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Adsorbed proteins on surfaces are important in many applications, including medical
implants, sensors, marine materials, and in vitro substrates for cell culture and other uses.
Understanding the protein structure on the surface would allow better control of the
interaction of the material with the surrounding environment and a more reproducible system
response. Protein adsorption is a complex process, and characterization requires the
combination of multiple analysis techniques. In this thesis, adsorbed protein amounts were
measured using x-ray photoelectron spectroscopy (XPS) and radiolabeled proteins. Protein
conformation and orientation were measured using time-of-flight secondary ion mass
spectrometry (ToF-SIMS), near edge x-ray absorption fine structure (NEXAFS), sum
frequency generation (SFG), and enzyme-linked immunosorbent assays (ELISA). Surface

type influenced the adsorbed surface concentration of albumin and fibronectin on surfaces of
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glass, polystyrene, titanium, and sulfonated polystyrene as measured by XPS and
radiolabeled protein adsorption. More albumin adsorbed onto polystyrene than glass. More
albumin and fibronectin adsorbed onto sulfonated polystyrene than titanium. ToF-SIMS also
showed differences in structure of the proteins adsorbed onto the different surfaces. The Al
domain of von Willebrand Factor adsorbed in similar amounts onto glass, tissue culture
polystyrene, and polystyrene surfaces, as measured by XPS. However, ToF-SIMS showed
differences in solution exposure of A1 domain amino acids when adsorbed onto the three
surfaces and NEXAFS showed the most ordered (-sheet structure when Al was adsorbed
onto polystyrene. ELISA showed lowest binding of antibodies recognizing a nonlinear
epitopes within A1 when Al was adsorbed onto polystyrene. Functional studies using a
parallel plate flow chamber measured platelet binding to Al adsorbed onto the three surfaces.
At high shear (20dyne/cm?), platelets showed most detachment from A1 adsorbed onto glass.
At low shear (0.2dyne/cm?), platelets showed most detachment from A1 adsorbed onto
polystyrene. Surface analysis was also useful in characterizing collagen substrates created
under different experimental conditions, including material source and pH. Collagen
obtained from different sources exhibited altered adsorption behavior, both in amount
adsorbed as measured by XPS and interaction with the A1 domain of von Willebrand Factor
as measured by ToF-SIMS. SFG was used to identify differences in ordering of collagen
adsorbed from solutions at different pH values. Collagen adsorbed at pH 8.0 showed higher
SFG amide signal than collagen adsorbed at pH 6.5, suggesting greater ordering of the
peptide backbone at pH 8.0. The differences in SFG signal were not due to the amount
adsorbed protein, as XPS showed more collagen adsorbed onto tissue culture polystyrene at

pH 6.5 than pH 8.0. These studies demonstrated that the surface type can have a large impact
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on adsorbed proteins, both in amount adsorbed and surface structure. These studies also
showed that surface analysis is very useful in creating defined in vitro protein substrates. In

all cases, it was crucial to use multiple analysis techniques to understand these systems.
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Chapter 1 Introduction

1.1 Protein adsorption

When a solid material comes in contact with a solution containing protein, the surface
is almost immediately and irreversibly coated with adsorbed proteins. This adsorbed protein
layer then modulates the interaction of the material with the surrounding environment [1].
Protein adsorption is therefore an important consideration for many applications including
passivating coatings for sensors [2,3], fouling of marine materials [4], and implanted devices
[5,6].

Protein adsorption is controlled by forces including hydrophobic interactions,
electrostatic interactions, and hydrogen bonding [7-9]. Proteins adsorb onto a surface within
seconds to minutes, but the layer can undergo changes in conformation over time [10,11] and
proteins can exchange on the surface over time if adsorbed from a complex mixture [12].

