proteins in Aqp (assuming an elliptically shaped protein) 350 160 68
ASAM mofecule (NM) 0.216 0216 0.216
# SAM molecules in AgypsTRATE 56,000 60,000 -
Fuax (nN) 3.0 3.0 3.0
Fmax / Protein (pN) (assuming a triangularly shaped protein) | 5.2 12 27

| Fumax/ Protein (pN) (assuming an elliptically shaped protein) | 8.6 19 44
A gontact (NM?) 5.7 9.6 5.5
# of SAM molecules in A pact 26 44 -

Table 3.2 Calculated values for the numbers of molecules and the applied forces in the surface and tip

interaction areas.
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3.2.5 Estimating the Probe Tip Contact Area

On retract and relevant to adhesion data, in addition to the surface interaction area there is
a much smaller elastic contact area where the molecules on the probe tip apex and the
molecules just under the probe tip apex on the substrate are in intimate contact. Within this
small region, the forces are amplified, for example by 1.5 times the externally applied force,

F, for Hertzian mechanics.

The contact area, Awnm=9taz, was calculated from Hertzian elastic mechanics[125] for the

substrates displaying no adhesive forces as follows :

1/3 2 2\

[ FRp _i 1-v," 1-v, .

a=s|——| , K= + Equation 3.4
K 31 E E,

where: a = contact area radius, K=reduced elastic modulus, v = Poisson's ratio, E = Young's
(elastic) modulus, Ei(Au)= 64 GPa, vi(Au)=0.44 , E»(Si3N4)= 300 GPa, and v 2(S13N4)=0.24,
and was found to be 5.5 nm? for the Au surface, and 9.6 nm? for the COO™ terminated SAM

surface (corresponding to ~44 SAM molecules).

Acontact Was also calculated from (modified Hertzian) DMT theory[119] for the CHs-

terminated SAM displaying an adhesive jump-to-contact on approach as follows :

Equation 3.5
K

a= ((F + Fadhesion )RTIP JIB

Acontact Was found to be 5.7 nmz, (corresponding t0 ~26 SAM molecules). Acontact <<
AsussTrRATE ATip, and Aprorein, 1.6. much less than a single protein could fit in the maximum

elastic contact area. Both of these theories predict nonhysteretic behavior.
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3.3 Results on Approach

3.3.1 Approach of an HSA-Grafted Probe Tip to a COO -terminated Self

Assembled Monolayer.

Control Experiment: COO Terminated SAM Probe Tip versus COO -
Terminated SAM Surface. Figure 3.8 displays the average Force/Radius (mN/m) and

Force (nN) versus Distance (nm) approach curve (with standard deviations) for a COO"

terminated SAM probe tip versus a COO terminated SAM surface in PBS, {110] compared
to the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. [126,127] Under these solution
conditions, the carboxylic acid group is ionized and negatively charged (pK,(COO)= 5.5 +
0.5). [128] Nonlinear, purely repulsive forces were observed for D < 15 nm reaching a
maximum magnitude at D = 0 of Force = 0.6 nN corresponding to a Force/Radius ~ 10

mN/m.
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Figure 3.8 Averaged Force (nN) and Force/Radius (mN/m) versus Distance, D (nm) approach curves for COO
-terminated probe tip versus COO™-terminated SAM surface in PBS compared to DLVO electrostatic double
layer constant surface charge model. x™' = 2.96 nm (IS = 0.01 M), 4 = 6.92x10™ J, and Ry;y=63 nm were fixed
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to their known values, and the charge per unit area was used as the only fitting parameter and found to be
orp(CO0") = Opane (COO) = -0.018C/m’,

Following the DLVO theory, the total interaction force was assumed to be a linear
summation of an aftractive van der Waals component and a repulsive electrostatic

counterion double layer component:

Frorau(D) = Fypw(D) + FeLectrOsTATIC(D) Equation 3.6

FrLecrrostatic(D) was modeled using a constant surface charge approximation based on
the numerical solution to the nonlinear Poisson-Boltzmann (PB) equation including divalent
ions (Appendix B) in which the substrate is assumed to be a plane of constant charge per
unit area (oprang) and the probe tip is modeled as an impermeable hemisphere of radius
RyemMisPHERE, 81S0 with constant charge per unit area, (Gt ~ OpLang). [129-131] The force
was obtained from the electrostatic potential, @, using the so-called free energy
method[129,132,133] and surface element integration (SEI). [134] In the theoretical
datafits, the electrical interaction Debye length, k!, was set to its known value for IS = 0.01
M (lc'l = 2.96 nm), Rygvspuere Was fixed to the known value of Ryp measured by SEM (=

63 nm), and o1p = opLang Was the single fitting parameter.

The nonretarded van der Waals force was also included using the inverse square power

law derived using the "Derjaguin approximation” (valid for R » D): [117]

AR
6D’

Fopw (D)=- Equation 3.7

where: F,, is the van der Waals force between a sphere of radius R (assumed to be equal to

the probe tip radius, Rrp) and a planar surface separated by a distance D, and A is the
nonretarded Hamaker constant which was fixed. The Hamaker constant employed for the
van der Waals component of the force for this system (Si/Cr/Aw/HS(CH.)..CO:/aqueous
electrolyte(IS = 0.01 M, pH = 7.4)/HS(CH,)..CO./Au/Cr/Si3N4) was fixed to 4 = 6.92x107°



83

J. This value was chosen based on an average of fits of Equation 3.7 to HRFS experimental

results reported by us and others for similar hydrophilic-terminated SAM hemispherical
probe tip-planar surface systems including; 4 = 5.2x10%° J for Si/Cr/AwWHS(CH,),S05
/aqueous electrolyte(IS = 0.1M, pH = 5.6)/HS(CH;),S03 /AwCr/SisNy, [130] 4 = 3.4x1072° J

for glass/Ti/AwWC;sOH/HOH/C1sOH/AWTi/SisNs, [135] 4 = 10x10%° J for
mica/Aw/Cy OH/HOH/C OH/C/AWSmCo,  [136] 4 = 12x10®° T  for
mica/Aw/COH/HOH/CsOH/Cr/Auw/SmCo, [136] and 4 = 4x102° J for

Aw/Cr/AWHS(CH,).CO,/aqueous electrolyte(IS = 0.0001 M, pH = 4-6)/HS(CH.)..CO.
/Au/Cr/Si3Ny. [137] As described in reference, [135] the calculation of 4 for our 9-layered
systems could be performed using a Lifshitz multilayered model, but due to the lack of the
ability to include conductors rigorously in such calculations, we have instead employed an
average of experimental values reported on similar systems via HRFS which will give a
more accurate estimate of the magnitude, range, and functional form of the attractive van der

Waals force.

DLVO theoretical datafits yielded a surface and probe tip charge per unit area,
opLANE(COO) = o7p(CO0O), 0of -0.018 C/m?. Allowing more than one free fitting parameter
resulted in multiple solutions. The DLVO model fit the experimental data extremely well
for D > 3.4 nm and increasingly deviated from the data with decreasing separation distance
for D < 3.4 nm, possibly due to the assumption of uniform permittivity and the
approximation of ions as discrete point charges in the electrostatic double layer model,
which starts to break down at small distances, in addition to the presence of non-DLVOQ
forces. No jump-to-contact minimum was observed, most likely due to the presence of
additional non-DLVO forces, such as possible hydration repulsion at shorter distances. Such
phenomena have been observed previously for hydrophilic SAMs and attributed to the
additional energy needed to dehydrate surface adsorbed counterions. [130] A more detailed

description of the numerical and empirical electrostatic modeling is given in Appendix B.

HSA Probe Tip versus a COO -Terminated SAM. Figure 3.9 shows the average

Force (nN) and Force/Radius (mN/m) versus Distance (nm) approach curve (with standard
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deviations) for an HSA probe tip versus a COO" terminated SAM surface in PBS compared
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otir(HSA), which was found to be equal to -0.0064 C/m>. This value represents an average
charge per unit area in the planes parallel to the outer exposed atomic van der Waals surface
of the protein layer (which was taken to be the plane of constant charge in the model).
Surface charge densities obtained in this manner via HRFS have been shown to accurately
represent the spatial distribution of charged groups on the exposed protein surface when the
protein is oriented uniformly (e.g. in a crystal) when compared to theoretical predictions of
the electrostatic potential distribution around the protein surfaces calculated using the
Poisson-Boltzmann equation. [139] In our experiment, however, there is no need to believe
that the HSA layer on the probe tip is uniformly oriented since the distribution of
hydrophobic and hydrophilic sites and the distribution of amine groups through which the
covalent attachment takes place is nonuniform (Figure 3.10 (A)). Hence, the measured
charge per unit arca should reflect an average of the entire HSA surface charge distribution
map (Figure 3.10 (B)) and corresponds to a charge per protein of -1.8¢ assuming an elliptical
shape and -1.1e assuming a triangular shape. The net charge of HSA under the experimental
conditions employed here is known to be -15¢, which takes into account the full amino acid
sequence[67] or -19¢ measured experimentally at pH = 7.4 (including bound ions). [72] As
expected, these values are greater than that obtained via by HRFS, presumably because
many of the charged groups may be unexposed, being located interior to the protein or

underneath (facing the probe tip side).

hydropI{obic

“u

hydropﬁilic Asp ., Glu

Figure 3.10 Various schematics of crystallized HSA complexed with myristic acid (downloaded from
reference(73]; also see reference [74]) (A) is a space-filling display showing the locations of hydrophilic
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residues (colored blue) and hydrophobic residues (in green). Figure (B) is a wire frame backbone display with

charged residues using a van der Waals dotted surface. All lysines and arginines (both positively charged at pH

7) are colored blue, aspartic acid and glutamic acid (negatively charged at pH 7) are colored red, and histidine,
which is 90% negatively charged at pH = 7, is in cyan.

3.3.2 Approach of an HSA-Grafted Probe Tip to an Unmodified Polygranular
Gold Substrate

Figure 3.11 displays an average Force (nN) and Force/Radius (mN/m) versus Distance
(nm) approach curve (with standard deviations) for an HSA probe tip versus an Au planar

surface in PBS compared to the DLVO constant surface charge model.

6 - .
m HSA probe dp versus Au surface
5 i average
—— HSA probe tip vetsus Au surface
! standard deviation
4 —— Electrostatic constant sutface charge | 4 0.26

model

w

o
1

Force/Radius (mN/m)
N

<

Distance (nm)

Figure 3.11 Average Force (nN) and Force/Radius (mN/m) versus Distance, D (nm) approach curve for an
HSA probe tip on Au surface in PBS with standard deviations. Comparison is made to DLVO theory fixing
ome(HSA) = -0.0064 C/m’, x™* = 2.96 nm (IS = 0.01 M), Ryp= 65 nm, and A = 6.92x107° . opy une(Au) Was

the only fitting parameters and found to be 0.014 C/m?.

Similar to the data shown in Figure 3.8 and Figure 3.9, a nonlinear, purely repulsive force
was observed to begin at D < 15 nm, reaching a maximum magnitude at D = 0 of Force =
0.32 nN, corresponding to a Force/Radius ~ 4.9 mN/m with no jump-to-contact. The model
pavameters for this experiment (Si/Cr/Aw/aqueous electrolyteIS = 0.01 M, pH =
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7.4)/HSA/Si3N,) that were fixed in the simulation were ! = 3 nm for IS = 0.01 M, 4=
6.92x10% I, Ryp = 65 nm, and omp(HSA) = -0.0064 C/m’ (taken from the DLVO
theoretical datafits to the HSA probe tip versus COO™ surface experiment, Figure 3.9). The
fit to the theory showed good agreement for D > 4.5 nm with an Au surface charge,
opLane(Au) = -0.014 C/m?, suggesting that the observed repulsive behavior in this range was
electrostatic in origin. It is postulated that these forces might arise, in part, from an effective

surface charge on the Au substrate due to nonspecific anion adsorption. [140]

3.3.3 Approach of an HSA-Grafted Probe Tip to a CH;-Terminated Self
Assembled Monolayer.

Figure 3.12 displays the average Force (nN) and Force/Radius (mN/m) versus Distance
(nm) approach curves for a HSA probe tip versus a CH; terminated SAM surface in PBS

(blue triangle symbols), as well as the corresponding standard deviations (blue solid lines).

3 — 0.195
| a HSA probe tip versus CH3 SAM surface
J— ?—TSA probe tip versus CH3 SAM surface
2 standlard deviation
— | = Exponential £t
E ——van der Waals . 4=6.92¢10-20]
z 1
) z
c
w <+ ~—
30 —
3 &
-
= o
o -14
Q
-
=)
[+
-2 Jamp-to-contact
cantilever instability
-34 T -0.195
0 20 40 60 80

Distance (nm)

Figure 3.12 Average Force (nN) and Force/Radius (mN/m) versus Distance, D (nm) approach curve for an
HSA probe tip on a CHs—terminated SAM surface in PBS with standard deviations. Ry = 65nm. Comparison
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is made to the van der Waals force (4 = 6.92x107°J) (green line) as well as to an exponential fit (black line).
[141]

A purely attractive, nonlinear interaction curve begins at D < 80 nm, with a jump-to-
contact at D ~ 20 nm, and a mean attractive minimum of <Fpinimum> = 0.15 £ 0.02 nN and
<Frinmum>/Radius = 2.3 + 0.3 mN/m (this value is a consequence of the cantilever instability
since the slope of the line for D < 20 nm in dF/dD = k). This data is consistent with
previous observations of long range (~ 10-100 nm), attractive forces between hydrophobic
surfaces. [142,143] The known van der Waals interaction for a hydrocarbon SAM
terminated with a hydrophilic chemical group on Au (Equation 3.7 with 4 = 6.92x1072°1)

and the theoretical van der Waals jump-to-contact distance :

1/3
AR
D jumpin = [TT“’:| Equation 3.8

were calculated to be 5.3 nm, and are shown in Figure 3.12 (green line). Here, we see that
the measured force is much larger in magnitude and range than that which is known for a
hydrocarbon SAM with a hydrophilic end-group on Au. This long-ranged force is thought
to be due to additional attractive interactions between the hydrophobic CH; end-groups of
the SAM and hydrophobic groups on the HSA that take place in aqueous solution. This data
provides a supportive, quantitative explanation for why proteins, even extremely hydrophilic
ones such as HSA, are observed to readily adsorb to hydrophobic surfaces. [78,144] The
molecular origin of the hydrophobic interaction is controversial and largely unknown, but
generally thought to be entropy-driven. [141] Water molecules near a hydrophobic surface
cannot form hydrogen bonds with the surface since there are no donor hydrogen atoms or
hydrogen bond acceptors and hence the original water structure is disturbed. Rather than
having interfacial molecules with partially charged dangling bonds, it is thought that water
molecules may reorient themselves into a more ordered structure so as to preserve as many
hydrogen bonds as possible. Although this process is not entropically favorable, the
associated entropic penalty is less than the corresponding enthalpic penaity for disruption of

hydrogen bonds. The strong attraction felt between two hydrophobic surfaces in water is
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then not only due to the drive to avoid disruption of the surrounding hydrogen bonded
network, but also due to the favorability of minimizing the exposed hydrophobic surface
area, and thereby minimizing the entropic penalty for rearrangement of the water molecules.
The attractive force was empirically fit to Equation 3.9, [141] as shown in Figure 3.12
(black line):

F(D) =4xR 7, exp (% J Equation 3.9

where y; is the surface interfacial energy with water, and A, is the characteristic decay
length. The interaction force before the jump to contact can be fit well to Equation 3.9 for

Ao=25.6 nm and 4nRrpy; = 0.145 nN, yielding : v; = 0.18 mJem™,

3.4 Results on Retract

3.4.1 General Methodology.

A number of parameters were defined and calculated to characterize the nanoscale
adhesion between the HSA probe tip and various surfaces and are summarized in Table 3.3.
Fadnesion 15 the maximum attractive force observed on retraction for each distinct adhesion
event (which may occur more than once for a single force curve if multiple molecules of
varying lengths are tethered between the tip and the substrate), and <Fgnesion™ represents the
mean value of Fagnesion for one dataset, i.e. corresponding to numerous force versus distance
curves for one particular probe tip-sample combination (this notation is used consistently
throughout the rest of this document). <Daghesion™> is the mean distance corresponding to
<Fadnhesion™ <Fagnesion’Radius™> is the mean adhesive force normalized by the probe tip radius
giving an effective adhesive energy of interaction that can be employed universally for all
HRFS data employing a hemispherical probe tip. For data conducted with different probe
tips, only <Fagnesion/Radius> should be compared, not Fagnesion, and even then differences may

arise due to local variations in probe tip geometry.
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For HRFS data exhibiting surface adhesion (as opposed to other long range adhesive

mechanisms), <Fagnesion> Was converted into an average adhesive interaction energy per unit
area, <W,,,>, using adhesion elastic contact mechanics theory which predicts the pull-off

force required to separate a hemispherical tip of radius, Ryp, from a planar surface :

<F, >
_ adhesion .
< Wexp = Equation 3.10

PRy,

where B = 1.4 for the Burnham-Colton-Pollack (BCP) theory, [120] B = 1.5 for the Johnson-
Kendall-Roberts (JKR) theory, [121] and p = 2 for the Derjaguin-Muller-Toporov (DMT)
theory. [119] BCP and DMT theory account for adhesion via surface forces outside the
contact area and within the surface interaction area while JKR theory accounts for adhesive
forces only within the contact area. [120] For experiments which undergo energy
dissipating processes and mechanical hysteresis (nonequivalence of loading and unloading
plots), such as the ones presented in this research study, the experimentally measured
adhesion energy per unit area, Weyp, is greater than the ideal, reversible thermodynamic work
of adhesion, Wagnesion- [145] Although the timescale of characteristic charge relaxation times
is very short, i.e. of order of ns in H,O at IS = 0.01M, [146,147] the electrostatic double
layer interaction may exhibit hysteresis when, for example, charged molecules exhibit
structural changes on compression which results in a rearrangement of the spatial
distribution of the fixed charge groups and do not relax back during the experimental time
scale. Surfaces which exhibit attractive interactions such as van der Waals, hydrophobic
interactions, and hydrogen bonding are known to sometimes exhibit hysteresis due to an
increase in the number of bonds formed and / or structural rearrangement of the surface

molecules during the contact time. [136,148]

Apart from employing these parameters to quantify adhesion, the irreversible
adhesive energy lost or dissipated during the loading (approach)-unloading (retract) cycle,
U (J), which is equal to the total area enclosed by the loading and unloading curve (i.e.

amount of hysteresis) was calculated as follows :
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ax(r)
Fretract (D)dD Eq uation 3.11

Uy = [ oo o @D = [
where Dpaye) is the maximum distance of the approach interaction and Dipa is the
maximum distance of the retract interaction. Uy is a measure of the total adhesive energy
required to separate the probe tip from the surface, and since the probe tip and surface are
much stiffer than the force transducer in these experiments, U, primarily reflects the
dissipative processes taking place at the interface (rather than in the bulk). For force curves
which exhibit large surface adhesive forces, the true adhesive interaction profile is hidden
within the large regions of cantilever instability and hence, an accurate value for Uy could

not be calculated for such data.

3.4.2 Retract of an HSA-Grafted Probe Tip from a COO -terminated Self
Assembled Monolayer.

Figure 3.13 plots typical individual Force (nN) and Force/Radius (mN/m) versus
Distance (nm) approach and retract curves for an HSA probe tip versus a COO -terminated
SAM surface in PBS solution and shows that three distinct mechanisms of interaction were
observed, each described in detail foliowing. For the entire dataset, <Fghesion>(COO) = -
0.28 + -0.38 nN, <Fagnesion>/R1ip(COO") = -1.9 + -2.5 mN/m corresponding to <Dgpesion™(
CO0O)=13.5 + 48 nm.

The various types of force curves observed fell into one of three catcgories:

1) Completely nonadhesive curves of the type shown in Figure 3.13(A) were observed in
49% of the total HRFS experiments where the HSA probe tip exhibited no attractive forces

on retraction away from the SAM surface.

2) Curves of the type shown in Figure 3.13 (B) (plotted on same scale as Figure 3.13 (A))
occurred in 35% of the total HRFS experiments. Here, the probe tip exhibited surface

adhesion and separated from the surface suddenly at short distances followed by a region of
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cantilever instability, where the true adhesive interaction profile was unable to be

determined. Hence, U; was unable to be calculated. For this type of adhesive mechanism,
<Fadhesion(COO) = -0.73 £ -0.27 nN and <Fyghesion>/Radius (COO") = -4.9 = -1.8 mN/m
corresponding 10 <Dignesion>( COO7) = 0.8 + 4.2 nm. <W,>(COO") was calculated from
Equation 3.10 to be -1.1 + -0.41 mJ/m® (BCP), -1.0 % -0.38 mJ/m* (JKR), and -1.0 + -0.29
mJ/m* (DMT), corresponding to -5.3 to -7.5 kT per protein (assuming a triangular shape)
and -8.7 to -12 kgT per protein (assuming an ¢lliptical shape).