Although protein adsorption has been extensively studied, prediction of how a protein
will interact with a surface is still not possible [13-16,5]. Characteristics of an adsorbed
protein layer include amount of protein adsorbed to a surface, spatial organization of
adsorbed proteins (monolayer versus aggregates), conformation (secondary and tertiary
structure), orientation (direction of protein with respect to the surface), and biological activity
(interaction with small molecules, proteins, or cells). These characteristics of the adsorbed
protein layer then control the interaction with the surrounding proteins and cells.

For implanted devices, protein adsorption can be important in controlling
biocompatibility through effects on inflammation [6,5], cell adhesion, [17-20], cell
differentiation [18], and clotting [21,5,22,23].

1.1.1 Driving forces for protein adsorption

In solution, proteins can self-assemble into a highly ordered secondary and tertiary
structure [24]. The protein favors the folded state over the unfolded coil due to a number of
thermodynamic factors. During protein folding, the loss of conformational entropy is
outweighed by a decrease in free energy due to the enthalpy and entropy changes from

electrostatic interactions, van der Waals interactions, hydrogen bonding, and hydration
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[25,24,26-28]. Entropic and enthalpic factors can influence the adsorption, but protein
adsorption is an entropically driven process. The free energy change is thought to be
dominated by a gain of entropy achieved from release of water molecules from the adsorbent
surface when a protein denatures on a surface. This has never been directly shown, but is
supported by previously published models comparing the enthalpic to entropic contributions
to adsorption [29-31].

As the protein adsorbs to a surface, its structure can change from the solution
conformation to achieve a new structure when in contact with the surface. The surface
structure of the protein will depend on properties of both the protein and surface. Protein
parameters influencing adsorption include structure, size, and structural stability [32].
Important surface properties include hydrophobicity and surface chemistry [33-38]. While it
is not possible to predict how a given protein will interact with a given surface, surface
properties are important because surfaces with different chemistries will have different free
energy landscapes for the adsorption process, therefore influencing how the protein adsorbs

onto a given surface.

1.1.2 Conformational changes

Conformational changes that occur during protein adsorption can affect biological
activity [39,5]. Conformation changes on the surface are driven by the entropy gain derived
from rearranging the protein structure [31] and the hydrophobic effect, minimizing the
interfacial free energy between the protein, surface, and solution [40]. These time-dependent
changes are influenced by the protein and the surface.

Although proteins quickly come in contact with a surface, the conformation of a
protein on a surface can change over time. Several experimental techniques have been used
to observe this time-dependent conformational change, including FTIR. FTIR measurements
of fibronectin adsorbed to polystyrene showed a fast loss of unhydrated -sheets (within five
minutes). The conformation was then stable [41]. Using FTIR to measure albumin
adsorption, increasing adsorption time onto polyHEMA resulted in a decrease in a-helical
content up to 2 hours, after which conformation was stable [42]. Another study measured the
adsorption of albumin and lysozyme onto poly tris(trimethylsiloxy)silylstyrene. FTIR

showed a decrease in a-helix content and increase in random content, stabilizing after about
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five hours [43]. When lysozyme was adsorbed to PTFE, an initial fast change was observed
using FTIR which corresponded to loss of a-helices within the first minute of adsorption.
Then a slow step a-helix to B-sheet transition occurred over several hours [44]. A recent
study used FTIR to track conformation changes over time in insulin adsorbed onto
hydrophobic phenyldimethylmethoxysilane [45]

Ellipsometry measurements have also given insight into protein conformation
changes on surfaces over time [46]. When albumin was adsorbed to a TiO, surface, after a
fast initial adsorption step within the first minute, the total amount of protein on the surface
remained constant [46]. However, the thickness of the layer increased as the protein
conformation changed over a period of one hour. Past one hour, the protein layer did not
change further. Spreading of albumin and fibrinogen on CH3; SAMs has also been tracked
using total internal reflectance fluorescence (TIRF) [47]. On CH3 SAMS, the footprint of
both albumin and fibronectin increased approximately 3-fold over a period of 20 minutes,
suggesting conformational changes occurred on the surface. AFM has also been used to
probe time-dependent changes of albumin and fibronectin in contact with low density
polyethylene [48]. Greater surface-protein adhesion forces were measured at longer contact
times, again suggesting conformational changes in the proteins. Circular dichroism can also
be used to measure changes in adsorbed protein conformation, which has been used to track
protein adsorption onto silica [49]. When alcohol dehydrogenase and aldose reductase were
adsorbed onto silica, both proteins exhibited an increase in 3-sheet structure and decrease in

a-helix structure compared to the respective native protein secondary structures.
1.1.3 Protein exchange on surface

Protein adsorption on a surface is generally considered to be irreversible. However,
exchange of proteins can occur on the surface, the so-called VVroman Effect [50,12,51].
When a solution containing multiple proteins comes in contact with a surface, the surface can
initially be coated with highly concentrated proteins that interact weakly with the surface.
Over time, the proteins on the surface can be displaced by larger proteins that have higher
surface affinity. Proteins can also undergo some surface exchange from a single component
solution [52-54]. Brash, et al. demonstrated protein exchange on a surface by adsorbing

fibrinogen labeled with '#°| onto surfaces. Then the surfaces were exposed to unlabeled
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fibrinogen, and the amount of radioactivity on the surface was tracked as a function of time.
After 180 minutes of exchange time, the surface retained 60-80% of its radioactivity on the
surfaces tested.

The composition of the adsorbed protein layer is important for regulating the
interaction of the surface with the surrounding environment. One previous study showed that
human neuron-derived cells showed poor spreading and no neurite formation when grown on
substrates of fibronectin adsorbed onto self-assembled monolayer surfaces terminated with
CHs; groups. However, when the self-assembled monolayer surfaces were adsorbed with a
mixture of fibronectin and albumin, the cells formed neurites [55]. Another study showed
that coadsorption of fibronectin with albumin onto polytetrafluoroethylene increased binding
of an anti-fibronectin antibody compared to adsorbed fibronectin alone [56]. Antibody
binding was correlated with attachment of endothelial cells, demonstrating the surface

composition of proteins influenced the cell response.
1.1.4 Effects of adsorption on protein function

The changes that occur within a protein upon adsorption to a solid surface can affect
the biological activity of the protein. Previous studies have shown that adsorption can affect
the function of albumin. Although albumin is generally considered to be nonadhesive,
platelets can adhere to albumin adsorbed onto COOH, NH,, CF3, and CH3; SAMs [57].
Platelets were able to adhere to adsorbed albumin when it had lost 30% or more of its a-helix
content, as measured by circular dichroism. Addition of soluble RGD peptides inhibited
platelet binding, indicating platelets were binding through integrin receptors to the adsorbed
albumin.

The surface function of the extracellular matrix protein fibronectin has been
extensively studied. Previous reports have shown that the surface to which fibronectin is
adsorbed affects many aspects of cell function. Differences in cell adhesion [18,19,17,20],
spreading [20], proliferation [58,59], differentiation [60], and mineralization [18] have been
reported when cells are cultured on fibronectin adsorbed onto different surfaces. These
differences have been hypothesized to be due to differential exposure of RGD integrin-

binding sites when fibrinogen is adsorbed onto different surfaces.
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The presence of multiple proteins on a surface can also affect biological activity. A
previous study showed fibroblasts exhibited poor spreading when cultured on fibronectin
adsorbed onto hydrophobic CH3z SAMs [55]. However, when fibronectin and aloumin were
coadsorbed onto the surface, fibroblast spreading was observed. Improved spreading was
not due to a higher concentration of fibronectin, since some surface sites were occupied by
adsorbed albumin. Instead, the spreading was likely due to a difference in fibronectin
conformation caused by the presence of albumin, termed ‘albumin rescuing’. Another study
of endothelial cell adhesion to fibronectin and albumin co-adsorbed onto

polytetrafluoroethylene observed a similar effect [56].
1.2 Tools for characterizing protein adsorption