The contribution to adhesion from the small number of molecules within the elastic
contact area versus the larger amount of molecules within the surface interaction area is
unknown. A full knowledge of the interaction profile on retract within the cantilever
instability region would help clarify this question and could be addressed using stiffer
cantilevers with shorter regions of instability (at the cost of lower force resolution). Clearly,
the formation and rupture of short range HSA-SAM noncovalent bonds (this mechanism is
further verified by subsequent HRFS data), e.g. hydrophobic, van der Waals, H-bonding, is
expected to take place mostly within and nearby the elastic contact area, since the surface
tethered SAM molecules are too short to access the HSA proteins up the sides of the
hemispherical probe tip within the surface interaction area (Figure 3.7). As mentioned in the
experimental section, the estimated force per protein at these short distances is much less
than the expected force needed for significant structural rearrangements or mechanical
denaturation of the proteins. Hence, such short range SAM interactions are probably most
prevalent with accessible surface functional groups of the HSA, e.g. with NH;"- or OH-
functionalized amino acid residues which remain protonated at pH 7.4. Structural
rearrangements of the SAM to facilitate attractive interactions, especially the few molecules
within the elastic contact area, are likely. Such structural rearrangements could also have a
significant effect on the long range attractive forces felt by the surface interaction area. In
11% of force curves exhibiting strong surface adhesion, the region of cantilever instability
was followed by protein pulling at longer distances (similar to the curves described in type 3

below).
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Figure 3.13 Typical individual Force (nN) versus Distance (nm) approach and retraction curves of an HSA
probe tip on a COO™terminated SAM in PBS. (A) observed in 49% of total HRFS experiments; (B) observed
in 35% of total HRFS experiments; (C) observed in 16% of total HRFS experiments; (D) schematic of
proposed adhesive deformation mechanism for the type of force versus distance curve in (C).

3) As shown in Figure 3.13(C) (plotted on the same scale as Figure 3.13 (A) and (B)), in
16% of the total HRFS experiments, at short distances there was no surface adhesion, but
rather a few long range, nonlinear, attractive peaks were observed where chain segments of
the HSA molecules were adsorbed and tethered firmly enough to the SAM surface to allow
stretching of the protein molecules between the probe tip and the surface, presumably
inducing mechanical denaturation of the HSA. These nonlinear attractive peaks represent

the molecular elasticity of a few HSA molecules tethered in parallel between the probe tip
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and surface (Figure 3.13 (D)). HSA unfolding can take place at larges distances on retract

(extension) because there are a smaller number of proteins tethered to the surface, which
increases the force per protein as compared to near the surface, when all proteins within the
surface interaction area support the applied load in parallel with each other. The multiple
regions of cantilever instability may be attributed to mechanical unfolding of a few HSA
molecules or different regions of an individual HSA molecule or detachment of individually
tethered molecules from the probe tip. It has also been suggested that such experimental
data which exhibits force plateaus may be attributed to chains segment "pull-out” from
collapsed globules in a poor solvent (i.e. Rayleigh instabilities). [149] The net attractive
force, Frewaci, Will have contributions from HSA entropic molecular elasticity and enthalpic
unfolding forces (deformation and rupture of noncovalent intramolecular bonds) and
noncovalent bond deformation and rupture of the HSA chain segments adsorbed to the SAM
surface. Presumably, Freyaeris dependent on the loading rate due to the fundamental Kinetics
associated with force-driven bond dissociation pathways. [150] For these types of curves,
<Faghesion”(COO") = -0.15 + -0.11 nN or <Fughesion>/Radius(COO") = -0.98 + -0.75 mN/m
(much less in magnitude compared to previously described surface adhesion mode)
corresponding to <Daghesion>( COO’) = 82.6 £ 95.2 nm (much longer range compared to

previously described surface adhesion mode).

3.4.3 Retract of an HSA-Grafted Probe Tip from an Unmodified Polygranular
Gold Substrate.

Figure 3.14 plots a typical individual Force (nN) and Force/Radius (mN/m) versus
Distance (nm) approach and retract curves for an HSA probe tip versus an Au surface in
PBS solution which was observed in 100% of the total HRFS experiments and appears
similar in mechanism to that shown in Figure 3.13 (B) (observed in 49% of COO-

terminated SAM HRFS experiments).
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Figure 3.14 Typical individual Force (nN) versus Distance (nm) approach and retraction curve of an HSA
probe tip from Au in PBS.

Here, HRFS experiments exhibited large adhesion values, a single pull-off at distances
close to the surface that was preceded by a short region in which the force was continuously
nonlinear with increasing separation distance. The HSA probe tip exhibited a net attractive
force to Au surface at all separation distances. <Faghesion>(Au) = -1.35 £ -0.19 nN or
<Fadnesion>/Radius (Au) = -21 £ -2.9 mN/m corresponding to a distance of <D adhesion>(Al) =
225+ 6.3 nm. <We> (Au) was calculated from Equation 3.10 to be -4.7 £ -0.66 mJ/m>
(BCP), -4.4 £ -0.62 mJ/m* (JKR), and -3.3 + -0.47 mJ/m> (DMT), corresponding to -23 to -
32 kpT per protein (assuming a triangular shape) and -37 to -52 kgT per protein (assuming
an elliptical shape. Once again, these curves had large regions of cantilever instability and

hence, the true adhesive interaction profile was unable to be determined.

It has been postulated that the free thiol group on HSA amino acid residue Cysteine-34
may react with the gold surface in these experiments. However, this scenario is in fact
rather unlikely, as multiple studies done by electron spin resonancef151,152] and X-ray
diffraction studies[75] suggest that not only is this residue buried in a hydrophobic pocket ~

9.5 A beneath the surface of the protein, but that its local environment effectively lowers its
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pKa (relative to typical free thiol groups) to ~ 5-8, with values often reported < 5. At

physiological pH and in our experiments, therefore, Cys-34 is ionized (i.e. in the form of §

rather than SH), and incapable of reacting with the gold surface.

3.4.4 Retract of an HSA-Grafted Probe Tip from a CH;-Terminated Self

Assembled Monolayer.

Figure 3.15 plots typical individual Force (nN) and Force/Radius (mN/m) versus Distance

(nm) approach and retract curves for an HSA probe tip versus a CH;—terminated SAM

surface in PBS solution and shows two different types of force curves were observed.
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Figure 3.15 Typical individual Force (nN) versus Distance (nm) approach and retraction curves of an HSA
probe tip from a CHs—terminated SAM in PBS. (A) observed in 84% of total HRFS experiments; (B) observed
in 16% of total HRFS experiments; (C) expanded axis plot of (B); and (D) schematic of proposed adhesive
deformation mechanism.

Curves of the type shown in 3.15(A) were observed in 84% of the total HRFS experiments
and curves of the type shown in 3.15(B) (plotted on same scale as Figure 3.15 (A)) occurred
in 16% of the total HRFS experiments (for clarity, Figure 3.15(C) shows an expanded axis
scale of the data given in Figure 3.15 (B)). For both types of force curves, the HSA probe
tip exhibited a net attractive force to CH; SAM surface at all separation distances. For the
entire dataset, <Fagnesion(CH3) = -1.70 £+ -0.66 nN and <F,ghesion>/Radius(CHs) = -26 + -10
mN/m corresponding t0 <Daghesion(CH3) = 20.8 + 22.5 nm. <W.xp>(CH3) was calculated to
be -6.6 + -2.0 mJ/m* (BCP), -6.2 = -1.9 mJ/m* (JKR), and -4.6 + -1.4 mJ/m? (DMT),
corresponding to -31 to -45 kgT per protein (assuming triangular shape) and -51 to -73 kT
per protein (assuming elliptical shape). As shown in Figure 3.15(A), in the HRFS data which
exhibited the larger adhesion values, the probe tip separated from the surface suddenly at
short distances after a region in which the force grew continuously nonlinear with increasing
separation distance. These curves had large regions of cantilever instability and hence, the
true adhesive interaction profile, the range of the interaction, and whether or not adhesion
hysteresis existed (as opposed to mechanical hysteresis of the cantilever) was unable to be
determined. As shown in Figure 3.15(B), the force spectroscopy experiments which
exhibited smaller adhesion values showed a combination of surface adhesion followed by
multiple long range, nonlinear attractive peaks due to mechanical unfolding of a number of
HSA molecules or different regions of the HSA molecules (Figure 3.15(D)). More of the
force profile is exposed for the HRFS experiments exhibiting smaller adhesive forces
(Figure 3.15 (B)), and a reasonably accurate value for Uy was calculated to be (7.9 +
3.6)x10"7 J = (19 + 0.9)x104 kpT. The energy per unit interaction area and per protein
were unable to be determined since the interaction area on retract and the number of proteins
tethered to the CHj-terminated surface on retract was unknown. Figure 3.16 (B) compares
<Fadnesion’'Radius> for all three surfaces tested, and indicates statistically significant trends as
determined by the “Student’s t” (p = 0.05, Section 2.2.6). The probability distribution

histograms corresponding to this data are shown in Figure 3.17.
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Figure 3.16 (A) Fadhesion/ Radius versus D,gneion for HSA probe tip on retraction from various surfaces, each
datapoint corresponds to one HRFS experiment; (B) <Fyhesion/Radius> for HSA probe tip on retraction from
various surfaces. Statistically different data points (as determined by the “Student’s t”, p = 0.05, Section 2.2.6)
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SUBSTRATES— CH, SAM COO SAM Au
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(total n = 44) (total n=119)

-1.88+-0.57(n= 37):
-0.12£-030(n=7)

-0.73+ -0.27 (n=42)"
0.15 +-0.11 (n=19) 1
zero adhesion (n=58)

<Dndhesion> (nm)

208+225
(total n = 44)
192+ 16.7(n=37)
4.64+1936(m=7)"

13.5+£ 480
(totaln=119)
0.8+4.2(n=42)"
82.6+952 (n=19) "
zero adhesion (n=58)

22.5+ 6.3 (n=46)

<F,dhesion=>/Radius 26 +-10 -1.9+-2.5 (total n =119) -21 £-2.9 (n=46)
(mN/m) (total n = 44) 49+-18Mm=42)"
229 + -8.8(n=37) -0.98=-0.75(m=19)"
-12+£-29(n=7) " zero adhesion (n=58)
BCP: 6.6+-2.0 -1.1+-0417 -4.7+-0.66
<W > (mI/m?) -45 (triangle) -7.5 (triangle) -32 (triangle)
<W,p>/protein (kgT) -73 (ellipse) -12 (ellipse) =52 (ellipse)
JKR : -6.1£-1.9 -1.0 £ -0.38" 4.4+ -0.62
<Wp> (mI/m?) -41 (triangle) -6.8 (triangle) -30 (triangle)
<We,p>/protein (kpT) -68 (ellipse) -11 (ellipse) -49 (ellipse)
DMT : -4.6+-1.4 -1.0+-0.29 3.3+-047
<Wpp> (mJ/m’) -31 (triangle) -5.3 (triangle) -22 (triangle)
<W,.,p>/protein (kgT) -51 (ellipse) -8.7 (ellipse) -37 (ellipse)
<Ug>(J) (7.90 + 3.6)x10"7 - -
<Ug> (kgT) -(1.93 £ 0.88)x10° - -

n = number of force versus distance curves used in calculation
total = all data including zero adhesion data (if applicable)

CH,; SAM: “surface adhesion without identifiable protein extension; ~ identifiable protein extension, 16% of

data

COO SAM : "surface adhesion only, 35% of data; "*protein extension, no surface adhesion, 16% of data

Table 3.3 Average experimental forces and distances of adhesion for an HSA-grafted probe tip on Au and
alkanethiol SAMs.

3.5 Discussion

3.5.1 HRFS Experimental Data on Approach.

The experimental data on approach was averaged over many experiments and presented
always with standard deviations and normalized by the probe tip radius, giving a
representative effective energy of interaction. Calculations of the compressive force per

protein on approach within in the maximum surface interaction area were much less than the
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expected force needed for HSA denaturation, and hence, it is expected that steric

deformations of the protein on approach have a negligible contribution to the interaction
force profile. The approach interaction of the HSA probe tip on the COO" terminated SAM
and Au substrates was found to be purely repulsive for D < 15 nm, nonlincar with
decreasing separation distance, and consistent with electrostatic double layer and hydration
repulsion theories. A comparison of HRFS experimental data to DLVO theoretical
predictions yielded a surface charge per protein of -1.1e to -1.8¢, depending on the assumed
shape of the protein. As expected, these values are less than the known HSA net charge of -
19¢, presumably because many of the charged groups may be unexposed, being located

interior to the protein or underneath (facing the probe tip side).

The approach interaction of the HSA probe tip on the CH; terminated SAM substrate was
found to be purely attractive, long range (D < 80 nm), nonlinear with decreasing separation
distance, and much greater in magnitude and range than that known for van der Waals
interactions between hydrocarbon SAMs terminated with hydrophilic chemical groups on
Au. This effect is most likely due to interactions between the hydrophobic CH3 end-groups
of the SAM and hydrophobic groups on the HSA that take place in aqueous solution. The
observation of such a strong and long-ranged attractive force is interesting when one
considers that the HSA is complexed with fatty acids which fill up its hydrophobic channels,
and the surface of HSA is predominantly hydrophilic. This data provides a supportive,
quantitative explanation for why proteins, e.g. even extremely hydrophilic ones such as

HSA, are observed to readily adsorb to hydrophobic surfaces. [78,144]

3.5.2 HREFS Experimental Data on Retract.

A number of general parameters were defined to characterize the nanoscale adhesion
between the HSA probe tip and various surfaces, i.e. <Fagpesion™ <Fadnesion/Radius>,
<Daghesion™><Wexp>, and <Ug>, and the validity of each parameter was discussed with regards
to the geometry of the HRFS experiment and the type of experimental data obtained.
<Fadhesion/Radius> is a parameter that can be employed universally for all HRFS data



102
employing a hemispherical probe tip. <Wey,> was calculated via the JKR, DMT, and BCP

elastic contact mechanical theories, and can only be employed when the retraction force
profile exhibited short range surface adhesion. <Ug> was calculated only in the absence of
excessive regions of cantilever instability (typical for weak cantilevers) which prevent
knowledge of the true adhesive interaction profile (in the future, stiffer cantilevers with
shorter instability ranges will be employed to determine more of the adhesive interaction
profile). The adhesion is expected to have contributions from interfacial energy dissipative
processes occurring in both the surface interaction area and the elastic contact area, where
the forces are amplified over a much smaller length scale (i.e. < 1 HSA protein and a few

SAM molecules are expected to fit within Acontact)-

Large surface adhesive energies (< -29 mN/m, -22 to -73 kpT/protein) were observed for
the HSA probe tip on both the CHs-terminated SAM and Au surfaces while smaller surface
adhesive energies were observed for the COO™ terminated SAM surface (< -4.9 mN/m, -5.3
to -12 kgT/protein). The COO -terminated SAM exhibited three distinct types of interaction
mechanisms; including 49% pure repulsion (nonadhesion), 35% surface adhesion (12% of
which also exhibited protein extension subsequent to surface adhesion), and 16% protein
extension. For the surfaces which exhibited adhesion, it was shown that short range
adhesive contacts between the HSA chain segments and these surfaces give rise to encrgy
dissipating mechanisms, such as HSA entropic molecular elasticity and enthalpic unfolding
forces (deformation and rupture of noncovalent intramolecular bonds) and noncovalent bond
rupture of the HSA chain segments adsorbed to the surface. <Fagnesion/Radius> for the HSA
versus CH; SAM surface is approximately one order of magnitude less than that typically
observed for a interactions between purely hydrophobic surfaces, i.e. a CHj terminated SAM
probe tip versus a CH; terminated SAM surface. [110] Even though the HSA versus Au and
COO -terminated SAM interaction is purely repulsive on approach, significant adhesion is
frequently observed on retraction due to interfacial energy dissipating processes that take
place during contact. Hence, generally for HRFS adhesion experiments, there is no clear
correlation between approaching and retracting profiles without a knowledge of the details

of the energy dissipating processes taking place at the molecular level. In fact, the adhesion
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hysteresis present is a unique signature of those processes and can be employed, in many

cases, to characterize them quantitatively.

3.5.3 Consequences for HSA Adsorption.

It is interesting to note that the systolic blood pressure is typically 120 mm Hg = 16 kPa
and corresponds to very short separation distances in the HRFS experiments; D = 5.6 nm on
approach for the Au substrate (i.c. by calculating the stress = F/Arp from Equation 3.2), D =
4.6 nm on approach for the COO’ terminated SAM, and D=0 nm for the CH; terminated
SAM (since it only has a purely aftractive force). Hence, it is expected that this
physiological degree of compression would allow for a high probability of energy

dissipating and adhesive mechanisms to occur.

HSA adsorption to SAMs has been observed and studied using total internal refelection
fluorescence, neutron reflectivity, and atomic force microscopy (AFM) imaging. [144,153-
157] These studies shed light on the conformational changes that take place upon
irreversible adsorption, where the area occupied by the protein molecule increases
("spreading”), thus achieving closer contact with the surface until, in many cases, a highly
aggregated and entangled, tightly bound network of polypeptide chains results, [158] This
process is a balance between the time-dependent formation of noncovalent HSA-surface
interactions and structural rearrangement entropic and enthalpic penalties for protein
expansion and denaturation. Even though the extensional modes of protein deformation
induced in the HRFS experiments on retraction will be different from surface spreading
deformations, HRFS can detect and probe the short range adhesive HSA-surface contacts
that arc ultimately responsible for both processes, for example by looking at the effect of
surface "dwell time," or time delay in contact between approach and retract cycles, on the
adhesive forces. In the above cited papers, the adsorption process has been shown to be
sensitive to the SAM packing density and HSA fatty acid binding, suggesting the
importance of SAM chain flexibility and "specific" hydrophobic interactions, i.e. SAM alkyl
chain penetration into the fatty acid binding sites. Analogous HRFS studies, in addition to



104

the use of "antihydrophobic" agents, such as isopropanol, were able to quantify these effects

on the intermolecular interactions directly, and are reported in Chapter 5.

3.6 Conclusions

The main findings of this study were as follows:

1) The strength and range of the nanoscale interaction of an HSA-modified probe tip

was highly sensitive to the type of alkanethiol SAM terminal functional group.

2) Although the approach curves for the HSA probe tip versus the COO -terminated
SAM and Au surface were purely repulsive on approach due to electrostatic double
layer and possibly hydration forces, interfacial energy dissipating mechanisms at the
nanoscale lead to adhesion hysteresis on retract. Hence, the experimentally measured
adhesive energy per unit area, <Wc,> is expected to be much greater than the

thermodynamic work of adhesion, <Waghesion™-

3) Upon compression, the hydrophilic, alkanethiol COO"-terminated SAM exhibited
minimal adhesion to the HSA-modified probe tip (-4.9 mN/m, -53 to -12
kgT/protein) while the hydrophobic CHj-terminated, alkanethiol SAM and Au
exhibited significant adhesion hysteresis (more than an order of magnitude greater, -

21 to -29 mN/m, -22 to -73 kgT/protein).

4) Multiple modes of interaction or adhesive mechanisms were observed within a

single dataset for the COO" terminated SAM.

5) The possible mechanisms involved in HSA adhesion include: a) formation and
rupture of short range HSA-SAM noncovalents bonds, b) structural rearrangements
of the SAM molecules leading to surface force hysteresis, and ¢) entropic and

enthalpic penalties for extensional protein denaturation on retract.
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Chapter 4

NANOSCALE INTERMOLECULAR
INTERACTIONS BETWEEN HUMAN
SERUM ALBUMIN AND LOW GRAFTING
DENSITY SURFACES OF POLY(ETHYLENE
OXIDE)

4.1 Introduction

Approaches for improving the hemocompatibility of blood-contacting biomedical devices
include the use of polymeric coatings in the form of physisorbed layers or end-grafted
brushes, [109,159,160] self-assembling monolayers, [19,161,162] surface fixation of
anticoagulants such as heparin, prostaglandin derivatives, [163] thrombolytic enzymes,
[164] endothelial cell surface glycoproteins such as thrombomeodulin, [165] polymers which
exhibit the controlled release of nitric oxide (a potential platelet antiaggregating and
vasodilating agent), [166] or endothelial cell seeding, [167] sometimes in conjunction with
blood preclotting or precoating with extracellular matrix components such as fibronectin,

laminin, albumin, collagen, gelatin, and RGD-containing peptides. [168]
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Poly(ethylene oxide) (PEO), poly(oxyethylene) (POE), or poly(ethylene glycol) (PEG), -

[CH,-CH;-O],- is a synthetic polymer that is typically thought of as biologically inert and
used extensively to provide a protective coating to improve the protein resistance of
biomaterial surfaces. However, a variety of different experimental techniques have shown
that proteins do indeed adsorb to PEO given enough time and certain disadvantageous
conditions (e.g. high forces, dilute polymer solutions, long incubation times, etc.) [11,25-36]
Despite extensive efforts and debates in the literature, the detailed molecular mechanisms of
the interaction of PEO with proteins is still largely unknown. A brief summary of the
numerous suggested nonspecific attractive and repulsive constituent contributions to the net
protein-PEO intermolecular interaction potential as a function of separation distance, U(D),

was given in Section 1.2.1.