As outlined above, the adsorbed protein layer on a surface controls the interaction of
the surface with the surrounding environment. For any given protein-surface interaction, the
amount of protein adsorbed onto a surface, the conformation/orientation of the protein on the
surface, and biological activity are important considerations. Many techniques have been
developed or adapted for studying characteristics of adsorbed proteins. Highlighted here are

the techniques used in the proposed studies and their advantages for protein characterization.
1.2.1 XPS

X-ray photoelectron spectroscopy (XPS) is a valuable technique to gain quantitative
information about the chemical surface composition of a sample [61,62]. In XPS, a sample is
placed under vacuum then irradiated with x-rays. The incoming x-rays can interact with a
core-level or a valence electron leading to total transfer of the photon energy to the electron.
This causes emission of the electron from the atom if the photon energy is greater than the
electron binding energy.

Some of these emitted photoelectrons travel into the vacuum chamber, where they
can be separated based on kinetic energy. Based on conservation of energy, the kinetic
energy (KE) of the emitted photoelectrons is the difference between the incoming x-ray
energy, which is known, and the binding energy (BE) of the electron in the atom. This

relationship is described in Eq. 1.1, where hv is the known incoming x-ray energy.
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KE =hv — BE (Eq. 1.1)

The binding energy of each emitted photoelectron depends on the atomic and
molecular environment in which it was located. If an electron is located close to an atom’s
nucleus, it will have a higher binding energy than an electron located further away. Other
atoms bound to the emitting atom will also influence the binding energy of the photoelectron
since bound atoms change the electron distribution of the molecule. Binding energies are not
strongly influenced by changes in isotopes or weak atomic interactions such as crystallization
or hydrogen bonding. Therefore shifts in binding energy give information about molecular
environment of the atom, including oxidation state and covalently bound atoms.

The number of photoelectrons emitted from the sample at each binding energy
depends on the concentration of atoms in that chemical and molecular state present in the
sample. Therefore, we can calculate the relative amount of each element in the sample using
the peak areas in the XPS spectrum, instrument parameters, and the photoionization cross-
section, which is the probability that the incident x-ray will create a photoelectron in the
atom. Calculated photoionization cross-sections are available for each electron from each
element [63]. With this information, XPS allows quantitative determination of atomic
composition for all elements except H and He within an error of less than 10%.

The sampling depth of XPS is governed by the emitted photoelectrons. As an
electron travels through matter, it loses energy due to inelastic collisions. X-rays can travel
deep into a sample. However, electrons travel much smaller distances. Since only the
photoelectrons emitted into the vacuum chamber are detected, photoelectrons from deep
within the sample are not measured, limiting the sampling depth.

The distance traveled by the electron is described by its inelastic mean free path,
which is defined as thickness of matter through which 63% of traversing electrons will lose
energy [61]. Sampling depth is then controlled by the inelastic mean free path of the
electrons. The sampling depth is generally defined as 3 times the inelastic mean free path,
which is the region of the sample from which 95% of the detected electrons originate.

For transmission of electrons through a sample, Beers law of molecular absorption
(Eq. 1.2) describes how the number of detected electrons maintaining the same energy will
decrease when passing through a sample of thickness t
Ioe(—tlicosa) (Eq. 1.2)

I,
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Where Iy is the exiting intensity, |, is the incident intensity, t is the thickness of the
sample, A is the inelastic mean free path of the electron, and &is the angle between the
surface normal and the detector, or takeoff angle.

The flux of electrons from a surface can be decreased by the presence of an overlayer,
such as in the case of a protein adsorbed onto a polymer. As protein adsorbs onto a surface,
the substrate signal is attenuated by the protein. The extent of the decrease is determined by
the thickness and fractional coverage of the overlayer as described by equations 1.3 and 1.4
[61]:

Overlayer:

Iko — Io0 7[1_6(4//10056)] (Eq. 1.3)
Substrate:

=1, [(1_ 7) +7€(4ucose)] (Eq. 1.4)

Where I is the measured intensity, |, is the intensity of a pure sample of the
substance, yis the fraction of surface covered, and t is the protein overlayer thickness, A is
the inelastic mean free path of the photoelectron, and @ is the photoelectron takeoff angle.
Therefore XPS can give us information about the thickness of an overlayer based on the
attenuation of the substrate signal and intensity of the overlayer signal.

XPS can also be used to create adsorption isotherms for proteins adsorbed onto
surfaces. If the substrate does not contain nitrogen, any nitrogen detected in XPS can be
assumed to originate from adsorbed protein. Then adsorption isotherms can be created by
measuring the amount of nitrogen on the surface at varying solution protein concentrations.
By combining XPS with another technique that measures the total amount of adsorbed
protein, protein layer thickness and fractional coverage can be calculated (chapter 2.3.5).

1.2.2 Radiolabeled protein adsorption

In addition to XPS, another way to measure the amount of protein adsorbed to a
surface is to label the protein with a radioactive atom, *?°l for the studies in this document

[64]. Radioiodination has been used since at least the 1950s [65,66] to track proteins in
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biological assays. Radioiodination is sensitive and allowing quantitative measurement
through detection of the radioisotope covalently bound to the protein of interest.

15| js a gamma emitter, allowing direct detection of the radioactivity, in contrast to b-
emitting radionuclides such as ®H and “C, which require additional sample preparation. The
count rate of ?°I per gram is also orders of magnitude higher than *H and *C per gram,
respectively, allowing more sensitive detection [67]. The half-life of '*1 is 60 days, giving
sufficient time to perform to perform in vitro experiments.

Proteins are covalently labeled by oxidizing the *?°I- into the reactive **I, or 1+,
These reactive species covalently react with the tyrosine residues in the protein, and can also
react at much lower efficiency with histidine, cysteine, and tryptophan [67]. After labeling,
the protein is purified using gel filtration to remove free radioactive *°I.

The labeled protein can then be adsorbed onto a surface of interest, and the retained
radioactivity can be measured. The amount of protein on the surface can then be calculated
from retained radioactivity (corrected for background), specific activity of the protein
solution in counts per mass of protein, and surface area of the sample as described in
equation 1.5.

mass protein __ counts—background

(Eq. 1.5)

surface area specific activity x sample surface area

By combining radiolabeling with XPS, protein layer thickness and fractional

coverage can be calculated (chapter 2.6).
1.2.3 ToF-SIMS

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) can be used to obtain
information about the conformation of a protein on a surface. Previous studies have shown
that ToF-SIMS can distinguish between proteins in different orientations [68,69] and
conformations on different surfaces [70-72,35,73,74].

ToF-SIMS is a surface analysis tool that probes to the outermost 2-3nm of a surface
[75]. In this technique, a sample surface is bombarded with high energy primary ions
(typically in the keV range). The energy of the primary ion is transferred to the surface,

which causes a collision cascade between the atoms in the material. This results in ejection
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of atoms and molecular fragments from the surface. A small fraction of the ejected species
are ionized during the emission process.

The secondary ion current of species m is determined by the following equation:
" = meaiQmU (Eq. 1.6)

Where I§" is the secondary ion current, I, is the primary ion flux, y,, is the sputter
yield, a* is the ionization probability for either positive and negative ions, ,), is the
fractional concentration of species m in the surface, and 7 is the transmission function for the
instrument. The sputter yield increases as the energy of the primary ion increases, up to a
maximum value of 5-50keV [76].

lonization of atoms is a complex process and can occur by several mechanisms: acid-
base reactions within polar molecules to form (M+H)+ or (M-H)+/- ions; cationization or
anionization of neutral molecules; or ejection of an electron from a molecule. A very small
fraction of particles ejected from the surface become ionized (<1%) and ionization of these
particles likely occurs within the materials or in the region just above the surface. lonization
can be affected by the electron structure of other atoms in close proximity to the ejected
atom. This generally prevents a quantitative determination of the amount of each species
present in the sample, and is termed the ‘matrix effect’.