This chapter focuses on investigations of the molecular origins of PEO hemocompatibility
using HRFS. Human serum albumin (HSA), the most abundant blood plasma protein and
typically the first to adsorb to the surfaces of implanted biomaterials, [24] was covalently
grafted to a silicon nitride probe tip of radius, Ryp ~ 65 nm, at the end of a soft,
microfabricated cantilever force transducer. Relatively long mono(thiol)-terminated PEQO
chains (M, = 50,000 g/mol, Flory Radius, Rf ~ 8.7 nm in aqueous solution, Lcontour = 393
nm) were covalently end-grafted to gold surfaces at low density, i.e. in the mushroom
regime (s > 2Rg, where s is the distance between end-grafting sites and in our experiments
was ~ 62 nm), yielding an areal chain packing of o = 0.00026 chains/nm®). In the
mushroom regime, the theoretical height of the polymer chain is = Rg. The net nanoscale
force versus separation distance between this HSA modified probe tip and the PEO-
modified surface was measured directly on approach and retract in aqueous buffer solution
using HRFS as shown in Figure 4.1. The probe tips used in this study have a small
maximum interaction area at a D = 0 tip-surface separation distance of 6100 nm” = 0.0061
um? on the tip which corresponds to ~ 220 HSA proteins (assuming a triangular shape[73-
75]) or ~134 HSA proteins (assuming an ellipsoidal shape lying flat[56,70,71]) for a close
packed monolayer, as compared to the crossed cylinder geometry of a similar technique, the

surface force apparatus (SFA), which has an interaction area of ~ 100 pm’ corresponding to
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>2.2 x 10° HSA molecules. [27,169] For the substrate, a maximum interaction area of 9,500

nm? = 0.0095 um? corresponding to ~ 2.5 PEO chains under the probe tip. [170] The soft
microfabricated cantilever used as the force transducer in our nanomechanical apparatus, the
Molecular Force Probe® (MFP), [116] produces a lower limit of force detection = 5 pN in
fluids, as compared to + 1 nN of the SFA. [169] Both of these features enable many
interesting observations to be made, including the measurement of HSA adhesive binding to
individual PEO macromolecules. The approach data was analyzed through a comparison
with molecular level theoretical models for the individual constituent components of the
total net force, including van der Waals, electrostatic, and steric, and the retract data was
analyzed statistically employing single molecule elasticity theories. Our long term objective
is to develop the rigorous experimental and theoretical approaches needed to assess
macromolecular biocompatibility at the nanoscale and to use this information as a guideline
for the design of improved synthetic macromolecular systems for biomedical applications.
It should be noted that this study also has a broader significance in the context of presenting
new methodologies for macromolecular nanoscale adhesion, and in other areas such as

colloid stabilization, marine biofouling, and selective deposition of polyelectrolytes.
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Figure 4.1 HRFS experimental setup for HSA probe tip versus PEO mushrooms in PBS.

4.2 Experimental Procedures

4.2.1 HRFS Experiments.

All HRFS experiments were conducted using the Molecular Force Probe® (Asylum
Research, Santa Barbara, CA) to measure force, F (nN), versus tip-sample separation
distance, D (nm) (henceforth referred to and labeled on graphs as "Distance") on "approach"
(i.e. probe tip advancing towards surface) and "retract" (i.e. probe tip moving away from
surface). A full description of this instrument, its limits of force and displacement detection
in fluids, procedures for spring constant calibration and conversion of raw data, details of
measurement errors, and description of typical force versus distance curves including the
mechanical instabilities of the cantilever, are given in Section 2.2.1, and in Appendix A.1.,

as well in our previous works. [110,130,170]
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It should be noted that, similar to many cantilever-based instruments such as the atomic

force microscope (AFM), the MFP does not have an absolute measurement of the probe tip-
surface separation distance, and the probe tips employed can have highly variable geometry.
Figure 4.2 is a schematic of all of the distances in the HSA probe tip versus PEO surface

HRFS experiments.

actual D=0
apparent D=0
DpEO(final) b
— B MEASURED |
DHSA(ﬁn ) Dusainitan
‘T’
N I)" N F
1Y HSA D
» HsA [pored—D>
A Z np
4

incompressible layer thickness

Figure 4.2 Visual explanation of the measured separation distances in an HSA probe tip versus PEO force
spectroscopy experiment.

The distance of relevance, D, is the separation distance between the gold substrate or the
real D = 0 point and the surface of the HSA on the probe tip which equals the height of PEO

chain under compression when in contact, Dpgo. D can be defined as follows:

D = Dmeasurer — Dusaginitiaty * DeEo(final) YD HsA(final) Equation 4.1
where Dueasurep 1S the measured distance from the "apparent” D = 0 to the probe tip,
Dusagnitian 1S the height of HSA protein at a given separation distance, Dysafinay 1S the
incomptessible height of HSA protein, and Dpegosinay is the incompressible height of PEO
chain. The "apparent" D = 0 is set as the point where the two respective surfaces have
reached their limits of compressibility. This vertical region of apparent infinite slope in the
high-force, constant compliance regime is due to the fact that the spring constant of the
cantilever is much less than the stiffness of the substrate. For high-density polymer brushes,

it has been shown that the height of the incompressible polymer layer, Dprofinan. can be
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significant. [171,172] However, for low density PEO mushrooms in the molecular weight
range employed here, Dpeoirinay 15 e€xpected to be negligible. In addition, significant
distortions (denaturation) of protein structures are expected to take place under ~nN of force.
[95] The maximum force per protein on approach, Fyax, at D=0 was 1.6 pN assuming a
triangular shape and 8.6 pN assuming a ellipsoidal shape lying flat, much less than the
expected force needed for HSA denaturation. Hence, it is expected that steric deformations
of the protein have negligible contribution to the interaction force profile, i.e. Dugaginitial) =

Dusasinaty. If this is the case, then the last three terms of Equation 4.1 may be neglected and

D = Dmeasureb.

As mentioned in the introduction, the probe tip maximum surface interaction arca ata D =
0 was calculated as described in Chapter 3, and found to be 6100 nm” corresponding to ~
220 HSA proteins (assuming a trtangular shape[73-75] and ~ 134 HSA proteins (assuming
an ellipsoidal shape lying flat[67,70,71] ) for a close packed monolayer. Then, the maximum
force per protein on approach, Fyax, at D=0 was 14 pN assuming a triangular shape and 23
pN assuming a ellipsoidal shape lying flat, much less than the expected force needed for
HSA denaturation. Hence, it is expected that steric deformations of the protein have
negligible contribution to the interaction force profile. All experiments were conducted in
phosphate buffer saline (PBS) solution (pH = 7.4, IS = 0.01M) under the same experimental
conditions described in Chapter 3. As mentioned in the introduction, it is known that the K*
and Na' cations in PBS do not form complexes with PEO in aqueous salt solution, and

hence, the chain can be assumed to be effectively neutral.

4.2.2 Control Experiments: HSA Probe Tip on a Gold Substrate.

The same exact HSA modified probe tip which was used in Chapter 3 was used for all
experiments presented in this chapter, on the same day of experimentation. In Chapter 3, the
nanoscale intermolecular forces between a 65 nm radius probe tip covalently grafted with
HSA and a polycrystalline gold substrate in PBS (1S=0.01M, pH7.4) were reported, the

results of which are also employed in this chapter. Preparation and characterization of the
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HSA probe tip and gold substrates, as well as detailed description of the analysis of the
experimental results was given in the previous chapter. To summarize the relevant results
for the readers' convenience, it was found that the HSA probe tip exhibited a purely
repulsive, nonlinear force on approach to the Au substrate which, based on DLVO
theoretical models, [126,127] is believed to be predominantly electrostatic in nature. It was
determined that the HSA probe tip possessed an net negative charge of -0.0064C/m* within
an interaction area of 3100 nm”and that the Au substrate possessed a net negative charge of
-0.014 C/m? (possibly due to adsorbed anions). On retraction, the HSA and Au interaction
became attractive, and average forces and distances of adhesion at the point of tip-sample
separation were <Fagnesion” = 1.35 £ 0.19 nN, <Fadhesion™’/R1p = 21 £ 2.9 nN (where Rryp is

the radius of curvature of the probe tip), and <Diyghesion™ = 22.5 = 6.3 nm (n = 46 datapoints).

4.2.3 End-Grafting and Characterization of Poly(ethylene oxide) to Gold

Substrates.

Linear PEQ50K-SH, custom synthesized by Polymersource, Inc. (lot #P2415-EOSH), was
covalently end-grafted to polygranular Au, and characterized by atomic force microscopy as
described in Section 2.2.4. For the substrate, a maximum interaction area of 9,500 nm’ was

calculated as described in Chapter 3, corresponding to ~ 2.5 PEO chains under the probe tip.

4.3 Results on Approach

Figure 4.3 displays the average Force/Radius (mN/m) versus Distance, D (nm) approach
curves for an HSA probe tip versus PEO end-grafted on Au (denoted “PEO-Au” and
graphically represented by black diamond symbols) compared to Au (represented by red
squares) and CH;-terminated and COO™-terminated alkanethiol SAM surfaces (represented
by blue triangles and green circles, respectively) in PBS solution, as well as the
corresponding standard deviations. Nonlinear, purely repulsive forces were observed to
begin at D < 30 nm, reaching a maximum magnitude at D = 0 of Force/Radius ~ 6.6 mN/m,

with no attractive jump-to-contact.
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Figure 4.3 Average Force (nN) and Force/Radius (mN/m) versus Distance, D (nm) approach curves for an
HSA probe tip on Au-PEQsg (black diamonds), bare gold (red squares), a CH;—terminated SAM (blue
triangles), and a COO™—terminaied SAM (green circles), and surfaces in PBS solution (I = 0.01M, pH = 7.4), as
well as standard deviations.

Figures 4.4 (A) and (B) show two individual approach and retract curve pairs for the HSA
probe tip versus PEO-Au substrate showing nonhysteretic (observed in 20% of the force
curves taken) and minimally hysteretic (observed in 54% of the force curves taken) behavior
on retract, respectively, indicating minimal interaction of the PEO chain with the underlying

Au substrate.
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Figure 4.4 Individual HSA versus PEO force curves showing (A) nonhysteretic and (B) slightly hysteretic
repulsion between the approach (i.e. loading, open diamonds) and retract (i.e. unloading, closed diamonds)
curves.

As a first order approximation, additivity is assumed so that this measured net interaction
is a linear superposition of the HSA probe tip interaction with the underlying Au substrate
plus that of the PEO chain(s):

F(D)usa reo-av = F(D)ysarau ¥ F(D)ysa,ero Equation 4.2

To isolate the HSA versus PEO interaction, 94% of the magnitude of HSA versus Au
curve (Figure 4.3, red square symbols) (i.e. the average percentage of the PEO-grafted
substrate that is not covered by PEO) was subtracted from the HSA versus PEO-Au (Figure
4.3, black diamond symbols) yielding the curve shown in Figure 4.5 (black diamond
symbols). Here, we see that the HSA versus PEO force curve also shows a nonlinear, purely
repulsive force beginning at D < 30 nm but also exhibits a local maximum (force barrier) at
D = 3.6 nm corresponding to 2.1 mN/m and 0.14 nN, after which the force decreases with
decreasing separation distance to 1.5 mN/m and 0.09 nN at D = 0 (i.e. the constant
compliance regime). Interestingly, the range of this force is significantly greater than <Rg>.

As mentioned in the introduction, the net HSA versus PEO interaction on approach may
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have multiple components including electrostatic counterion double layer, steric, van der
Waals, hydration, and hydrodynamic lubrication forces. Figure 4.5 compares this
experimental data for the HSA probe tip versus PEO chain(s) to a variety of theoretical
curves showing the magnitudes, range, and form of these possible force constituents. Each
one of these theoretical curves was calculated based on known parameters and will be
described in detail following. It is instructive to note that the presence of a local maximum,
or force barrier, at D ~ 4 nm when the Au interaction is subtracted from the PEO curve, was
observed to occur using an unmodified SizNs probe tip as well, indicating that this
phenomenon is not directly related to HSA-PEQO intermolecular interactions, but rather an

intimate property of the polymer under compression.
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Figure 4.5 Averaged Force (nN) and Force/Radius (mN/m) versus Distance, D (nm) of an HSA probe tip on
approach to a PEOso substrate in PBS solution, for which 94% of the averaged approach curve of HSA vs
bare Au surface has been subtracted so that the curve represents only HSA-PEQ interactions. The
experimental data is compared to (A) a constant surface charge model[130] between an impermeable,
hemispherical HSA-grafted probe tip of radius 65 nm and constant surface charge opp = -0.018 C/m?, and a
neutral, flat PEQ surface in which 4 = 6 92x107 (red line); (B) the van der Waals attractive force between a
PEO mushroom and an HSA-grafted probe tip in an aqueous medium (green line); and (C) the Dolan-Edwards
model for steric repulsion at short distances{54] between an incompressible probe tip of radius 65nm and a
PEQ mushroom of R, = 8.7 nm, L o0 = 393 nm, segment length a = 0.19 nm, and a mean area per PEOQ
molecule of ¢ = 3844 nm’ (purple line).
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4.3.1 Electrostatic Counterion Double Layer Forces.

The electrostatic component of the force was modeled using a constant surface charge
approximation based on the numerical solution to the nonlinear Poisson-Boltzmann (PB)
equation including divalent ions[129-131] in which the PEO substrate is assumed to have
neutral charge (opLane(PEO) = 0 C/m* and the HSA probe tip is modeled as an
impermeable hemisphere of radius Ruemispuere, also with constant charge per unit area,
(oir(HSA) = -0.0064 C/m’ determined from previous experiments (see Section 3.3.1). The
force was obtained from the electrostatic potential, @, using the so-called free energy
method[129,132,133] and surface element integration (SEI). [134] In the theoretical datafits,
the electrical interaction Debye length, 1, was set to its known value for IS = 0.01 M (k™' =
2.96 nm), Rypmispaere was fixed to the known value of Rrp measured by SEM (= 65 nm),
and there were no fitting parameters. Figure 4.5(A) (red line) shows a relatively small,
purely repulsive force is predicted even though the surface charge per unit area of the
substrate has been set to zero since the tip and substrates are large compared to the Debye

length and they are impermeable to ions. [118]

4.3.2 van der Waals Interactions.

The van der Waals interaction between the hydrated PEO mushroom layer on the surface
and the HSA layer on the probe tip was calculated using the inverse square power law,

derived using the “Derjaguin approximation” (which is valid for D <<R): [117]

AR

FVDW (D) =- 6D2

Equation 4.3

where Fypw is the van der Waals force between a sphere of radius R (assumed to be equal to
the probe tip radius, Rrp) and a planar surface separated by a distance D, and 4 is the
nonretarded Hamaker constant, which was fixed. Fypw(D) is plotted in Figure 4.5 (B)

(green line). An approximate expression for the non-retarded Hamaker constant, 43,
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between two macroscopic media 1 (hydrated PEO mushroom layer) and 2 (HSA layer)
interacting across medium 3 (HOH) is given by the Lifshitz continuum theory[141] which,
for bare surfaces, are known to correlate with experimentally measured van der Waals

adhesion energics at separation distances of 0.5 nm: [173]

A, > 3ksT (5, —5,) (5, _32)+ 3hv, | (’712 —1; X’T% _7732)

4 +a)le+s) 82 (’7.2+7732)%(’722+’732)y2|:(’712+7732)1/2+(7722+7732)%}

Equation 4.4

where € is the dielectric constant, # is the refractive index, h is Planck's constant = 6.626x10
** T's, and v, is the electronic absorption frequency in the UV = 3x10"s". [141] The
dielectric constant and refractive index of the uncompressed, hydrated polymer mushroom

layer was calculated using: [18]

T = Peeoero + PronMuon
& = Ppro€reo + Puon Euon Equation 4.5
¢PEO + ¢HOH =1

where dpro= 3.5, dron= 80, nero= 1.45, and 7oy = 1.33. The average volume fractions of
PEO and HOH were calculated from the PEO chain grafting density, I'= 0.00026
chains/nm?, and the density of PEO in the solid state, ppgo = 1.2 g/cm3, yielding, ¢pgo =
0.00199. 1 was calculated to be 1.33 and €; to be 79.85 from Equation 4.7, both dominated
by water due to the low chain grafting density. For the HSA layer on the probe tip, #, was
taken to be 1.47[174] and ¢, to be 2.5. [175] Using these values, 4,3, was calculated to be
1.26x102 ] and the outer van der Waals plane was assumed to be equal to Rr. As shown in
Figure 4.5 (B) (green line), a relatively weak attractive force is predicted which would lead
to a jump-to-contact at the top of the polymer mushroom layer. It should be noted PEO is

predicted to have the lowest van der Waals interaction when compared to other common



118

waler-soluble synthetic polymers. [17] This result is qualitative at best due to the

assumptions of constant dielectric constant throughout the PEO and HSA layers, a constant
PEO segment density profile which exhibits a sharp cutoff at the equilibrium mushroom
height, and underlying substrate surface roughness, all of which result in an overestimation
of the van der Waals force. [27] Such an attractive jump-to-contact has been observed
previously for high-grafting density poly(L-glutamic acid) brushes measured via the SFA,
[176]but was most likely too small to be observed here experimentally. It should be noted
that a finite attraction is theoretically predicted at contact (rather than the infinite attraction
for uniform dielectric layers described by the Lifshitz theory), because the dielectric
properties of the diffuse outer layers of the polymer layer at the surface decay to those of

water at the outer edge. [177]

4.3.3 Steric Interactions.

Figure 4.5 (C) (purple line) shows the Dolan-Edwards theory for the repulsive interaction
between a rigid, planar surface and a dilute layer of end-grafted, noninteracting mushrooms
on an opposing planar surface. [54] This theory is based on the configurational entropy loss
of ideal random flight (flexible) polymer chains, and the force in a good solvent can be
solved analytically and converted to the appropriate geometry for these experiments via the

Derjaguin approximation (valid for D << Rryp):

12
__3_2J D< 1.73<RF) Equation 4.6

’ 87(R.)

7* (Ry )2
F = 2Ry Tk, T| — S+ InD

This theory takes excluded volume interactions into account indirectly through <Rg>.

4.3.4 Hydration or Structural Forces.

A very short range (< 4 nm) monotonic, exponentially repulsive force has been observed

experimentally between a variety of different smooth, hydrophilic, charged surfaces in
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electrolyte solutions of intermediate and high ionic strength. [141] The origin of this force

has been quite controversial and is generally attributed to the displacement of hydrated,
adsorbed surface counterions and is due to the energy needed to dehydrate the bound
counterions, which retain some of their water of hydration on binding. Presumably, this
force is highly sensitive to and will decrease with increasing surface roughness. As
mentioned in the introduction, HSA is known to have a 0.55 nm thick monolayer of closely
associated water molecules on its surface, with most (98%) oriented with their H atoms
pointed towards the protein surface. The next layer of water is about 30% oriented creating a

"fuzzy" hydrated interphase in aqueous solution. [67]

4.4 Results on Retract

4.4.1 General Description of Force Curves.

Figure 4.6 plots typical individual Force (nN) and Force/Radius (mN/m) versus Distance, D
(nm), approach and retract curves for an HSA probe tip versus a PEO-Au surface in PBS
solution. Retraction of the probe tip away from the surface almost always yielded a
nonhysteretic interaction profile for D < 30 nm, indicating minimal interaction of the PEO
chain with the underlying Au substrate and near-complete elimination of short-range surface
adhesion (1% of the data exhibited surface adhesion). Curves similar to Figure 4.6 (A) were
observed in 20% of the force spectroscopy experiments, while those similar to Figure 4.6(B)
were observed in 24% of the force spectroscopy experiments, those shown in (C) were
observed in 2% of the force spectroscopy experiments, and those in (D) were observed in
54% of the force speciroscopy experiments (a total of n = 318 force curves were taken).
Figure 4.6(B) shows an individual, long-ranged attractive peak in which the magnitude of
the force increases nonlinearly with distance. This peak is attributed to the stretching of an
individual PEO chain that had become strongly physically adsorbed to the HSA probe tip on
approach and bridges the substrate and tip. At high enough extensions, the elastic restoring
force of the chain becomes equal to and just exceeds the desorption force tethering the chain

segments to the tip and the tethered chain segments detach from the probe tip. Upon
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detachment, the cantilever exhibits a mechanical instability and is returned back to its

undeflected position corresponding to zero force. The mechanical instability of the
cantilever hides an unknown desorption interaction profile between the adsorbed PEO chain
segments and the HSA proteins. The detachment or desorption force represents the adhesive
binding interaction between an individual PEO chain and the HSA probe tip. As is shown in
Figure 4.6(C), a small number of the experiments performed exhibited 2 attractive peaks,
corresponding to two strongly adsorbed PEO chains. As shown in Figure 4.6(D), 54% of
the total HRFS experiments exhibited a weak, long-range adhesion with a gradual
detachment back to the zero force baseline rather than a distinct desorption event and
cantilever instability. It is suspected that these curves represent an individual polymer
bridging chain that is only weakly adsorbed to the probe tip and undergoes a small amount

of extension as the tip retracts.
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Figure 4.6 Typical individual Force (nN) (linear scale) versus Distance {(nm) retraction curves of an HSA
probe tip from a PEQsg-grafted polygranular gold substrate in phosphate buffer solution (1 =0.01 M, pH =
7.4), and their relative frequencies of occurrence.

4.4.2 Comparison to Single Molecule Elasticity Theories.

Figure 4.7 (A) overlays multiple retraction curves from numerous force spectroscopy
experiments and Figure 4.7 (B) normalizes the x-axis of these multiple experiments by the
contour length of the bridging chain macromolecules in order to create a master curve which

represents the molecular elasticity of the bridging chain macromolecule. [178]
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Figure 4.7 (A) Individual retraction curves of an HSA probe tip from a PEOsog-grafted polygranular gold
substrate, showing extension of individual polymer chains. The curves have been overlaid to demonstrate the
distribution in Dygnesion. (B) The overlaid curves in a. have been normalized by L oo = 393nm to yield a
master curve which represents the molecular elasticity of the bridging chain macromolecule. The master curve
is compared with the inextensible freely jointed chain model[79] (solid red line), known to represent extension
of randomly coiled macromolecules in good solvents (or otherwise ordered macromolecules such as PEO, in
bad solvents), and the Markovian two-level model[43] (dashed red line), reported to represent the extension of
somewhat ordered macromolecules such as PEQ, in good solvents. Parameters were as follows: AG =3 + 0.3
k8T, Lotanar = 0.358 nm, Liejicat = 0.28 £ 0.005 nm, @ ~ L,y = 0.7 nm, &= 150N/m.

This master curve was compared to the extensible freely-jointed chain model[84] (Figure
4.7 (B), solid red line) which is known to describe the single molecule extensional behavior
of PEO in a nonpolar solvent (e.g. hexadecane) stretched by a bare SisNy4 probe tip (Equation
1.2): [43]

D(F) = L, coth| 2 XeT
kg Fa

where Lt = Leontourtr1cF/K; is the total contour length of the bridging chain which takes into
account extensibility of the statistical segments, &, = 150 N/m is the statistical segment
elasticity, mp)c is the number of statistical segments, a is the statistical segment length which
was fixed to its known value of = 0.7 nm, T is the absolute temperature, and kg is
Boltzmann’s constant. This data was also plotted against a Markovian two-level
thermodynamic model (Figure 4.7 (B), red dashed line), [94] using the parameters which are
known to describe well the behavior of PEO in PBS solution with a bare SizN4 probe tip.
[43] This model takes in account both entropic and enthalpic contributions to elastic
deformation, and it has been suggested that the additional force required to extend PEO in
aqueous solution (relative to nonpolar solvents) is due to the presence of a fully reversible,
strain-induced conformational transition from the water-bound, contracted trans-trans-

gauche (ttg) state to the more extended trans-trans-trans (ttt) state (Equation 1.3):

I, I F-a k,-T F
D(F)=n,, ‘(e_AG/kﬂT +1+e+AG/k,,T +1J-|:coth[k3 -T)_ FB.a:l+an K
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where Iy is the length of the contracted polymer subunit (for ttg, l,=0.278 nm), 1, is the

length of the extended polymer subunit (for tit, 1, = 0.358 nm), nmar is the number of
extended segments (ttt), AG = 3 + 0.3 k3T is the Gibbs free energy difference between the
ttg and tit conformations, @ = 0.7 nm is the statistical segment length, and k= 150 N/m is
the segment elasticity. [43] The experimental data corresponding to these theoretical models,
previously reported by Oesterhelt, et al., [43] was also reproduced in our laboratory (see
Chapter 2). Surprisingly, it is noted that in the experiments performed here with an HSA
probe tip, the magnitude of the restoring force is shifted to lower values in the intermediate
strain regime (relative to that performed with a bare Si3N, probe tip) and can possibly be
attributed to either distortion of the local water structure around the PEO in the vicinity of
the probe tip, or a restriction of the hydrogen bonding capability of PEO due to the

competitive water bonding of the approaching HSA molecules.

4.4.3 HSA-PEO Adhesion.

The adhesive or binding force between the HSA probe tip and a PEO chain corresponding
to curves of the type shown in Figure 4.6 (B)-(D) (79% of the total dataset) was found to be
<Faghesion™ = 0.06 £ 0.1nN or <Fagnesion™/Rrip = 0.9 £ 1.6 mN/m, corresponding to a distance
of <Daghesion™ = 131.9 £ 120.1 nm. For data which exhibited weak adhesion (Figure 4.6(D)).
Faghesion Was recorded as the maximum adhesive force observed on retraction, and Dagnesion
was recorded as the distance corresponding to Fagnesion- This dataset clearly demonstrates the
formation of attractive contacts between the HSA and PEO, presumably dominated by
hydrogen bonds between protonated basic groups of the HSA and the -O- groups of the
PEO, as well as van der Waals and hydrophobic interactions. Since Faghesion Was found to
always be less than the predicted force necessary to cleave the weakest covalent bond (i.c.,
the Au-S bond; Feieavage ® 2-3 nN[178]), it is assured that the PEO chain always detaches
from the probe tip after each force spectroscopy experiment. For these experiments, the
adhesion energy per unit area, <W..>, was not calculated from the <Faghesion™ value using
contact mechanical theories[119-121] because the hemispherical geometry does not hold for

a single macromolecule desorbing from a hemispherical probe tip. The energy dissipated
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during the loading-unloading cycle, Uy, was determined by the molecular elasticity of the

bridging chain segment and the desorption or detachment of the PEQ chain segments from
the HSA probe tip. The molecular elasticity contribution can be obtained via integration of
Equation 1.3, and will be a function of the bridging chain segment detachment or desorption
force, Fahesion, and the corresponding detachment distance, Dagnesion. <Ug>(molecular

elasticity) was calculated to be 1.2x107'% J =296 kgT.
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Figure 4.8 (A) Experimentally observed adhesion forces and distances taken from the minima in attractive
peaks from individual Force (nN) (linear scale) versus Distance (nm) retraction curves; (B) Average forces of
adhesion; and (C) Average distances of adhesion; of an HSA probe tip on bare gold (red squares), a CH;—
terminated hydrocarbon SAM (blue triangles), a COO—terminated hydrocarbon SAM (green circles), and
PEOsok (black diamonds). b and c also include corresponding standard deviations. Statistically different data
points (as determined by the “Student’s t”, Section 2.2.6) are connected by brackets above.
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4.4.4 Statistical Analysis of Adhesion Forces and Distances.

Figure 4.8 (A) plots the values of Fagnesion/Rrip (mN/m) versus Dagnesion (nm) for individual
HRFS experiments on retraction for the HSA probe tip versus the PEO-Au surfaces in PBS
for the entire dataset, including nonadhesion values (black diamond symbols), compared to
unmodified Au (red square symbols), as well as CH;- and COO’-terminated SAM substrates
(blue triangle and green circle symbols, respectively) (re: Chapter 3). Figures 4.8 (B) and
(C) plot the mean and standard deviation values <Fadhesion™/Rrip (mN/m) and <Daghesion™
(nm), and Figure 4.9 gives the probability distribution histograms corresponding to the data
for PEO shown in Figure 4.8 (A). For the entire dataset, <Faghesion™ = 0.05 £ 0.09 nN or
<Faghesion>/R1ie = 0.73 £ 1.5 mN/m, corresponding to a distance of <Dagnesion> = 104.7 £
119.5 nm which is ~97% less than that observed for the CHs-terminated SAM and Au
surfaces, and ~62% less than that for the COO -terminated SAM surface data, reported in the
previous chapter. As discussed in the text previously, short-range surface adhesion is
completely eliminated at all locations on the PEO-Au surface. The broad distribution and
large standard deviation of <Daghesion> On the Au-PEO surface reflect the nonspecificity of
the PEO chain segment physisorption to the HSA probe tip, which causes the PEO chain to
adsorb various amounts of chain segments to the probe tip, as well as the polydispersity of
the polymer chains. Hence, as the adhesion mechanism varies from short-range surface
adhesion to chain tethering and long-range chain extension, a drop in the adhesive force is

observed, as well as a broadening of the adhesion distance distribution (Figure 4.9).
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Figure 4.9 Probability distribution histograms corresponding to the experimentally observed adhesion forces
(A) and distances (B) shown in Figure 4.8(A).

Figure 4.10(A) compares the frequencies of observed adhesion events (i.c. the percentage
of the total number of force curves for which either surface adhesion or chain tethering and
extension was observed) for HSA versus PEO-Au (black diamonds) with that of Au (red
squares), as well as those of the CH3- and COO’-terminated SAM substrates (blue triangles
and green circles, respectively). It is clear that HSA exhibits significantly less adhesion
events on the hydrophilic surfaces of PEO and the COO--terminated SAM than on the other

two substrates, and the least affinity for adhesion is observed on the PEO-grafted substrate.
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Figure 4.10 Percentage of the total number of force curves in a given data set which exhibited either surface
adhesion or chain extension, for an HSA probe tip on bare gold (red squares), a CH3—terminated hydrocarbon
SAM (blue triangles), a COO™—terminated hydrocarbon SAM (green circles), and PEOgqc (black diamonds).

4.5 Discussion

Prior work related to this study reported in the literature includes the measurement of
forces between surfaces bearing adsorbed PEO layers using the SFA[179-185] and the
AFM, [186]electrostatically anchored PEO brushes using the AFM[187] and the SFA,
[29]and weakly overlapping, end-grafted low molecular weight (2K) PEG brushes using the
AFM. [143] A few force spectroscopy studies have been reported involving HSA with the
AFM][123,188,189] and the SFA. [76,190] The only reports, to our knowledge, on the direct
measurement of protein-PEO interactions include studies between streptavidin and
electrostatically anchored lipid bilayers displaying lower molecular weight PEG (1.2K-5K)
chains in both the mushroom and brush regimes using the SFA. [27,169] In this study, a
combined theoretical and experimental approach was employed to study the molecular
origins of PEO hemocompatibility and yielded significant information on this
technologically important higher molecular weight regime using a well-characterized,
chemically end-grafted system. Two critical components of this work were a detailed

comparison of the experimental results to: 1) HRFS experiments on Au (the "background"
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substrate for the PEO), and 2) quantitative predictions of various theories calculated based

on known parameters.

Experimental Data on Approach. It was found that the HSA versus PEQ interaction
(Figure 4.3) exhibits a rather broad, nonhysteretic, nonlinear, purely repulsive net force
beginning at D < 30 nm. The relatively low standard deviation indicates that this interaction
was fairly uniform both at different locations on the sample surface and for repeated HRFS
experniments at a single sample location. It is clear from this data that under these conditions
and at long distances, the repulsive force constituents outweigh any attractive hydrophobic
and van der Waals interactions. A comparison to the predicted theoretical force constituents
including the electrostatic double layer repulsion (based on the Poisson-Boltzmann theory),
steric repulsion (based on the Dolan-Edwards theory for configurational entropy), and
attractive van der Waals forces (based on Lifshitz theory), is enlightening. Although it is
reasonable to assume that steric forces may be present at separation distances equal to a few
multiples of <Rg> since the chain will statistically explore more extended configurations
beyond <Rp>, the magnitude of the experimentally measured force is severely
underestimated by any of the individual theoretical predictions or a linear summation
thereof.  This additional repulsive force is most likely one of the key factors in
understanding the protein resistant properties of PEO. As discussed in Section 4.2.1, it is
worthwhile to note, based on our AFM imaging studies of PEQ and previous studies on end-
grafted polymer systems, [110] that for such low density PEO mushrooms in this molecular
weight range, the incompressible layer thickness of the PEO, Dprogtinany, and hence, the offset
of the D = 0 position, is expected to be negligible because the polymer chain compression is
not highly restricted by excluded volume of neighboring chains. Even if this was not the
case, the data would be shifted by Dpgorinay along the distance (x)-axis to the right, thus
increasing the range of the interaction, and hence, this general conclusion would still be
valid, and in fact, even more pronounced. The contribution of compressional deformation of
the HSA (e.g. from conformational transitions, mechanical denaturation, etc.) on the probe
tip to this net force has been ruled out via control experiments with both Si3N, and

glutaraldehyde probe tips on similar end-grafted PEOsox mushroom surfaces (Figures 2.2,
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2.4, and 3.4), which show a similar range and magnitude of the net repulsive force on

approach, as well as by estimations of the compressive force per protein which are much
less than the expected forces needed for significant distortions of the protein structure

(Section 4.2.1).

Feldman, et al. [143] have reported ionic strength dependent, long-range (D < 50 nm),
nonlinear repulsive forces on a short methoxy-oligo(ethylene glycol) (OEG) -terminated
SAM on Au using the AFM (which has no steric interactions since these are solely
associated with long polymer chains), and interpreted this force as originating from
electrostatic double layer repulsion due to an effective surface charge imparted by a
polarizable dipole layer on the surface. Additional resistance of a stable, long-range
oriented water interphase layer templated by the ordered structure of the OEG-SAM on Au
is also possible. Even though HSA is known to have a 0.55 nm thick monolayer of closely
associated water molecules on its surface, [67] and additional translationally restricted
interfacial water layers may exist, this latter mechanism seems unlikely in the PEOsok
system studied here, given the long range of the interaction observed, and the high
macromolecular flexibility and mobility of the PEO chain. One possible explanation for this
additional repulsive force, which is also supported by single molecule extensional
experiments discussed in the following section, is enthalpic disruption of the compacted,
water-bound ttg helical supramolecular structure of the PEO chain under compression to the
extended ttt state; that is, the polymer chain extends in the x/y plane of the sample
perpendicular to the direction of the applied compressive force (z). As mentioned
previously, an interesting local maximum followed by a drop in the net repulsive force with
decreasing separation distance was observed at D < 4 nm when the protein is pushed into
close contact with the PEO. The source of this local maximum may be one or a combination
of the following: 1) Penetration of the probe tip at apex through the polymer layer so that it
may form attractive interactions (e.g. van der Waals) with the underlying Au surface; 2)
additional attractive interactions, such as hydrogen bonding between the HSA and PEO; 3)
rearrangement of hydration layers; and 4) polymer conformational transitions such as escape

transitions. [15]
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Experimental Data on Retract. Near-complete elimination of surface adhesion was

observed on the PEO-grafted surface, relative to the Au and CHj; surfaces, as evidenced by
the nonhysteretic nature of the net repulsive force for D < 30 nm. It is interesting that this
result is obtained, considering the very low grafting density and intermediate molecular
weight range of the PEO. In 78% of the total HRFS experiments, a number of the PEO
chain segments become physically adsorbed to the HSA probe tip on approach: this
physisorption is strong enough to act as a tether and enable extension of individual PEO
chains between the surface and probe tip on retract, resuiting in a long range, nonlinear,
adhesive interaction between the probe tip and surface. Extensive discussion of single
molecule force spectroscopy (SMFS) data analysis and comparison with theory (e.g. freely-
jointed chain, worm-like-chain, Markovian two-state model, etc.) has been published
previously by us and others[43,178] and will not be repeated here. It is instructive, though,
to consider the relevant time scales of various processes involved in particular for these
experiments, which are summarized in Table 4.1. The intrinsic relaxation of a single
polymer chain in dilute solution using the classic Rouse approximation of a solvent
"draining" freely-jointed chain[191] can be described by a characteristic time, TROUSE,

determined by diffusion of segments over the scale of the chain length Lopeour, giving:

P

L 2
Trouse ™ nLch‘:;ﬂi % 279107 s (PEO) Equation 4.7
B

where : Myop 1s the viscosity of the solvent (HOH) and nyoy /kpT = 2.45x107"% ssnm>. The
characteristic time for single polymer chain using the "non-free draining” Zimm

approximation, TzmmM, is given by: [192]

3

R
Tamm © '@EHTF ~1.60107s (PEO., ) Equation 4.8
B

which includes hydrodynamic effects of trapped solvent inside the coil. It has been
postulated that as a polymer chain is extended it goes from a non-free draining to a free

draining state because of an increase in the friction coefficient of the polymer chain.
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[193,194] For either case (free draining or non-free draining), since the rate of thermal

randomization (1/trouse = 3.7x10* s or 1/tzmm = 6.3x10° s'l) is much faster than the
experimental polymer extension rate (= 1 s"), the polymer configurations are sufficiently
randomized by thermal excitations and the polymer extension may thus be treated as

quasielastic. [195]

Symbol Definition Numerical Value REF.
)
tuon time between successive Brownian collisions of 1077s -
a water molecule with its neighbors
Camino(HSA) time scale for reorientation of amino acid side 10710 s
chains in HSA [196]
TR(HSA) time scale for rotation of HSA 10%-107s [67]
Tzivnt (PEOsox) Zimm time (PEOsok) 107s [192]
TROUSE (PEOsoi) Rouse time (PEOsox) 1075 [123]
t. time scale for thermal oscillations of cantilever = 107 s measured
inverse resonant frequency (w') in water
tL(HSA) time scale for ligand binding to HSA 10°s [67]
texp total experimental time 10" s set

Table 4.1 Time scales of molecular movement, binding, and bond rotations relevant to the experiments
performed herein.

As discovered previously, [43] additional force is needed in the extension of individual
PEO molecules in aqueous solution (compared to nonpolar solvents) presumably due to
enthalpic disruption of the compacted, water-bound ttg helical supramolecular structure as
the polymer is extended to the ttt configuration. Surprisingly, it is noted that in the
experiments performed here with an HSA probe tip, the magnitude of the restoring force is
shifted to slightly lower values in the intermediate strain regime (relative to that performed
with an unmodified SizN4 probe tip) and can possibly be attributed to distortion of the local
water structure around the PEQ in the vicinity of the probe tip.

The HSA versus PEO HRFS experiments discussed above clearly demonstrate that, given
enough compressive force and time, short range attractive interactions between the PEO

chain segments and the HSA protein surface are formed where the binding force per PEO
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chain is <Fagnhesion>= 0.06 £ 0.1 nN and <Fadhesion/R1ip = 0.9 £ 1.6 mN/m. The number of

proteins involved in this adhesion is unknown, but should be less than or equal to the total
number of proteins (~134-220) present in the maximum interaction area at D = 0. The
attractive PEO-HSA binding leads to energy dissipation as the bridging polymer chain
stretches and detaches from the probe tip, and the magnitude of this energy dissipation is
determined by the area under the molecular elasticity profile of the bridging polymer chain,
as well as the binding strength. The presence of attractive interactions and the magnitude of
the adhesion energies between HSA and PEO are consistent with the reports on adhesion
between streptavidin and electrostatically anchored lipid bilayers reported previously.
[27,169] This interaction may have contributions from hydrogen bonds between protonated
basic groups of the HSA and the -O- groups of the PEO, and van der Waals and
hydrophobic forces. To deconvolute the constituent contributions to the total net attractive
HSA versus PEO binding force, further studies employing "antihydrophobic" agents in the
solution, such as 2-propanol, which are substances that increase the water solubility of
nonpolar molecules by acting as a bridge between the polar water and nonpolar solute, but
do not affect H-bonding strength between solvated molecules, [110,197] are reported in
Chapter 5. Another experiment to be discussed in Chapter 5 is the use of lipid-free HSA,
which has exposed hydrophobic channels, to study the effect of lipid complexation on the

adhesive binding force.

4.6 Conclusions

The net nanoscale force versus separation distance between an HSA modified probe tip
and a surface of neutral, chemically end-grafted PEOsox mushrooms was measured directly
on approach (loading) and retract (unloading) in aqueous buffer solution (IS = 0.01M, pH =
7.4) using the technique of HRFS. On approach, a fairly broad, nonhysteretic, nonlinear,
purely repulsive net force is observed to begin at D < 30 nm. The magnitude of this force,
even under such low grafting density conditions, is much larger than that predicted by either
electrostatic or steric (configurational entropy) theories, and is one of the key factors in

understanding the protein resistant properties of PEO. One possible source for this
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"additional" force, which is also supported by single molecule extensional experiments, is

enthalpic disruption of the compacted, water-bound ttg segments and helical supramolecular
structure of the PEQ chain under compression to the extended ttt state as the chain extends
in the x/y plane of the sample perpendicular to the direction of the applied compressive force
(z). A local maximum followed by an interesting drop in the net repulsive force with
decreasing separation distance is observed at D < 4 nm. During approach of the HSA probe
tip on the PEO surface, a number of PEO chain segments become physically adsorbed to the
HSA probe tip, enough so that they are strong enough to act as a "tether" and enable
extension of individual PEO chains between the surface and probe tip on retract, resulting in
a long range, nonlinear, adhesive interaction between the probe tip and surface. This clearly
demonstrates that, given enough compressive force and time, short range attractive
interactions between the PEO chain segments and the HSA protein surface may form, where
the binding force per PEO chain is <Fgghesion™/Rrip = 0.9 £ 1.6 mN/m. This interaction may
have contributions from hydrogen bonds between protonated basic groups of the HSA and
the -O- groups of the PEO, and from van der Waals and hydrophobic forces.
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Chapter 5

IDENTIFYING AND QUANTIFYING
CONTRIBUTIONS FROM CONSTITUENT
INTERMOLECULAR FORCES TO THE
TOTAL INTERACTION POTENTIAL
BETWEEN HUMAN SERUM ALBUMIN
AND POLY(ETHYLENE OXIDE) BY
VARYING SOLUTION CONDITIONS

5.1 Introduction

S.1.1 Principal Foci of Investigation

Chapter 4 presented our results from measurements of the total interaction potential
between HSA and PEO in PBS (IS = 0.01 M, pH = 7.4), and compared U(D) to various
theoretical and numerical models, as well as to control substrates of unmodified Au and self-
assembled monolayers of hydrophobic CHj-terminated and hydrophilic COO -terminated
alkanethiols. We observed that PEO, even at such a low surface grafting density, was

capable of imparting a strong, long-ranged repulsive force to HSA, the range and magnitude
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of which was far greater than even a superposition of all of our numerical and theoretical

models combined. The yet unanswered (though widely speculated on) question of the
molecular origins of the ability of PEO to resist protein adsorption, led us to continue, and
intensify, our investigations. In this Chapter, we report the manipulation of various solvent
conditions such as increasing ionic strength, adding of small amounts of the antihydrophobic
agent isopropanol to PBS, and conducting experiments under organic solvent conditions, in
order to deconvolute U(D) in terms of the role of the aqueous environment in HSA-PEO
interactions, as well as the roles of specific constituent forces such as electrostatics,
hydrophobic forces, and steric interactions. In isolating and directly quantifying each of
these forces, we have essentially taken the next step beyond theoretical modeling in an
attempt to more thoroughly understand the fundamental molecular origins of

hemocompatibility.

As was first discussed in Chapter 3, In aqueous solution at pH = 7.4 (i.e. the pH of human
blood), HSA possesses a net charge of -19¢. [72]Bound to the cantilever probe tip in the
native folded conformation, however, many of the charge groups are either hidden on the
side of the protein attached to the probe tip, or buried within the quaternary structure, thus
lowering its overall effective charge in our experiments. Through numerical modeling, we
determined[170] that the effective charge of an HSA molecule bound to a SizN4 probe tip
via a linker group is 1.1-1.8¢, assuming that the proteins form a monolayer on the probe
surface, and depending on whether the protein is assumed to be either ellipsoidal[56,70,71]
or triangular. [73-75] Although PEO is believed to be neutral due to its inability in aqueous
solution to complex the cations present in our buffer (Na" and K"), [46-49] it is possible for
an electrostatic double layer to form between the approaching charged HSA proteins and the
surface-bound PEO mushrooms, due to the local ionic osmotic pressure and Maxwell
electric stress. [50] Thus, it was of interest to us to explore the possibility of a significant
electrostatic repulsive contribution to U(D). Increasing the ionic strength of the solution (by
the addition of Na"Cl") introduces more counterions for electrostatic charge shielding, thus
lowering the effective charge of the two surfaces and thereby diminishing the electrostatic

repulsion between them. In this way we sought to obtain an estimate of the contributions
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from electrostatics to U(D). It is wise to note, however, that NaCl is known to have a
“salting out” effect on PEO (i.e. the effect of promoting the association of hydrocarbons and
thereby decreasing their solubility in aqueous solution), and thus may be suspected to have
an effect on the radius of gyration and steric repulsion due to configurational entropy as

well.

The addition of as little as 0.5% (v/v) isopropanol has been shown to be effective in
completely shielding hydrophobic interactions between polyamines and oligo(ethylene
oxide). [110] The mechanism of this effect, illustrated in Figure 5.1, is attributed to the
amphilic nature of isopropanol and its ability to facilitate solvation of hydrophobic moicties
in aqueous environments. Although we have found that 100% isopropanol is a poor solvent
for both PEO and HSA at room temperature,[198] we have observed no adverse effects on
the solvation or conformation of either the protein or polymer in the low concentrations of
the mixed solvent conditions employed here, in which the total concentration of isopropanol
in PBS (v/v) does not exceed 5%. Thus, by comparing experiments performed in
unadulterated PBS and those conducted under mixed solvent conditions, the hydrophobic
force per protein may be estimated quite simply as the difference between the U; values,

divided by the number of proteins in the interaction area.

In short, in this study we have sought to isolate the individual constituent forces
contributing to the total interaction potential, U(D), by the manipulation of solvent
conditions. Our overall goal is to develop a more fundamental understanding of the
molecular origins of hemocompatibility, and to utilize this knowledge in the design of novel

biomaterial surfaces coatings with superior protein resistance.
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Figure 5.1 Illustration of the “antihydrophobic” mechanism of isopropanol in water.

5.1.2 Data Treatment, Analysis, and Presentation

The intermolecular forces exerted on a protein by a nearby biomaterial surface vary in
type and magnitude as a function of the distance of the protein from the biomaterial surface,
and in cases in which the protein is already in contact with the surface, such forces may also
vary as a function of the time that the protein remains in contact if energy dissipating
mechanisms ar¢ active, as well as the relative numbers of proteins and polymers present in
the interaction area (Table 5.2), which are a function of the tip radius. In terms of HRFS
experiments, this means that the approach and retraction curves may not necessarily
correlate, and results from experiment to experiment may vary slightly in range and
magnitude if the radii are not similar. For these reasons, we examine the approach and
retract portions of our data separately, and then consider the total accumulation of our
observations in formulating our final conclusions. Data presented in this chapter was
analyzed in an analogous fashion to the methods described in Section 2.3, including the
application of the Q-test and the “Student’s t” test to identify statistically significant trends.
It is also important to note that since our surfaces are only sparsely grafted with PEO and
effectively 94% of the interaction area contains bare Au, control experiments were run for
both forms of HSA on unmodified polygranular Au at each of the solvent conditions
reported, and then 94% of Uay, (D) under each of the conditions was subtracted from

Upeo, toral( D) under the same conditions, in order to isolate the contributions to U(D) from the
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HSA/PEO intermolecular interactions (this data treatment is identical to that performed on

the approach data in Chapter 4). All approach curves are reported in this way. In terms of
the data on retract, the points of maximum adhesion from force curves on three different
sample sites on each sample, under each experimental condition, were analyzed in a
systematic statistical manner. First, each of the data sets was subjected individually to a “Q
test” using a 95% confidence level[104] in order to remove statistical “outliers” from the
data pool, after which each of the data sets was compared to each of the others within a
given set of experiments with the same probe tip using the “Student’s t”, in order to
determine if the data sets were statistically different from one another. [66] For example,
the <Faghesion> values for the HSA-PEQ experiment at IS = 0.01 M were compared to the
<Fadhesion™> values for the HSA-PEO experiment with the same tip at each of IS =0.15 M and
IS = 1.0M, as well as the <F,ghesion> values for the HSA-Au experiment with the same tip at
IS = 0.01 M. A similar procedure was likewise performed for <Dygpesion™> and the frequencies
of adhesion on Au and PEO-Au, and at each ionic strength. Again, a 95% confidence level
(also often referred to as p = 0.05) was set as our minimum criterion for “statistically

different™.

Finally, the standard deviations for the adhesion frequency data were calculated by
comparing average frequencies at different sample sites for each of the experimental

conditions.

In general, four different types of force curves were observed among the various
experiments conducted. As shown in Figure 5.2, these types are: 1) a reversible,
nonhysteretic, purely repulsive approach-retract cycle (Figure 5.2(A)), a repulsive approach
curve followed by an adhesive event of convex curvature occurring at very short distances,
which 1s referred to here to as “surface adhesion™ Figure 5.2(B); a repulsive approach curve
followed by a relatively nonhysteric retract at short distances that later transitions to a strong
adhesive event of concave curvature at long distances, which is referred to here as
“protein/polymer extension” Figure 5.2(C); and a curve that shows characteristics of both

surface adhesion and protein/polymer extension Figure 5.2(D).
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Figure 5.2 Examples of the types of force curves observed between HSA and PEO-Au: (A): nonhysteretic,
purely repulsive approach-retract cycle; (B): short-ranged surface adhesion on retract; (C): protein/polymer
extension on retract; and (ID): both short-ranged surface adhesion and long-ranged polymer/protein extension
on retract. Approach curves are shown solid lines (——), whereas retract curves are depicted by dotted lines

----)
5.2 Experimental Procedures

5.2.1 Preparation of Salt and Isopropanol Solutions

PBS solutions were made using sodium phosphate buffer tablets (Sigma lot #59H03371)
which contain 8 g/L NaCl, 0.2 g/L K'H,POy’, 1.15 g/L 2Na*"HPO,4*, and 0.2 g/ KC1. An
ionic strength of 0.15 M is automatically obtained by dissolving 1 tablet in 200 mL DI H,O.
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Solutions with an ionic strength of 0.01M were prepared by dilution of a 16.66 mL aliquot
from the IS = 0.15 M stock solution to 250 mL, using DI H,0O. Dilution did not have any
effect on the efficacy of the buffer (i.e. the pH of the diluted buffer solutions remained
stable). Solutions with an ionic strength of 1.0 M were prepared by addition of 1.242g
(0.0212Zmol) NaCl (Mallinckrodt, product #7581) to 25mL of IS = 0.15M PBS. The same
PBS stock solution was used for preparation of all solutions for the ionic strength
experiment. All water used for solutions, rinsing, and storage was first deionized (18
MQ-cm resistivity, Purelab Plus UV/UF, US Filter, Lowell, MA), then filtered through
Millipore syringe filters (pore size = 0.22um) prior to use. Isopropanol was purchased from
Mallinckrodt (product # H604), and added to aliquots from a PBS stock solution (IS = 0.01
M) to prepare the 0.5% and 5% (v/v) mixed solvent solutions. The same PBS stock solution

was used for all isopropanol ¢xperiments.

5.2.2 Probe Tip and Au Surface Modification

Au wafers were purchased from Asylum Research (model #Gold200C) in the form of a
20 nm thick layer of polygranular gold on unpatterned glass microscope slides. Linear
PEOsok-SH, M, = 48,320 g/mol, M,,= 51,700 g/mol, PDI = 1.07 (as determined by GPC in
tetrahydrofuran using monodisperse poly(ethylene glycol) standards) was custom
synthesized by Polymersource, Inc. (lot #P2415-EOSH). Calculation of the Flory radius (or
radius of gyration) and the extended contour length in aqueous solution was presented
previously{199] and found to be Rr= 8.7 nm and Leomew = 393 nm, respectively. PEOsok-

SH was chemisorbed to 1 cm? gold wafers as described in Section 4.2.3.

HSA was covalently attached to Si3sN, cantilever probe tips using the method described

by Vansteenkiste, et al., [123] and reported here in Section 3.2.2.

5.2.3 HRFS Experiments
All HRFS experiments were conducted using the Molecular Force Probe® (Asylum
Research, Santa Barbara, CA) to measure force, F (nN), versus tip-sample separation

distance, D (nm) (henceforth referred to and labeled on graphs as "Distance") on "approach”
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(i.e. probe tip advancing towards surface) and "retract” (i.e. probe tip moving away from

surface). A full description of this instrument, its limits of force and displacement detection
in fluids, procedures for spring constant calibration and conversion of raw data, details of
measurement errors, and description of typical force versus distance curves including the
mechanical instabilities of the cantilever, are given in Section 2.2.1, and in Appendix A.1.,

as well in our previous works. [110,130,170]

Two separate probe tips were employed for the experiments reported here; one probe tip
was used in all experiments involving isopropanol, while another probe tip was used for all
ionic strength experiments. The radii of the chemically modified probe tips were determined
for each individual cantilever by scanning electron microscopy (SEM) (JEOL 6320FV
Field-Emission High-resolution SEM, operating voltage = 1 kV, magnitude = 200,000x)
where Ryp was determined by drawing two intersecting straight lines tangential to the sides
of the probe tip and then drawing a circle tangential to both of them. Rrip for the fatty acid-
bound HSA probe tip was found to be ~ 45 nm. Rrip for the fatty acid-free HSA probe tip

was found to be ~ 75 nm.

The maximum surface interaction areas on the probe tip and on the substrate ata D = 0
were calculated as previously (Section 3.2.4) for each of the probe tips, and are reported
along with the number of HSA and PEO molecules within these interaction areas and the
maximum compressive force per protein, in Table 5.2. As discussed in Section 4.2.1, it is
expected that steric deformations of the protein have negligible contribution to the
interaction force profile. All experiments were conducted at room temperature (23°C), at a
scan rate of 1pm/s, using a pulling distance of 1um and a data collection rate of 5,000 points
per second. On changing solutions during the course of the experiments reported here, the
probe tips and substrates were allowed to soak in next solution to be tested for a full 24
hours before testing was performed, in order to allow the molecular conformations and
bound ions to equilibrate. The force versus distance curves on approach from at least three
different sites on the sample surface were averaged (minimum of 20 curves per site) and the
standard deviations were calculated and reported. Upon retraction, the full force versus

distance curves were not averaged because of the large adhesion force and distance
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distributions inherent in the nonspecific adhesion events, which would smooth out many
characteristic features of the curve. Rather, statistical analysis of the maximum forces and
distances of adhesion under each of the experimental conditions was performed. The
normalized Force/Radius (mN/m) values are reported along with the unnormalized Force

(nN) on a double y-axis for all experimental data presented.

Experiment 2 Varying % (v/v) Varying

Parameter Isopropanol in PBS  lonic Strength
_Ryp (nm) 45 88
_Agp (nm?) 5,700 11,000

# HSA molecules (ellipsoidal) in Ay 120 240

# HSA molecules (triangular) in Ay, 200 400

Maximum applied force (nN) 3 3

Maximum applied force per 0.025 0.013

HSA molecule (ellipsoidal) (nN)

Maximum applied force per 0.015 0.0075

HSA molecule (triangular) (nN)

A subsrae (NM°) 6,300 17,000

# Polymers in Ay berate 1.6 44

Table 5.1 Force and areal experimental parameters.

3.3 Variations in Ionic Strength

5.3.1 Ionic Strength Results on Approach

Similar to our results on the HSA-PEO system (Chapter 4), on approach of the HSA-
grafted probe tip to PEO, we observed a long-ranged, nonlinear repulsion beginning at D <
50 nm that continuously increased nonlinearly until reaching a local maximum at D < 4 nm,
at which point the curves exhibit a short region of negative slope (in which the net
intermolecular interaction is attractive) until the tip comes in to contact with the surface at D
= 0, indicated by an upward transition to infinite positive slope which corresponds to the
linear elastic bending of the compliant cantilever on the (relatively) nondeformable
underlying Au surface. Error! Reference source not found. overlays the average approach

curves under each of the solvent conditions. The curves are derived from averaging ~20
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force curves from each of at least three different sites on each sample. In order to exclude

those force curves in which polymer molecules may not have been in the interaction area,
only force curves which also showed some form of polymer extension on retract were
counted in the averaging data sets. The figure indicates that an increase in the ionic strength
from 0.01 M to 0.15 M does not appear to affect the repulsive force on approach until D <7
nm, at which point the repulsion at IS = 0.15 M exceeds that at 0.01 M dramatically. A
further increase in the ionic strength intensifies this effect, extending the range of increased
repulsion as far as D < 25 nm. The magnitude and distance at which the local maximum at
D < 4 nm is reached is also markedly affected by the change in ionic strength: at IS = 0.01
M, the local maximum occurs at D = 2.9 nm and Force/Radius = 1.2 mN/m; at IS=0.15 M
the local maximum is shifted to D = 0.9 nm and Force/Radius = 2.6 mN/m; a final increase
in the ionic strength to IS = 1.0 M further shifts the peak to D = 0.6 nm and Force/Radius =
2.8 nm. In effect, the range of the repulsion is continuously increased with the ionic strength.
These results are rather counterintuitive in terms of electrostatic interactions, and indeed in
terms of steric interactions as well. As was discussed in the introduction, an increase in the
ionic strength of the solution results in a larger number of available counterions for charge
shielding, and is thus expected to reduce the overall electrostatic repulsion between two like-
charged surfaces. Furthermore, as NaCl has a “salting out” effect on PEQ, the addition of
NaCl to the system would be expected to partially collapse the PEO coil, thus reducing the
magnitude of the repulsion imparted by configurational entropy. Clearly, neither of these
predicted effects was observed in this experiment. It is interesting to note that this result has
been repeated by us many times, [198] both with protein-bound and umodified Si3N, probe
tips, suggesting that PEO, rather than HSA, is responsible for the observed phenomenon.
Possible sources of this additional repulsive force may be a change in the PEO coil
conformation in the presence of high concentrations of NaCl, and/or a shift in the structure

and density of the interstitial water layer between the PEO coils and the approach probe tip.
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Figure 5.3 Averaged approach Force (nN) and Force/Radius (mN/m) versus Distance (nm) curves for HSA vs
PEO-Au in PBS, as a function of solution ionic strength.

5.3.2 Ionic Strength Results on Retract

Figure 5.4 gives the data points of maximum adhesion for HSA on PEO at each ionic
strength. Perhaps the most prominent and interesting feature of this data is the recurrence of
certain distance ranges of chain extension, with the first occurring from D ~ 0-90 nm, the
second stretching from D ~ 100-190 nm, and the third spanning from D ~ 200-275 nm. This
phenomenon is most pronounced at IS = 0.01 M It is speculated that these modes of
extension may be directly related to the unfolding of specific HSA domains. It is well
known that certain “modular” proteins, with the giant muscle protein titin being perhaps the
most studied, {85,86,89,90,95,200-202] unfold domain-by-domain during simple force
spectroscopy experiments. The unfolding is likened to a string of springs in series, with the
weakest one unfolding first, and the strongest one unfolding last; such force curves on
retract tend to exhibit a “sawtooth” profile. What is interesting about the modes of extension
observed in our experiments is that they are clearly grouped into subsets by distance, with
the force of extension increasing nonlinearly with distance in each subset, and the overall
shape of the force curve is very much like the sawtooth profiles reported for titin, e.g. HSA

is comprised of three homologous domains, [203] each of which contains approximately
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equal numbers of amino acids[204] and a contour length roughly ~ 75 nm (assuming an
amino acid contour length of 0.38 nm and a total protein contour length of 216 nm (Section
1.2.2)). Given that PEO is also present and capable of stretching with the HSA, it is quite
likely that each of these modes, which span from 0-88nm, 100-192nm, and 198-273nm,
corresponds to each of the primary domains of the protein’s quaternary structure.
Furthermore, it is logical that the force necessary to extend these domains to distances
approaching their individual contour lengths will increase with distance, and in direct
correlation with the degree of nonspecific intramolecular bonding, the locations of the
protein-polymer binding sites, and the magnitudes of the various energetic barriers to bond
rotation. This motif is observed at the higher ionic strengths as well, though as the ionic
strength is increased, unfolding of the second and third domains becomes less common,
possibly because the salt ions are effectively dehydrating the protein in their competition for
H,0O complexation, and thereby decreasing its solubility and affinity for amino acid-solvent
interactions relative to amino acid-amino acid interactions. A similar effect may also be at
play between the PEO and H,O molecules. Finally, which domain is extended is likely
dominated by which orientation the approaching proteins are predominantly in as the probe
tip comes into contact with the polymer surface. This factor is unknown to us and assumed

to be random given our procedure for covalent attachment of the HSA to the probe tip.

015 =0.01M
12 4 o) 018 =0.15M
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Figure 5.4 Experimental data points of the Distances (nm) and Forces/Radius (mN/m) of adhesion for HSA vs
PEO at IS =0.01M (o), IS = 0.15M (0), and IS = 1.0M (A). Dotted curves have been drawn to guide the eye.

The probability histograms of the forces and distances of adhesion are given in Figure 5.5.
<Dadhesion> decreases from 57.4 £ 913 nm at IS=0.01 Mt0o 282+ 651 nmatIS=0.15M
and 27.3 £ 39.3 nm at IS = 1.0 M, and <F jgnesion>/Radius increases from 0.62 + 1.3 mN/m at
IS=0.01 M1t00.93+2.0mN/matIS=0.15M and 0.99 £ 1.4 mN/m at IS = 1.0 M. None of
the data on retract yiclded a statistically significant trend as a function of ionic strength.
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Figure 5.5 Probability distributions for the experimental data points of the (A) Distances (nm) and (B)
Forces/Radius (mN/m) of adhesion for HSA vs PEO at IS = 0.01M (blue), IS = 0.15M (black), and IS = 1.0M

(pink).

5.4 Addition of the Antihydrophobic Agent Isopropanol

5.4.1 Isopropanol Results on Approach

Figure 5.6 overlays the average approach curves for HSA vs PEO in IS = 0.01M PBS,
0.5% and 5.0% (v/v) isopropanol in PBS, and in 100% isopropanol. The curves are derived
from averaging ~20 force curves from each of at least three different sites on each sample.
In order to exclude those force curves in which polymer molecules may not have been in the
interaction area, only force curves which also showed some form of polymer extension on
retract were counted in the averaging data sets. HSA vs Au data has been subtracted from

the HSA vs PEO-Au data to yield the curves shown below.

S 5.0% Isopropanol L 019
o .
3 XN 0.5% Isopropanol
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Figure 5.6 Averaged approach Force and Force/Radius versus Distance curves for lipid-bound HSA vs PEO
as a function of v/v % isopropanol content in PBS.
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As before, on approach of the HSA-grafted probe tip to PEO, a long-ranged, nonlinear

repulsion was observed beginning at D < 50 nm for 0-5.0% (v/v) isopropanol in 0.01M PBS;
the repulsion increases until reaching a local maximum at D < 4 nm, at which point a short
region of negative slope (in which the net intermolecular interaction is attractive) is
observed, until the tip comes in to contact with the surface at D = 0. In this case, the force
magnitude of the local maximum at D < 4 nm is affected by the addition of just 0.5% (v/v)
of isopropanol to PBS, while the distance is not: at 0% (v/v) isopropanol (i.¢. pure PBS), the
local maximum occurs at Force/Rrp = 3.0 mN/m and D = 0.6 nm; at 0.5% (v/v) isopropanol,
the local maximum is shifted to Force/ Rrp = 3.3 mN/m at D = 2.0 nm; a final increase in
the concentration of isopropanol in PBS to 5.0% further shifts the peak to Force/ Rypp = 3.7
nm, at D = 0.8 nm. In effect, at D < 10 nm the magnitude of the repulsion is continuously
increased as the concentration of isopropanol increases. A possible reason for this may be an
increased affinity and competition for the aqueous solvent molecules, due to the enhanced
solvation of the HSA imparted by isopropanol, which results in a hydrophilic-hydrophilic
intersurface repulsion between the HSA and PEO. Clearly there exists a significant
hydrophobic component to the total U(D) which has been revealed by the addition of
isopropanol. At the local maxima of the approach curves, i.e. at D ~ 1 nm, this component
comprises approximately 20% of the total intermolecular interaction potential. Furthermore,
by integrating and subtracting the 0% Force versus Distance curve from the 0.5% Force
versus Distance curve, and then dividing this work energy by the number of proteins in the
probe tip interaction area (Table 5.2), we determined the hydrophobic energy to be 11 kgT
per protein (assuming a triangular protein shape), or 18 kpT per protein (assuming an

ellipsoidal shape).

In 100% isopropanol (i.e. in a purely organic solvent), the situation is markedly different
from that in aqueous solution: rather than a long-ranged repulsion, the protein and polymer
exhibit a long-range attraction, beginning at D <20 nm. As isopropanol is a poor solvent for
both HSA and PEQ at room temperature and atmospheric pressure, the macromolecules
have likely collapsed on their respective surfaces, and configurational entropy has been

significantly reduced. It is interesting to note that such a net attractive force was not
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observed in 100% isopropanol on the Au control substrate, suggesting that its origin likely
stems from a “solvophobic” force from the PEO. Since the HSA and PEO hydration layers
and counterions have been climinated, but they are still capable of hydrogen bonding with
each other, the only intermolecular forces that remain between HSA and PEO are van der
Waals interactions, and so-called solvophobic forces. Solvophobic forces may be interpreted
in much the same way as hydrophobic forces, and may be similarly modeled. Figure 5.7(A)
shows the HSA vs PEO approach curve in 100% isopropanol, fitted to the models for van
der Waals[117] (Equation 3.7, where the Hamaker constant was used as a fitting parameter
and was found to be 4 = 1.5x10™' J) and hydrophobic interactions[141] (Equation 3.9,
where the characteristic decay length A and the surface interfacial energy y; were used as
fitting parameters and found to be A9 = 5 nm, and y; = 0.12 mJ/m?). If we assume a linear
summation of these two models in U(D)ot, the combined force fits the experimental data

remarkably well, as shown in Figure 5.7(B).
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Figure 5.7 Average approach curve of HAS vs PEO in 100% Isopropanol, compared to theoretical models: (A)
is a comparison to van der Waals[117] and solvophobic interaction[141] models: (B) is a comparison to a
linear summation of the models shown in (A).
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5.4.2 Isopropanol Results on Retract

Figure 5.8 gives the data points of maximum adhesion for HSA on PEO-Au under each
concentration of isopropanol. It is clear from first glance that in the presence of mixed
solvent conditions, the typical adhesion event shifted from occurring at long distances and
low forces, to short distances and large forces. Similar to the results observed in the ionic
strength experiments, there appears to be three distinct modes of pulling in the distances
ranges 0-60 nm, 0-115 nm, 100-160 nm, and 245-315 nm, though only in 100% isopropanol
is the mode of longest extension observed, most likely because the denatured tertiary
structure of the HSA easily unfolds in the organic solvent, as the strong intramolecular

hydrophobic interactions within the protein have been eliminated.
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Figure 5.8 Experimental data points of the Distances (nm) and Forces/Radius (mN/m) of adhesion for HSA vs
PEO at 0% (D), 0.5% (©), 5.0% (A), and 100% (0) isopropanol (v/v) in PBS. Dotted lines have been drawn to
guide the eye.

Figure 5.9 gives the probability distributions of the distances (A) and forces (B) of
adhesion for each of the isopropanol solvent conditions. As was done with the retraction
data for the experiments varying ionic strength, the adhesion data was treated with the () test
and the Student’s t in order to analyze the statistical significance of the averages as a

function of isopropanol concentration in PBS. Although trends were observed in the HSA
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vs PEO-Au dataset, the data was not statistically different from that observed in the HSA vs

Au data, and thus no conclusions can be made as to the effect of isopropanol on the adhesive

interactions between HSA and PEO on retract.
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Figure 5.9 Probability distributions for the experimentai data points of the (A) Distances (nm) and (B)
Forces/Radius (mN/m) of adhesion for HSA vs PEO at 0% (blue), 0.5% (purple), 5.0% (red), and 100%
(green) isopropanol (v/v) in PBS.

5.5 Role of HSA-Bound Lipids

Having quantified the hydrophobic component to the long-ranged intermolecular
interactions between HSA and PEO, the question then arose as to how the fatty acids that
naturally bind into the hydrophobic pockets of HSA in a ~2:1 (lipid:protein) ratio in the
human blood stream[67] affect the hydrophobic component of U(D). To address is problem,
we obtained lipid-free HSA (Sigma #A-3782) and attached it to a cantilever probe tip in the
same way as previously described for lipid bound HSA (Section 3.2.2). We then repeated
the isopropanol experiments described in section 5.4, using the lipid-free tip. The exact
same isopropanol solutions and the same substrates were used in this study, and the
experiments were performed at the same time as the isopropanol experiments with the lipid-
bound probe tip, to minimize the number of experimental variables. The efficacy of the
probe tip functionalization procedure was verified by fluorescence, AFM, and contact angle
measurements, as was done previously for the lipid-bound HSA-grafted probe tip. The
advancing contact angle of the lipid-free surface with DI water was found to be 47° + 1°, as
compared with 40.1° = 1° for the lipid-bound HSA surface, indicating that the lipid-free
HSA is slightly more hydrophobic than the lipid-bound, presumably because of exposure of
the hydrophobic channels of the protein in the absence of lipids. The areal parameters for

the probe tip used in this study are given in Table 5.2,
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Lipid-Free HSA vs

Parameter PEO
Ryp (nm) 75
Ay (NM°) 9,400
# HSA molecules (ellipsoidal) in Agp 210
# HSA molecules (triangular) in Agp 340
Maximum applied force (nN) 3
Maximum applied force per 0.014
HSA molecule (ellipsoidal) (nN)

Maximum applied force per 0.010
HSA molecule (triangular) (nN)

) 14,000
# Polymers in Asubsuare 3.6

Table 5.2 Areal parameters for the lipid-free HSA-grafted probe tip.

5.5.1 Lipid-Free Isopropanol Results on Approach

On approach of the lipid-free HSA-grafted probe tip to PEO, a long-ranged,
nonlinear repulsion was observed beginning at D = 40 nm under all solvent conditions;
however, the rate of increase of repulsion, and the maximum repulsive energy that is
ultimately obtained, are dramatically reduced upon the addition of 0.5% isopropanol to PBS.
No further reduction in repulsion is observed upon the further addition of isopropanol to a
total concentration of 5% - i.e. the approach curves under both of the mixed solvent
conditions overlay extremely well. These results, depicted in Figure 5.10, are rather
counterintuitive; addition of isopropanol is expected to make the surface of the protein more
hydrophilic overall as the hydrophobic moieties are solubilized, but quite the opposite is
observed experimentally. What is clear from these results is that lipids play a key role in the
hydrophobic interactions of HSA, and by calculating the area between the pure PBS and
mixed solvent average approach curves and dividing by the total number of proteins in the
interaction area, we may quantify this role directly. We determined the hydrophobic
interaction energy per protein to be -0.97 kgT/protein (assuming a triangular protein shape),
or -1.6 kgT/protein (assuming an elliptical shape lying flat) for the lipid-free probe tip, 12-20
kpT less than that observed on the lipid-bound probe tip. These results suggest that lipid-
binding actually results in a decrease in the overall hydrophobicity of HSA. Direct

comparison of the lipid-bound and lipid-free probe tips on a Force/Radius vs Distance graph
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was not found to be meaningful in light of the deviations in the experimental data from tip to

tip, presumably due to differences in probe tip geometry, or fine details of the surface
chemistry. Finally, no difference was detectable in 100% isopropanol between the approach

curves with lipid-bound and lipid-free HSA-grafted probe tips.
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Figure 5.10 Average approach curves for HSA vs PEO (94% of HSA-Au interaction subtracted) as a function
of % (v/v) isopropanol in 0.01M PBS: 0% (blue), 0.5% (purple), 5.0% (pink), and 100% (green).

5.5.2 Lipid-Free Isopropanol Results on Retract

The data points of maximum adhesion under each of the solvent conditions are plotted in
Figure 5.11. It appears from this graph that in the presence of isopropanol, the force curves
shift from exhibiting long-range pulling under low force to exhibiting short-range pulling
under high force. However, a careful statistical analysis of this data (along with data from
parallel experiments conducted on Au with the same probe tip) as described previously
reveals that any observed changes in <F,ghesion™ and <Dagnesion™ Were not a direct result of a
change in HSA-PEO interactions. The only parameter from the retract data that showed a
statistically significant trend was the frequencies of protein and/or polymer extension

(pulling), illustrated in Figure 5.12. It is clear from the plot that the addition of isopropanol
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results in a dramatic reduction in the frequency of chain extension, from 98% in PBS, to 13-
24% under mixed solvent conditions. In 100% isopropanol, however, chain extension once
again becomes the dominant mechanism of adhesion, as both the protein and polymer have

“denatured” from their conformations in PBS.
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Figure 5.11 Experimental data points of the Distances (nm) and Forces/Radius (mN/m) of adhesion for HSA
vs PEO at 0% (1), 0.5% (o), 5.0% (A), and 100% (0} isopropanol (v/v) in 0.01M PBS. Dotted lines have been
drawn to guide the eye.
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Figure 5.12 Average frequencies of protein or polymer extension, along with standard deviations, for HSA vs
PEO at 0% ([1), 0.5% (O), 5.0% (A), and 100% (< ) isopropanol (v/v) in 0.01M PBS.

5.6 Conclusions

The net nanoscale interaction potential as a function of distance, U(D), was measured
between a probe tip covalently bound with human serum albumin (HSA) and poly(ethylene
oxide) (PEO) under a variety of solution conditions, including variations in ionic strength,
addition of small amounts of the antihydrophobic agent isopropanol to a PBS stock solution,
and in a 100% organic solvent. The role of bound lipids in HSA hydrophobic interactions
was also investigated by studying the effect of isopropanol on the U(D) between lipid-free
HSA and PEO.

An increase in the 10nic strength from IS = 0.01 M to IS = 1.0 M resulted in an increase in
the range and magnitude of the repulsive force observed on approach at D < 10 nm. This
interference dominates over any electrostatic or steric interactions from configurational
entropy that may be contributing to U(D). This effect was also observed in previous
experiments[198] between PEO and an unmodified Si3;N, probe tip (Chapter 2), suggesting
that it is primarily attributable to the PEO rather than HSA. It is suspected that the addition
of salt to the system may be affecting the conformation of the PEO coils, and/or the structure
and density of the water molecules residing between the PEO and the approaching probe tip.

No statistically significant effects on <Faghesion™ 0 <Dagnesion™ Were observed on retract.

Addition of isopropanol to a PBS stock solution in MFP experiments resulted in an
increase in the magnitude of U(D) on approach, likely due to the mutual hydrophilic-
hydrophilic repulsive force between the protein tip and the polymer surface. The approach
data suggest the presence of a quantifiable hydrophobic component to U(D), which was

determined to comprise 20% of the total intermolecular interaction potential at ~1nm, the
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local miximum of the approach curves. If the difference in the total area between the

approach curves with and without 1sopropanol is calculated, and the resultant energy divided
by the number of proteins in the interaction area, it is found that the hydrophobic component
is ~ 11-18 kpT/protein. The addition of isopropanol did not have any significant effect on

the retraction data, as determined by a rigorous series of statistical analyses.

In 100% isopropanol, i.e. under pure organic solvent conditions, the approach curve
exhibited a somewhat long-ranged (D < 25 nm) net attractive force, presumably due to a
solvophobic effect imparted by the precipitation of PEO and HSA. The approach curve was
found to fit a function comprised solely of models of the solvophobic and van der Waals
forces rather well. Once in contact, the HSA, which is completely denatured in the
isopropanol, binds nonspecifically to the polymer-grafted surface, and extends readily to
long distances under relatively low adhesive force. It is clear from these results that the

presence of water is absolutely essential to the protein-resistant properties of PEO.

Addition of isopropanol to MFP experiments using a probe tip bound with lipid-free HSA
resulted in a decrease in the magnitude of U(D) on approach, a rather counterintuitive result
considering that, in the absence of fatty acids, the hydrophobic pockets of the protein should
be exposed, and the effective hydrophobic force thereby magnified. The addition of
isopropanol should then result in an even more pronounced increase in the repulsive force
on approach than that which was observed with the lipid-bound probe tip. In fact, the change
in repulsive force from the addition of 0.5% isopropanol to 0.01IM PBS, -0.97 to -1.58
kgT/protein, was 10-20 kgT less per protein with the lipid-free tip than with the lipid-bound
probe tip. On retract, a dramatic decrease in the frequency of protein and/or polymer
extension was observed on the addition of isopropanol. In 100% isopropanol, the system
behaved in a similar solvophobic manner as observed with the lipid-bound tip, and chain

extension again became the dominant mechanism for the denatured molecules.

Overall, the above results suggest that while hydrogen bonding is crucial to the binding of

HSA to PEQ, hydrophobic interactions are also clearly important, and novel devices aiming
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to exhibit enhanced protein resistance should possess a hydrophobic component less than

20%. Furthermore, the protein resistant properties of PEO are enhanced in high ionic
strength environments, and hence are likely to be most successful in such situations.
Depending on the application of the desired biomaterial, one may choose to seek a surface
coating with a PEO-like response to the ionic strength, or a material with a more traditional
electrostatic response in which the intermolecular repulsion is increased in low ionic

strength environments.

Finally, an interesting feature of our retract data is the presence of various “modes” of
protein/polymer extension, which we attribute to extension of specific domains of the HSA
macromolecule. There appears to be three distinct distance ranges in which adhesion and
extension occurs: D ~ 0-90 nm, D ~ 100-190 nm, and D ~ 200-275 nm, which individually
are rather consistent with the average contour length of each of the three domains of HSA,
Leontour.domain ~ 75 nm. Which domain is extended on a given retract cycle is likely
dominated by the specific orientation that the majority of the proteins are in as the probe tip

comes into contact with the surface, which is assumed to be random.

Now empowered by a thorough understanding of HSA-PEO intermolecular interactions,
we are prepared to use our studies as a foundation on which to test novel materials for
relative hemocompatibility. In the following chapter, we attempt to identify a series of
candidates with potentially superior protein resistant properties, and test them via HRFS

against PEO and SAMs of tri(ethylene glycol).
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Chapter 6

NANOSCALE INTERMOLECULAR
INTERACTIONS BETWEEN HUMAN
SERUM ALBUMIN AND MONOLAYERS OF
OLIGOMANNOSE-9 DERIVATIVES

6.1 Introduction

For some time now, researchers have been exploring the viability of saccharide derivatives
as biomaterial candidates, many of which are found in abundance on the surfaces of blood
components such as cells, bacteria, and viruses, which are, necessarily, naturally
hemocompatible. For example, the hydrogel-like polysaccharide layer that coats all living
cells, known as the “glycocalyx” (shown in Figure 6.1), serves to maintain hydration,
prevent cellular aggregation, and protect against nonspecific protein adhesion to cellular
surfaces. [205] Heparin is a sulfonated, negatively charged polysaccharide that imparts a
unique anticoagulant effect and has been shown to increase the rate of thrombin-
antithrombin interactions 1000-fold. [4] Hyaluronan, or hyaluronic acid is a very hydrophilic
and lubricious polysaccharide used in a variety of medical applications, [206] including
arthritis treatment, [207] as a viscoelastic in ophthalmic surgery, [208] and for adhesion

prevention following abdominal surgery. [209] The major advantage of hyaluronan is that
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its structure is identical in all animals and all tissues, and therefore is inherently
biocompatible. [206] Mucins, as well as being a highly glycosylated protein component of
the glycocalyx, are responsible for masking the surfaces of the epithelium, which is
extremely hydrophobic and thus prone to cellular and protein adhesion. Interestingly, mucin
has been found to possess surfactant qualities on par with poly(ethylene oxide)-containing
block copolymers. [210] Most of the polysaccharides just mentioned are charged, however,
and therefore have the potential to incite attractive electrostatic interactions with blood
proteins, which are amphoteric. Other potentially viable alternatives not explored here
include polysaccharides such as guar gum (galactomannan), polymers or copolymers of
cellulose or its more water-soluble derivative hydroxyethylcellulose, [211] or starch (a
copolymer of amylose and amylopectin). On bacterial cell surfaces, the type and orientation
of the constituent molecules, which also tend to be heavily glycosylated, play a key role in
determining the virulence of a great many pathogens by mediating adhesion, permeability,
ligand-receptor interactions, inihibition of phagocytosis, and environmental adaptation.
[212] Oligosaccharides are found on blood-contacting surfaces throughout the human body,
and are thus an interesting candidate to test Mother Nature’s wisdom against Herself.
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Figure 6.1 Schematic of the glycocalyx. [205]
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In this chapter, we chose to examine a family of derivatives of the sugar Oligomannose-9

(or “Man-9”), shown in Figure 6.2.
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Figure 6.2 Structure of Oligomannose-9.

Four derivatives of Man-9 were custom synthesized by Ratner, et al, [213] and specifically
functionalized with tails of thiol-terminated tri(ethylene glycol) (EG3-SH) which enables
direct linkage of the sugars to a gold surface. The structures, ranging from a mannose

monomer to a branched nonamer, are shown in Figure 6.3.
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Figure 6.3 Chemical structures of Oligomannose-9 derivatives custom synthesized by Ratner, et al. [213]

Unconjugated ring structures like the ones used in this study sample a large variety of
conformations in solution, and thus possess some degree of conformational entropy. They
are also neutral, thereby evading electrostatic interactions with charged species such as
proteins. Furthermore, they possess a large number of hydroxyl groups which are capable of
engaging in hydrogen bonding both inter- and intramolecularly. F inally, sugars are naturally
occurring in nature and in vivo, and are extremely inexpensive. For all of these reasons,
they were particularly attractive candidates for a study investigating novel biomaterial

surface coatings for improved hemocompatibility.

As our studies to date have developed a thorough understanding of the nonspecific

intermolecular interactions of human serum albumin, we chose to use this system in
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qualitatively assessing the relative protein resistance of these materials as compared to both

single molecules of poly(ethylene oxide) (in order to compare directly to our previous
experiments) and tri(ethylene glycol), which has been shown[214] to effectively resist

protein adsorption with greater efficacy than other common self-assembled monolayers.

6.2 Materials and Methods

6.2.1 Preparation and Characterization of Oligosaccharide Substrates

Each of the Man-9 derivatives shown in Figure 6.3, as well as an unmodified EG3-SH,
were prepared into 1mM solutions in PBS (IS = 0.01M, pH = 7.4). To these solutions, a 1:1
molar ratio of tris(carboxyethyl)phosphine hydrochloride (TCEP-HCI, Sigma product #C-
4706), a chemical commonly employed to break disulphide bonds that naturally form over
time in solutions of thiol-functionalized compounds, was added, and the solutions were
stirred for 1 hour (the reaction scheme for this process is shown in Figure 6.4). The
oligosaccharide/TCEP solutions were then added dropwise until completely covering the
surfaces of substrates (each ~1 ¢cm?) of polygranular gold on glass (Asylum Research, Santa
Barbara, CA), which were cleaned before use by thorough rinsing with 100% ethanol and
drying with a steady stream on N; (g). The total volume of solution deposited on each
substrate depended on the exact dimensions of the substrates, but in all cases was 0.2-0.5
mL. The substrates were then enclosed in small, airtight containers to prevent excessive
evaporation, and allowed to react for 48 hours. After this time, the substrates were removed
and rinsed with copious amounts of PBS, followed by ecthanol, to remove all unreacted
compounds from the surface. Finally, the substrates were rinsed with deionized (DI) water

and stored in DI water in airtight containers until being tested by HRFS.
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Figure 6.4 Chemical scheme for the breakage of disulphide bonds by reaction with TCEP.

The polygranular gold substrates employed in this study were imaged by atomic force
microscopy using a Digital Instruments Multimode 3a AFM, as was done for all gold
substrates employed in previous chapters. The grain dimensions were found to be

approximately 0.57 + 0.2 nm in height, and 110 = 53 nm in diameter.

Several methods were attempted to characterize the oligosaccharide monolayers, including
glancing-angle X-ray diffraction (GAXRD), ellipsometry, and atomic force microscopy. In
all cases, the roughness of the substrate and the limited availability of the oligosaccharides,
which precluded the preparation of additional substrates, inhibited the collection of any
meaningful quantitative data from these methods. Substantive data was able to be collected,
however, through contact angle measurements and X-Ray Photoelectron Spectroscopy

(XPS), the results of which are detailed below It should be noted, however that these two
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methods provide only a macroscale picture of the packing density and homogeneity of the

monolayer.

Data obtained from contact angle measurements with DI H,O indicated macroscopically
homogenous coverage (on the order of mm®) of the oligosaccharides, and markedly greater
hydrophilicity than both PEO and EG3. The contact angle values on each of the substrates
are given in Table 6.1, and were collected by taking several measurements at different sites
on cach sample, in order to obtain an average and a standard deviation. Receding angles
were not obtainable on the oligosaccharide surfaces, as the substrates were completely

wetted as the water droplet was receded (Br < 10°).

Substrate = Aun PEO EG; Mannose LTM HM NM

Advancing angle, 0, | 95°+3° 60°+1° 34°+£2° [2°+3° 13°+]° 9°+2° ]4°42°

Receding angle, O | 70°+£6° 22°%+1° 27°%1° /a v/a n/a n/a

Table 6.1 Advancing and receding contact angle measurements with DI H,O on oligosaccharide substrates,
compared to EG;, PEO, and unmedified Au.

Together with GAXRD, FTIR, and ellipsometry, XPS is a commonly employed method to
study monolayer packing, [115] although as mentioned previously, it is capable of only
macroscale analysis due to the large arca of the X-ray beam and the statistical nature of the
technique. It can be quite tricky to obtain a decent signal from the sulfur groups that attach
alkanethiols to gold, as the signal-to-noise ratios are often quite low. We were successful in
obtaining a relatively strong signal compared to previously reported studies, [215] and thus
were able to utilize XPS in a first-order approximation of the determination of the packing
densities of our oligosaccharide monolayers. XPS measurements were taken using a Kratos
Analytical Axis Ultra, equipped with an Al-Ka monochromatic X-Ray source, operating at a
power of 150W and a path energy of 80eV. [216] Data was collected at angles of 0°, 35°,
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and 70° relative the surface normal, on a COQ -terminated alkanethiol SAM, the EG; SAM,
as well as each of the oligomannose-9 derivative monolayers. All substrates had been
prepared by the same method, using pieces cleaved from the same gold wafer (covering of a
20 nm-thick polygranular gold-on-glass 1 cm? substrate with 0.2-0.5mL of a 1mM solution,
for 48 hours, followed by rinsing with DI H;O (or ethanol, in the case of the COO-
terminated alkanethiol) and PBS (IS = 0.01 M)), and were the identical substrates to those
used in all experiments reported in this Chapter. Following a similar method reported by
Whitesides, [215] and later by Fritz and Spencer, [217] the S/Au energy ratios obtained from
the XPS measurements were then used to calculate the monolayer packing densities for each
of the substrates. In order interpret the results in a meaningful manner, it was first necessary
to assume a crystal structure and orientation for the polygranular gold substrate, and then to
determine from the inelastic mean free path the number of atomic layers to consider in our
calculations. Au tends to crystallize in a cubic close-packed (ccp) structure, illustrated in

Figure 6.5: [218]

Figure 6.5 The cubic close-packed (ccp) structure of Au (adapted from reference [218]).

It was assumed that the lowest energy plane (i.c. the most close-packed plane), the (111)
plane, was the top-most exposed surface of the gold substrates used in this study. Given an
atomic spacing of 0.2884 nm, [218] on a 1 cm® gold substrate there exists approximately

1.20x10"° Au atoms per atomic layer, with each individual layer being 0.2884 nm thick.
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Since the layers are intermeshed, the thickness of two layers of Au may be calculated from
simple geometry to be 0.3796 nm, and likewise three layers occupy a depth of 0.65 nm.
Assuming the typical inelastic mean free path normal to the (111) plane (0°) to be 0.503 nm
for a path energy of 80 eV, [219]we can calculate, again from basic geometry, the depths of
the gold surface that was penetrated at beam angles of 35° and 70° to be 0.412 nm and 0.172
nm, respectively. From the Au-Au atomic spacing, we may then conclude that at 0°, we are
penetrating three layers of atoms, at 35° we are only penetrating two layers, and at 70° the
depth is further reduced to one layer. We may then incorporate these calculations into the
experimentally obtained atomic signal ratios from XPS as follows:

#Satoms _ total Ssignal . # Au atoms
2

cm?  total Ausignal cm

Since there is only one sulfur atoms per alkanethiol, EG3, or oligosaccharide molecule, this
calculation yields a direct determination of the surface packing density. The experimentally
determined packing density obtained by this method for the COO™-terminated alkanethiol
SAM using a beam angle of 0° was 1.73 molecules/nm®. A similar value of 1.73
molecules/nm” was obtained at 35°, and a slightly higher value of 1.9 molecules/nm* was
observed and at 70°. It is instructive to compare these values to experimentally determined
values for a COO -terminated SAM, which report nominal values of 4.62 molecules/nmz,
and a molecular tilt of 34° relative to the surface normal. [115] It is encouraging to note that
our experimentally determined values are reproducibly less than an order of magnitude of
the nominal values. It is felt by some that this nominal packing density represents an upper
limit of experimentally obtainable SAM densities on gold, [215] and hence the
experimentally determined values at 70° may in fact be an overestimation of the packing
density. Furthermore, while the results at 0° are neither expected to underestimate nor
overestimate the packing density, since our experimental beam angle of 35° is oriented
along the theoretical plane of the SAM molecular backbones, [115] these calculated values
may represent the most accurate results obtained from XPS on the COO”™ SAM substrate.

Extremely similar values were obtained for all of the SAM substrates studied, with no
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apparent trend with molecular size. We may therefore assume that all of the SAMs obtained
on average the same packing density, which we determined to be 1.87 + 0.27 molecules/nm?
at a scan angle of 35° It should be noted, however, that these results do not give an

indication of the micro- or even nanoscopic homogeneity of the SAM packing.

6.2.2 HRFS Experiments

All HRFS experiments were conducted using the Molecular Force Probe® (Asylum
Research, Santa Barbara, CA) to measure force, F (nN), versus tip-sample separation
distance, D (nm) (henceforth referred to and labeled on graphs as "Distance™) on "approach"
(i.e. probe tip advancing towards surface) and "retract" (i.e. probe tip moving away from
surface). A full description of this instrument, its limits of force and displacement detection
in fluids, procedures for spring constant calibration and conversion of raw data, details of
measurement errors, and description of typical force versus distance curves including the
mechanical instabilities of the cantilever, are given in Section 2.2.1, and in Appendix A.1.,

as well in our previous works. [110,130,170)

Experiments were performed in PBS (IS = 0.01M, pH = 7.4), using a 220um long V-
shaped Si3sN4 cantilever of k. ~ 0.03 N/m (Thermomicroscopes, Inc.), which had been
covalently modified with human serum albumin as described previously in Section 3.2.2. All
experiments were conducted using the same probe tip, and at least 24 hours was allotted
between substrates in order to allow the HSA sufficient time to regain its most stable native
configuration. Parallel experiments on a PEO-grafted substrate (prepared as described
previously in Section 4.2.3) and unmodified Au were also conducted with the same probe
tip, in order to draw a direct comparison between these trials and the experiments previously

performed on PEO.

Unfortunately, no data on the hexamannose (HM) substrate could be obtained, as the

probe tip was irrevocable damaged before this experiment could be performed.
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6.3 Results on Approach

Averaged approach curves are overlayed and shown in Figure 6.5.

0.5 ¢
— HSAvsAU LT™M
— HSAvsLTM
0.4 — HSAVSEG3 Mannose
— HS5AvsNM NM
— HSAvsMannose

Force (nN)

Ly L]

0 50 100 150 20 40
Distance (nm) Distance (nm)

Figure 6.6 Averaged approach curves of a HSA-grafted probe tip to oligosaccharide monolayers. Compatison
is made to a monolayer of EG3, as well as an unmodified gold substrate. The figure on the right is a magnified
version of the figure on the left. Standard deviations have been omitted for clarity.

At D > 20nm, the nonamannoside (NM) substrate exhibits by far the greatest repulsion to
HSA. At D <20nm, however, it lags behind EG3, mannose, and LTM, which overlap rather
closely. All substrates are much more repulsive than Au, indicating complete or near-
complete shielding of HSA-Au interactions. These results suggest that while the monomer
and the trimer are at least as good as EGj in imparting long range repulsion to a surface, the
nonamer (NM), perhaps in part due to its size, greater configurational entropy, and broader
possibilities for hydrogen bonding, excels at preventing long-range attraction of proteins to

the surface when compared to its monomeric and trimeric counterparts.

In contrast to the macroscale analytical techniques used to characterize the SAMs in this
study, the standard deviations of the averaged approach data, which were quite small and
comparable to previous experiments between HSA and PEO, indicate rather homogenous

surface coverage of the oligosaccharides on the Au surface. Together with the XPS data,
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which suggest overall similar packing densities of the various SAMs, we may directly

compare the experimental data on the various surfaces with some confidence.

6.4 Results on Retract

On retract, while the oligomannose substrates appeared to bind with the same frequency as

EG; and PEO, they bound with considerably lesser force, as shown in Figure 6.6.

<F adhesion>/Radius {(mN/m)
&

1

PEQ EG3 Mannose LTM NM

Figure 6.7 Averages of Force/Radius of protein extension on oligomannose monolayers, along with standard
deviations, compared to averages obtained on EGs and PEO. Statistically different data points are connect by
brackets above,

The average binding force on Mannose is Faghesion/RTir = -1.84 + -0.81 mN/m, nearly half
that observed on PEO, which had an Faghesion/R1ip = -3.18 4 -2.55 mN/m. While values on
the EGj3 substrate were comparable to Mannose, the adhesion strength drops again slightly to
Fadhesion/Rrip = -1.36 = -1.06 mN/m when the oligosaccharide size is increased to the trimer,

and then dramatically in half again on the nonamer, to Faghesion/R1ip = -0.52 £ -0.37 mN/m.
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6.5 Conclusions

The intention of this study was to select a series of molecules commonly found on the
peripheries of components of the blood in living systems, which are naturally and
necessarily hemocompatible, and to test them via HRFS against polymets and oligomers of
ethylene oxide, a system in which we have developed a solid understanding, and which is
perhaps the most protein-resistant material currently in use in biomaterial surface coatings.
The family of molecules selected were derivatives of the oligosaccharide oligomannose-9, in
a variety of sizes and architectures. The results suggest that higher oligosaccharides, which
clearly exhibit a greater long range repulsion on approach to, and a lower binding force on
retract from, an HSA-grafted probe tip (as compared to PEO and EGs3), have the potential to
outperform poly- and oligo(ethylene oxide) in their ability to resist the adhesion of blood
plasma proteins. The ability to evade protein adsorption, the first step in the biclogical
thrombic and inflammatory responses, is considered key in the design of novel materials for
bio- and hemocompatible blood-contacting biomedical applications. Furthermore, the large
availability and low-cost of oligosaccharide derivatives makes them particularly attractive

alternatives for commercial-scale applications.
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Chapter 7

USING HRFS TO STUDY THE BINDING OF
HIV TO THERAPEUTIC DRUGS:
NANOSCALE INTERMOLECULAR
INTERACTIONS BETWEEN CYANOVIRIN-
N AND MONOLAYERS OF
OLIGOMANNOSE-9 DERIVATIVES

7.1 Introduction

As was mentioned in the previous chapter, oligosaccharides are found in abundance on
various surfaces in contact with the blood stream, such as cells, bacteria, and viruses.
Oligomannose-9 is present on myriad biological surfaces, perhaps the most notable of which
is the viral envelope of the human immunodeficiency virus (HIV). The viral envelope of
HIV is highly glycosylated, and those glycoproteins known to be most involved in the
infection process, gp120 and gp41, possess up to 50% carbohydrate content by weight. [220]
Of the 24 N-linked oligosaccharides on the carbohydrate moiety of gpl120, nearly half are
believed to be either high-mannose (HM) or hybrid-type (HT). [221] The HM

oligosaccharides are believed to be essential in defending gp120 from proteolytic attack or
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barrage by the host immune system. {222] In addition, and currently of great interest to

researchers battling HIV, the mechanism by which HIV enters host cells is mediated by
interactions between the HM moieties of glycoprotein ligands gp120 and gp41 on the viral
envelope and the protein receptors CD4, CCP5, and CXCR4 on the cell surfaces. HIV
therapeutic drugs work by binding to the virus ligands, thus inhibiting their ability to interact
with the host cell surface and ultimately preventing infection (or the spread of infection).
[223] Cyanovirin-N (“CV-N”, shown in Figure 7.1), a protein found in the blue-green algae
cyanobacterium Nostoc ellipsosporum, [213,224] has been found to bind with higher affinity
to gpl20 than all other HIV therapeutics currently in use. [223] In addition, CV-N is
nontoxic, structurally stable, [224,226] and to date even prolonged exposure to CV-N has
resulted in no HIV variants resistant to CV-N binding. [224,227] Furthermore, CV-N has
been found to neutralize a wide variety of HIV-1, HIV-2, and simian immunodeficiency
virus (SIV) strains. [228] The protein binds irreversibly to gpl120 via the high-mannose
(HM) moieties, crosslinking specific oligosaccharide arms and making it impossible for the

glycoprotein to achieve the necessary conformations for binding to host cell receptors. [223]

hydrophilic

hydrophobic
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Figure 7.1 (A) Two views of the three-dimensional structure of cyanovirin-N, a protein found to block HIV

interactions with host cells. The backbone is shown in red, the disulphide bridges are shown in green, and
all other side chains are in blue. (B) Front and side views of surface maps of cyanovirin-N with respect
electrostatic potential (left), and hydrophobic residue clustering (right). In the electrostatic models, red
regions are negatively charged and the blue regions are positively charged. White regions are neutral. In
the hydrophobic models, the regions of highest hydrophobicity are colored yellow, the regions of lowest
hydrophobicity are colored purple, and white regions are intermediate. (Images adapted from Bewley, et

al., ref [229])

Our experimental setup provided a unique opportunity to study the intermolecular
interactions between the HIV oligosaccharide and the therapeutic drug Cyanovirin-N, the
results of which are reported in this chapter, and were made possible through a collaboration
with the National Cancer Insitute (Frederick, MD). It should be noted, however, that unlike
typical ligand-receptor binding experiments, the random nature of our chemical attachment
procedure for the CV-N inevitably results in randomness in the conformation the protein is
in when it contacts the substrate. Having hundreds of proteins on the probe tip, however,

may enable binding measurements despite these circumstances.

7.2 Materials and Methods

Oligosaccharide substrates were identical to those prepared as described previously in
Section 6.2.1.

All HRFS experiments were conducted using the Molecular Force Probe® (Asylum
Research, Santa Barbara, CA) to measure force, F (nN), versus tip-sample separation
distance, D (nm) (henceforth referred to and labeled on graphs as "Distance") on "approach”
(i.e. probe tip advancing towards surface) and "retract" (i.e. probe tip moving away from
surface). A full description of this instrument, its limits of force and displacement detection
in fluids, procedures for spring constant calibration and conversion of raw data, details of
measurement errors, and description of typical force versus distance curves including the
mechanical instabilities of the cantilever, are given in Section 2.2.1, and in Appendix A.1.,

as well in our previous works. [110,130,170]



178

Experiments were performed in PBS (IS = 0.01M, pH = 7.4), using a 220um long V-
shaped SisNy cantilever of k. ~ 0.03 N/m (Thermomicroscopes, Inc.), which had been
covalently modified with Cyanovirin-N by the exact method described in Section 3.2.2 for
HSA. Cyanovirin-N was obtained via a research collaboration between the Ortiz Polymer
Mechanics Laboratory (M.L.T.) and the Natural Products Chemistry Group (of the Molecular
Targets Discovery Program) at the National Cancer Institute in Frederick, MD. Attachment
of the CV-N to the probe tip was verified both by AFM and by fluorescent tagging and
imaging with Oregon Green, as was done previously for the HSA probe tips, and reported in

Section 3.2.2. Resuts were remarkably similar, and hence will not be repeated here.

All experiments were conducted using the same probe tip, and at least 24 hours was
allotted between substrates in order to allow the CV-N sufficient time to regain its most
stable native configuration. Parallel experiments on an EGs-grafted substrate (prepared as
described previously in Section 4.2.3) were also conducted with the same probe tip, as a

“control".

7.3 Results on Approach

On approach, the HM, Mannose, and EG; substrates elicited a similar long-ranged
repulsive profile (with repulsion beginning at D ~ 100nm) in response to the CV-N grafted
probe tip. Unusually, LTM exhibited a much stronger repulsion on approach than did the
others, with a force beginning at D ~ 150 nm from the surface. This result, though
unexpected and not entirely understood, was reproduced experimentally several times.
Nonamannoside exhibited significantly less repulsion at D < 25nm. The averaged force

curves on approach are shown in Figure 7.2.
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Figure 7.2 Averaged approach curves of a HSA-grafted probe tip to oligosaccharide monolayers. Comparison
is made to a monolayer of EG;3, as well as an unmodified gold substrate. The figure on the right is a magnified
version of the figure on the left. Standard deviations have been omitted for clarity.

7.4 Results on Retract

On retract, the various substrates had markedly different adhesion force profiles. While EG3
and Mannose consistently averaged higher adhesion forces and longer distances of extension
than the other substrates, the higher oligomannose structures exhibited statistically lower
adhesion forces and frequencies of adhesion, and shorter distances of extension, than their
monomeric counterpart. The frequencies of adhesion events on each of the substrates are

shown in Figure 7.3.
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Figure 7.3 Frequencies of adhesion of a CV-N grafted probe tip on various Oligomannose-9 derivative
monolayers. Data on an EG; SAM is shown as a control. Statistically different data points are connected by

brackets above.

Table 7.1 gives the average forces and distances of adhesion on each of the substrates. These

values take into account all data points included in the statistical analyses, including points

of zero-adhesion, surface adhesion, and protein extension.

Substrate 2> EG,; Mannose LTM HM NM
(n=261) (n = 65) (n=126) (n=133) (n=125)
<Dighesion™ (NM) 1439+ 16.89 347787 022+155 446+1523 428+11.70
<F g ghesion>/Radius (mN)/m -058+-079 -055+-078 -0.01+-0.13 -0.29%+-0.87 -0.191-049
Frequency of Adhesion (%) 44261 18.63 43.08+57.14 26.19+22.89 12.03+11.40 17.6+14.17
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Table 7.1 Average forces, distances, and frequencies of adhesion for a Cyanovirin-N —grafted probe tip on
various monolayers of Oligomannose-9 derivatives. “n” is the number of data point in the statistical data set.

These results are puzzling, as they do not correlate well with experiments conducted by
Shenoy, et al., [230] in which they measured the binding between CV-N and these materials
via calorimetry and nuclear magnetic resonance in solution. The findings from the Shenoy
study concluded that the binding affinity was in the order; NM > HM > LTM > Mannose,
quite the opposite of our results obtained via HRFS. The discrepancy in the results may be
due to the fact that, in the Shenoy study, the molecules were all free in solution and able to
bind in a very specific manner, while in our study, both ligand and receptor were bound to
their respective surfaces, and the random binding of the CV-N to the probe tip does not
ensure that it will be in the correct conformation to bind to mannose on tip-surface contact.
It 1s therefore likely that the adhesion forces measured in our study reflected nonspecific

CV-N - Oligomannose binding, rather than a specific ligand-receptor interaction.

7.5 Conclusions

The experiments reported in this chapter, in which the binding affinity of the HIV
therapeutic drug Cyanovirin-N to various oligosaccharide moieties involved in the binding
of HIV to host cells, was studied by HRFS, demonstrates the possibilities of this technique
for studying a large variety of chemical and biochemical interactions, but also reveals its
limitations. If future studies are performed with a similar intention as the study conducted
here, it is suggested that care be taken to ensure specific binding of the ligand protein such

that its conformation will reproducibly be in the desired form.
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Chapter 8

CONCLUSIONS AND SUGGESTIONS FOR
FUTURE WORK

8.1 Single Molecule Force Spectroscopy of PEO with a SizN,4
Probe Tip

We successfully optimized our experimental protocol for attachment of single molecules
of PEO to Au, and found that incubation of a piranha solution-cleaned Au substrate in 2mL
of a 1mM solution of PEOsgk for 45 minutes, followed by thorough rinsing with DI H>O.,
was sufficient to end-graft PEO chains such that the distance between grafting sites, s, is >
2Rg (so the polymers are in the isolated, “mushroom” conformation on the surface), and yet
close enough together that HRFS may be done with ease. We tested the efficacy of our
system, by repeating previously reported results by Oesterhelt, et al, [43]that demonstrate
the strain-induced conformational transition when a water-solvated PEO molecule is
extended in an HRFS experiment, and the freely jointed chain force curve extension profile
of PEO in the poor solvent hexadecane. On exploring the sensitivity of our system to ionic

strength, we observed an unusual increase in the repulsion on approach, and a decrease in
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the frequencies and forces of adhesion on retract, as the concentration of NaCl was increased
in a standard PBS solution. The origin of this effect is not yet fully understood, but does
discourage the hypothesis that the long-range repulsion between Si;N4 and PEO is due to
electrostatic parameters. Possible explanations may include changes in the conformation and
dimensions of the PEO coil in the presence of high ionic strength, and/or an effect on the
structure and density of the interstitial water layer between the PEQ mushrooms and the
approaching probe tip. Steric effects, on the other hand, were observed to play an important
role in the repulsion on approach to PEO; we were able to demonstrate this by investigating
the “salting out” effect of PEO in the presence of K,SO4, from which we observed a marked
reduction in the repulsive force on approach as the concentration of K,SO4 in PBS was
increased. Finally, we found that the piezo velocity (scan rate) and tip compliance have
negligible effects on both the shape of force curves and the forces and distances of repulsive
forces on approach and adhesive forces on retract. Although scan rate can play an important
role in larger scale systems in which hydrodynamic effects are nontrivial, our nanosized
cantilever probe tips would require a scan rate many times greater than the upper limits

achievable by the MFP, in order to exhibit significant sensitivity to the scan rate.

8.2 Nanoscale Intermolecular Interactions between HSA and
Alkanethiol Self-Assembled Monolayers

Overall, the strength and range of the nanoscale interaction of an HSA-modified probe tip
was highly sensitive to the type of alkanethiol SAM terminal functional group. Furthermore,
the intermolecular forces exhibited on approach did not necessarily predict the often
adhesive forces that were observed on retract as a result of time-dependent attractive
interactions that developed while the tip and substrate were in contact. For example,
although the approach curves for the HSA probe tip versus the COO -terminated SAM and
Au surface were purely repulsive on approach due to electrostatic double layer and possibly
hydration forces, interfacial energy dissipating mechanisms at the nanoscale lead to
adhesion hysteresis on retract. Hence, the experimentally measured adhesive energy per unit

area, <Weyy> is expected to be much greater than the thermodynamic work of adhesion,
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<Wadhesion>- Upon compression, the hydrophilic, alkanethiol COO’-terminated SAM
exhibited minimal adhesion to the HSA-modified probe tip (-4.9 mN/m, -5.3 to -12
kpT/protein) while the hydrophobic CHj-terminated, alkanethiol SAM and Au exhibited

significant adhesion hysteresis (more than an order of magnitude greater, -21 to -29 mN/m, -
22 to -73 kpT/protein). On retract, multiple modes of interaction or adhesive mechanisms

were observed within a single dataset for the COO™ terminated SAM.

The possible mechanisms involved in HSA adhesion include: a) formation and rupture of
short range HSA-SAM noncovalents bonds, b) structural rearrangements of the SAM
molecules leading to surface force hysteresis, and c) entropic and enthalpic penalties for

extensional protein denaturation on retract.

8.3 Nanoscale Intermolecular Interactions between HSA and
Low Grafting Density Surfaces of PEO

The net nanoscale force versus separation distance between an HSA modified probe tip
and a surface of neutral, chemically end-grafted PEOsox mushrooms was measured directly
on approach (loading) and retract (unloading) in aqueous buffer solution (IS = 0.01M, pH =
7.4). On approach, a fairly broad, nonhysteretic, nonlinear, purely repulsive net force is
observed to begin at D < 30 nm. The magnitude of this force, even under such low grafting
density conditions, is much larger than that predicted by either electrostatic or steric
(configurational entropy) theories, and is one of the key factors in understanding the protein
resistant properties of PEQ. One possible source for this "additional" force, which is also
supported by single molecule extensional experiments, is enthalpic disruption of the
compacted, water-bound ttg segments and helical supramolecular structure of the PEO chain
under compression to the extended ttt state as the chain extends in the x/y plane of the
sample perpendicular to the direction of the applied compressive force (z). A local
maximum followed by an interesting drop in the net repulsive force with decreasing
separation distance is observed at D < 4 nm. During approach of the HSA probe tip on the

PEO surface, a number of PEO chain segments become physically adsorbed to the HSA
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probe tip, enough so that they are strong enough to act as a "tether" and enable extension of
individual PEO chains between the surface and probe tip on retract, resulting in a long
range, nonlincar, adhesive interaction between the probe tip and surface. This clearly
demonstrates that, given enough compressive force and time, short range attractive
interactions between the PEO chain segments and the HSA protein surface may form, where
the binding force per PEO chain is <Faghesion™/Rip = 0.9 + 1.6 mN/m. This interaction may
have contributions from hydrogen bonds between protonated basic groups of the HSA and

the -O- groups of the PEO, and from van der Waals and hydrophobic forces.

8.4 Deconvoluting the Total Intermolecular Interaction Potential
through manipulation of Solvent Conditions

The net nanoscale interaction potential as a function of distance, U(D), was measured
between a probe tip covalently bound with human serum albumin (HSA) and poly(ethylene
oxide) (PEO) under a variety of solution conditions, including variations in ionic strength,
addition of small amounts of the antihydrophobic agent isopropanol to a PBS stock solution,
and in a 100% organic solvent. The role of bound lipids in HSA hydrophobic interactions
was also investigated by studying the effect of isopropanol on the U(D) between lipid-free
HSA and PEO.

An increase in the ionic strength from IS = 0.01 M to IS = 1.0 M resulted in an increase in
the range and magnitude of the repulsive force observed on approach at D < 10 nm. On
retract, an increase in the <Fighesion™ and a decrease in <Dagnesion™> Was observed. Overall, it
is clear that conditions of increased ionic strength interfere with the intermolecular binding
between HSA and PEO, inhibiting their ability to tether and extend on retraction. This
interference dominates over any electrostatic or steric interactions from configurational
entropy that may be present in U(D). This effect was also observed in previous
experiments[198] between PEO and an unmodified Si;N; probe tip, suggesting that it is
primarily attributable to the PEO rather than the HSA.
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Addition of isopropanol to a PBS stock solution in MFP experiments resuited in an

increase in the magnitude of U(D) on approach, likely due to the mutual hydrophilic-
hydrophilic repulsive force between the protein tip and the polymer surface. The approach
data suggest the presence of a quantifiable hydrophobic component to U(D), which we
determined to be approximately 20% of the total intermolecular interaction potential at the
local maxima on approach (D ~ 1 nm), which amounts to ~ 11-18 kgT/protein. The addition
of isopropanol did not have any significant effect on the retraction data, as determined by a

rigorous series of statistical analyses.

In 100% isopropanol, i.e. under pure organic solvent conditions, the approach curve
exhibited a long-ranged (D < 25 nm) net attractive force, presumably due to a solvophobic
effect imparted by the precipitation of PEO and HSA. The approach curve was found to fit
a function comprised solely of models of the solvophobic and van der Waals forces rather
well. Once in contact, the HSA, which is completely denatured in the isopropanol, binds
nonspecifically to the polymer-grafted surface, and extends readily to long distances under
relatively low adhesive force. It is clear from these results that the presence of water is

absolutely essential to the protein-resistant properties of PEO.

Addition of isopropanol to MFP experiments using a probe tip bound with lipid-free HSA
resulted in a decrease in the magnitude of U(D) on approach, a rather counterintuitive result
considering that, in the absence of fatty acids, the hydrophobic pockets of the protein should
be exposed, and the effective hydrophobic force thereby magnified. The addition of
isopropanol should then result in an even more pronounced increase in the repulsive force
on approach than that which was observed with the lipid-bound probe tip. In fact, the change
in repulsive force from the addition of 0.5% isopropanol to 0.01M PBS, -0.97 to -1.58
kgT/protein, was 10-20 kgT less with the lipid-free tip than with the lipid-bound probe tip.
On retract, a dramatic decrease in the frequency of protein and/or polymer extension was
observed on the addition of isopropanol. In 100% isopropanol, the system behaved in a
similar solvophobic manner as observed with the lipid-bound tip, and chain extension again

became the dominant mechanism for the denatured molecules.
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Overall, the above results suggest that while hydrogen bonding is crucial to the binding of

HSA to PEO, hydrophobic interactions are also clearly important, and novel devices aiming
to exhibit enhanced protein resistance should possess a hydrophobic component less than
20%. Furthermore, the protein resistant properties of PEQ are enhanced in high ionic
strength environments, and hence are likely to be most successful in such situations.
Depending on the application of the desired biomaterial, one may choose to seek a surface
coating with a PEO-like response to the ionic strength, or a material with a more traditional
clectrostatic response in which the intermolecular repulsion is increased in low ionic

strength environments.

Lastly, an interesting feature of our retract data is the presence of various “modes™ of
protein/polymer extension, which we attribute to extension of specific domains of the HSA
macromolecule. There appears to be three distinct distance ranges in which adhesion and
extension occurs: D ~ 0-90 nm, D ~ 100-190 nm, and D ~ 200-275 nm, which individually
are rather consistent with the average contour length of each of the three domains of HSA,
Leontour,domain ~ 75 nm. Which domain is extended on a given retract cycle is likely
dominated by the specific orientation that the majority of the proteins are in as the probe tip

comes into contact with the surface, which is assumed to be random.

8.5 Testing the Hypothesis: Intermolecular Interactions between
HSA and Oligomannose Monolayers

Oligosaccharides are found on blood-contacting surfaces throughout the human body, and
are thus an interesting candidate to test Mother Nature’s wisdom against Herself. To this
end, we selected a series of derivatives of the oligosaccharide Oligomannose-9 (Man-9), and
tested them via HRFS with an HSA-grafted probe tip, and compared the resuits with parallel
experiments conducted with the same probe tip on polymers and oligomers of ethylene

oxide, perhaps the most protein-resistant material currently in use for biomaterial surface
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coatings, and a system in which we have developed a solid understanding. The results
suggest that higher oligosaccharides, which clearly exhibit a greater long range repulsion on
approach to, and a lower binding force on retract from, an HSA-grafted probe tip (as
compared to PEO and EGs), have the potential to outperform poly- and oligo(ethylene
oxide) in their ability to resist the adhesion of blood plasma proteins. The ability to evade
protein adsorption, the first step in the biological thrombic and inflammatory responses, 1$
considered key in the design of novel materials for bio- and hemocompatible blood-
contacting biomedical applications. Furthermore, the large availability and low-cost of
oligosaccharide derivatives makes them particularly attractive alternatives for commercial-

scale applications.

8.6 Extending the Technique to Other Applications:
Intermolecular Interactions between the HIV Therapeutic Drug
Cyanovirin-N and Oligomannose Monolayers

Our studies of the binding affinity of the HIV therapeutic drug Cyanovirin-N to various
oligosaccharide moicties involved in the binding of HIV to host cells, demonstrated the
possibilities of our technique for studying a large variety of chemical and biochemical
interactions. The results also clearly revealed some limitations of the current experimental
setup, as our results correlated poorly with previously reported binding affinity studies. We
suspect that the discrepancy in the results may be due to the fact that, in the previous study,
the molecules were all free in solution and able to bind in a very specific manner, while in
our study, both ligand and receptor were bound to their respective surfaces, and the random
binding of the CV-N to the probe tip does not ensure that it will be in the correct
conformation to bind to mannose on tip-surface contact. It is therefore likely that the
adhesion forces measured in our study reflected nonspecific CV-N — Oligomannose binding,

rather than a specific ligand-receptor interaction.
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8.7 Suggestions for Future Work

This work has laid the groundwork for a barrage of future studies in the development of
novel biomaterial surface coatings. The technique of HRFS has proven to be extremely
useful and cost-effective at investigating the molecular details of protein-biomaterial surface
interactions, and at qualitatively evaluating the potential of a novel material to outperform
its predecessors in resisting protein adsorption. This application may prove to be
exceptionally useful in the design of biomaterials with enhanced thromboresistant or anti-

inflammatory properties.

I believe that it would be worthwhile to conduct a thorough search of inexpensive,
commercially available materials that meet the suggested criteria for designing a
hemocompatible surface as outlined in this thesis, and to conduct a series of in-depth
biocompatibility studies on them as potentially commercially viable product. As a first step,
HRFS would be a powerful tool to pre-screen candidates before conducting more time-
consuming study. Although HSA is an excellent model protein for a fundamental study
such as that presented here, it may be more relevant to materials designed to prevent
thrombosis if other proteins such as fibrinogen or immunoglobulin, which are more
proactive in the thrombic and inflammatory processes, were utilized instead. The simple
chemistry employed here to graft the proteins to the cantilever probe tip would likely be
useful as well in attaching as variety of proteins to Si3Ni, as the success of our CV-N
attachment procedures indicated. One modification I might suggest to the current protocol is
to seeck an aminopropyl-siloxane compound for modifying the SisN; rather than an

aminobutyl-, as these materials are less expensive and more readily available.

Once HRFS experiments have established a potential candidate, I recommend embarking
on a series of practical biocompatibility tests, such as surface plasmon resonance (SPR, to
correlatc with HRFS experiments) and blood flow loop testing, as well as various other
forms of in vitro protocols. If these experiments prove to be successful, I would highly

recommend beginning to experiment with actual biomaterial surface modification using the
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new materials, and preclinical testing in animal studies. The ideal application for materials
stemming from these particular studies is clearly vascular in nature, and could emcompass a
wide variety of devices such as coronary stents, vascular grafts and catheters, and heart
defibrillators. I have full confidence that this technique has great potential to make headway

in the biomaterials market of the future.

In terms of extending HRFS to use in other biochemical studies, researchers are already
conducting experiments involving the use of hundreds of cantilevers at a time to serve as
chemical sensor nanoarrays. Clearly the potential exists for huge strides to be made in

applying AFM technologies to yet unimaginable innovations.
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Appendix A

Note: The following are excerpts from “Molecular Mechanics of Cartilage: Quantification
of GAG Electrostatic Interactions Via High-Resolution Force Spectroscopy”, Doctoral
Thesis, Department of Mechanical Engineering, Massachusetts Institute of Technology,
2003, by Dr. Joonil Seog, and have been reprinted here with explicit permission by the
author.

A.1 The Molecular Force Probe: Instrumentation and Data
Conversion

Instrumentation. HRFS experiments were conducted using a new cantilever-based,
piconewton-sensitive instrument; the Molecular Force Probe (MFP) (Asylum Research,
Santa Barbara, CA) to measure force, F (nN), versus tip-sample separation distance, D (nm).
(Figure A.1) Modeled on AFM technology, the MFP employs a micro-machined soft,
flexible cantilever with a sharp tip as a force transducer that deflects in response to the small
forces between the cantilever tip and a sample surface. A near-IR laser beam is focused on
the backside of the end of the cantilever and directed with a mirror into a split position-
sensitive photodiode (PSPD). Depending on the interaction between the tip and the sample,
the cantilever bends upward (repulsion) or downward (attraction), which changes the path of
the laser. The laser path is recorded by photodiode and converted to force vs tip-sample

separation distance.
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The MFP has an open fluid cell design with an optical (video) microscope located in
the base, making it easy to perform an experiment at various aqueous environments and
ideal to work on polymeric and biological samples. An adjustable laser focus. novel optic
lever geometry, and a low coherence light source optimize response and minimize
interference reflections from reflective samples. A piezoclectric translator (10 pm range)
located on a flexure plate in the head incrementally moves the tip towards the sample in the
z-direction perpendicular to sample plane ("approach") and away from the sample ("retract")
at a constant rate. An LVDT (Linearly Variable Differential Transformer) position sensor
(<3A noise in 0.1-1 kHz bandwidth, 15 pum extensional capability, 0.02% linearity), also
located on the flexure plate in the head, quantifies the distance the z-piezo moves the
cantilever directly, thus eliminating error due to piezo hysteresis and other nonlinearities,

and also reducing or eliminating the effects of thermal drift over long time scales.

L - I Resolution (in fluids) :
flexure VDT I_I I_I N Force~5 pN
plate 10 pm Distance~ 3 A

position-scnsitive
photodetector
A-B/A+B

cantilever
x/y and probe tp

translabon

x-objectve
opucal

O yv-objective micraseope
objective

z-objective
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Figure A 1 Schematic diagram of Molecular Force Probe (MFP).

Conversion of Raw Data and Measurement Errors. Igor Pro software routines
(Wavemetrics) were used for conversion of photodiode sensor output voltage (V) into force,
F(nN), and LVDT output (nm) into tip-sample separation distance, D (nm). The vertical
sensor outputs (V) (i.e., the difference of the top minus bottom quadrants of the PSPD
normalized by the total PSPD output, s(V)=(T-B)/(T+B)), were converted into cantilever
deflection, & (nm). This was implemented assuming that the change in z-piezo position dz
measured by the LVDT (equal to the change in position of the base of the probe tip) is
equivalent to the change in cantilever deflection, d (nm), in the repulsive, contact regime of

constant compliance:

6 (nm) = s (V) ¢ IOLS (nm/V) Equation A.1

where the TOLS is the "inverse optical lever sensitivity" (nm/V) and is equal to the inverse
slope of sensor versus LVDT output curve in the constant compliance regime. The force was

then calculated by using Hooke's law for a linear elastic spring:

F (nN) = k. (N/m) @ & (nm) Equation A.2

where F (nN) is the interaction force and k. is the cantilever spring constant (N/m). k., was
determined for each individual cantilever according to a nondestructive method described in
the literature. [231]The usual convention of positive (+) for repulsive forces and negative (-)
for attractive forces was employed. The zero force baseline was taken from data obtained
when the cantilever was undeflected far away from the surface (~1000 nm). The error in

force measurements is due to calculation of the IOLS (+ 5%), the spring constant calibration
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(+ 20%), and nonlinearities of the photodetector associated with the finite size of the laser

spot (£ 2%). Using a Thermomicroscopes V-shaped probe tip of nominal tip radius ~20-50,
length = 320pm, and nominal spring constant k=0.01N/m, the MFP is able to achicve a

thermally limited force detection of ~5 pN in aqueous solution in a 1 kHz Bandwidth. [232]

The LVDT signal output (volts) was converted into z-piezo distance, z (nm), by
calibration at Asylum Research, Inc. via interferometry. The LVDT was found to have a
sensitivity of 1.47 um/V. z (nm) was converted into the tip-sample separation distance, D

(nm), by correcting for the cantilever displacement due to the surface interaction force:

D (nm) = z (nm) - & (nm) Equation A.3

where § is calculated from Equation A.2. The vertical region of apparent infinite slope in the
high-force, constant compliance regime was set to D=0, which is due to the fact that the

spring constant of the cantilever is much less than the stiffness of the substrate.
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Appendix B

Note: The following are excerpts from “Molecular Mechanics of Cartilage: Quantification
of GAG Electrostatic Interactions Via High-Resolution Force Spectroscopy”, Doctoral
Thesis, Department of Mechanical Engineering, Massachusetts Institute of Technology,
2003, by Dr. Joonil Seog, and have been reprinted here with explicit permission by the
author.

B.1 Theoretical Models for Electrostatic Forces: Diffuse
Electrical Double Layer Theory

The Poisson-Boltzmann (PB) equation gives an expression for the electrical
potential, @ (V), between two charged surfaces in an electrolyte solution which, for a mono-

monovalent electrolyte has the form: [233,234]

2FC

.. FD
Vi = 0 smh(RT ) Equation B.1 1

'y

where F is the Faraday Constant (=96,500 Coulombs/mole), C, the bulk concentration of
ions (moles/m®), &, the dielectric permittivity of water (=6.9*107'° Coulombs/Nm?), R the
Universal Gas Constant (=8.314 J/mole:K), and 7 the absolute temperature=298 K. To
uniquely determine the potential, two boundary conditions on either the potential or its
derivative (the electric field) are required. Unfortunately, the PB equation is nonlinear and
therefore is difficult to solve analytically except for simple geometries. The force, F, per unit
area acting in the z-direction on the charged surface or, more generally, at any position z=z,

between the charged surfaces is the sum of two terms: the osmotic pressure due to the ion
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concentration gradients and the Maxwell electric field stress due to the force of the electric

field action on ionic: [233,234]

F
Area

FO
= (ZR TC, (cosh(ﬁ) -+ %‘” (VY ) Equation B.12

B.1.1 Constant Surface Charge Density Model: Analytical Solution[118,131,141,235]

This model represents the tip as a smooth hemisphere with constant surface charge
per unit area, o) (Coulombs/mz), and the substrate as a flat plane with constant surface
charge per unit area, ;. An analytical solution of the linearized PB equation is often used in

the literature and can be obtained by first linearizing Equation B.1 1 for small enough

Fo in:
A?T to obtain:

Vi 270G

~ b=k Equation B.1 3
e, RT

where k™' is the electrical Debye length that can be calculated independently from the ionic

) SWRT .
K = m Equatlon B.14

where the ion valence z = 1 for our experiments. The PB equation has been solved for two

strength using:

infinite parallel planes of charge, [118] and the result integrated to obtain the force between
a hemisphere and plane. [235] For two infinite planes of charge with the specified surface

charges o, and o,, the boundary conditions at these surfaces are: O _% and 3@ _ _o, .

oz £ oz £

w w

As z —> o, the potential and the electric field approach zero. The force per unit area
between two infinite flat planes of charge having densities o; and o; and separated by a

distance D reduces to: [118]
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Frar o] + 20,0, cosh(xD) + o}
Area 2¢,, sinh*(xD)

Equation B.1 5

The force on a hemispherical tip of radius Rygmisprere is obtained by integrating the force
between flat surfaces over appropriately sized concentric cylinders. If the surface charge on
the tip and the substrate are of the same order and xD is small, then the o* terms can be

neglected and the sinh can be linearized, thus yielding:

470,06, R yeviserere _-xp

Fuenaspuere ¢
£.K

Equation B.1 6

This approximation is only valid when |®| is much smaller than the “thermal voltage”

I;—T ~ 25.7mV . When |®| >> 25.7mV, the linearized model will overestimate the force. As

we are using a constant charge boundary condition, the magnitude of the potential on the
surface will increase as the tip approaches the surface. Therefore, when using a constant
charge boundary condition, the linearized PB equation may not be accurate for small

separations.
B.1.2. Constant Surface Charge Model: Numerical Solution

We used a Newton method on finite differences[236] to solve the full nonlinear PB
equation subject to one boundary condition at each surface. The force between two infinite
charged planes was first obtained and then numerically integrated to give the force between
a hemispherical tip and planar substrate. Since the problem is one dimensional, the potential
in space can be represented as a one-dimensional matrix or vector in which each entry is the
potential at evenly spaced points along the z-direction. The derivatives in the z-direction can
be written as differences between neighboring points. The PB equation for each discrete
entry plus the boundary conditions give a set of N nonlinear equations, where N is the
number of discretizations, all satisfied if the potential at each point is correct. If a close

enough initial guess for the value of the potential at all points is given, then that guess can be
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refined using a Taylor series expansion. This is repeated until the change in potential at each

step is smaller than an error threshold. This algorithm is known as a Newton method for
solving multidimensional systems. The potential is then converted to a force by taking a
bounding box with one surface at point i between the two charged planes (where the
derivative of the potential is zero; i.e. the electrical field is zero) and the other surface at
infinity (where the potential and electric fields are zero). The force on the enclosed surface

is then:

F Fli
— = (ZRTCO COSh(—[I]) - l) Equation B.1 7
Area RT

The hemispherical tip geometry is approximated by using the calculated force between the
flat surfaces and summing up the force on appropriately sized concentric cylinders. In effect,
this method, sometimes known as Surface Element Integration (SEI), [134] is the numerical
version of the integral for the linearized hemisphere tip solution above. SEI will give the
exact interaction if the stress (force per unit area) is normal to the surfaces. This requirement
is met if there are constant potential boundary conditions. [134] However, when the
boundary conditions are constant charge, the electric field will not be directed normal to the
surface (the surfaces are no longer equipotential) and the stress will not act normal to the
surfaces of the tip and substrate. SEI will then underestimate the total force since it does not
take the tangential components of the stress into account. Therefore, SEI can only be used to
estimate the force between constant charge hemisphere tip and substrate when the radius of
the tip is bigger than the Debye length, since the tangential components of the stress will
then be small. This method still has advantages over the standard Derjaguin approximation,
[141] in which the force between a hemisphere and plane separated by distance D is
approximated by calculating the force per unit area between two infinite planes separated by
D and then multiplying by 2nRyuemispuere. This is only valid when Rypmisprere is very large
and D is very small. The SEI approximation is valid for any value of D as long as
Ruemispuere 1S larger than the Debye length. In addition, SEI can be used for many

geometries and not just hemispheres, while the Derjaguin approximation is only valid for




199
convex tip geometries. The above numerical method was implemented in C and run in

Matlab (MathWorks Inc., Natick). Space was discretized to 800 increments (i.e. N= 800);

the program ran until the solution converged sufficiently. [236]
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