Sputtering is inherently a destructive process. However, analysis of the outermost
atoms can be achieved by using a low primary ion flux so there is a low probability of a spot
on the surface being hit with a primary ion more than once. Since each impact occurs on an
area of the surface that has not previously been damaged, the same chemistry is sampled by
each collision. This is termed static SIMS, as opposed to dynamic SIMS which involves
sputtering through a material to measure elemental composition as a function of depth. A
primary ion generally disrupts an area on the surface of 10nm?. Therefore 10*3 primary ions
per square centimeter would disrupt the entire surface, and is termed the static limit. To
avoid multiple collisions on a single spot on the sample, generally a maximum primary ion
dose of 1 x 10" primary ions/cm? is used.

There are several types of mass analyzers used to detect the secondary ions created in

SIMS, including quadrupole RF mass filter, magnetic sector, and time-of-flight analyzers.
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This discussion focuses on time-of-flight (ToF) analysis because that type of mass analyzer
was used exclusively to collect the data contained in this document.

In ToF analysis, charged species are accelerated to a set potential. Then the ions
travel through a flight tube where flight time is measured. Flight time is determined by mass,
i.e. the smaller species move faster than the larger species. Using the flight path length L and
accelerating potential V, the relationship between the flight times and the mass-to-charge

ratio m/z is shown in Eq. 1.7:

m \2
t=L —
(ZZVJ (Eq. 1.7)

The flight time of the ejected ions are measured, and a mass spectrum can be
generated from the flight time data. Transmission in a ToF-SIMS system is typically 10-50%
and has a high mass range (>1000 amu).

ToF-SIMS has been used to analyze complex biological systems, including proteins
adsorbed onto surfaces. By collecting ToF-SIMS data from poly(homo-amino acids),
reference spectra for the amino acids have been produced [77,78] and characteristic ToF-
SIMS fragmentation patterns have been identified for each amino acid. These characteristic
peaks can then be used to determine the relative concentration of amino acids present in the
surface layer.

Because the sampling depth of ToF-SIMS is generally smaller than the thickness of
an adsorbed protein layer, these relative amino acid concentrations can be used to determine
protein orientation [68,69], conformations on different surfaces [70-72,35,73,74] and to
distinguish a mixture of proteins on a surface [79-82].

ToF-SIMS analysis produces large complex datasets containing up to hundreds of
peaks that can be challenging to analyze. One can compare the peak intensities of a few
individual peaks selected due to their presumed importance in the system, but that approach
excludes portions of the data that could also contain important information. Principal
component analysis (PCA), an established multivariate analysis technique [78,83-85], can be
used to gather further information from spectra by using all the peaks in the spectrum, not

just comparing the intensities of a few selected peaks.
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PCA transforms the ToF-SIMS data to a new set of orthogonal axes, termed principal
components, such that the greatest variance in the projection of the data lies on the first
principal component, the second greatest variance lies on the second principal component,
etc. For further information, Wold provides an excellent description of the mathematics of
PCA [84]. Briefly, PCA decomposes a large dataset into two cross-product matrices: scores
and loadings. The scores plot displays the value of each data point on the new axes, or
principal components. The scores plot gives information about the relationship of the
samples to each other and how alike or different they are. The loadings plot indicates which
peaks from the original spectra contribute to the principal components.

PCA is a mathematical tool to help understand a given dataset, and has limitations.
The PCA results in themselves do not necessarily have physical meaning related to the
experiment. Once PCA is performed, it is important to go back to the original dataset to
examine if the original data also supports the conclusions suggested by PCA. For PCA to be
a useful tool, an experiment must be well designed initially, with carefully controlled
variables. PCA can identify differences between samples, but it cannot fix a poorly designed
experiment. Care must be taken when using PCA to understand the inputs for the analysis.
The output can be affected by scaling and normalization, so it is important to understand the

purpose of any data pretreatment and if it applies to a given analysis.
1.2.5 ELISA

Enzyme-linked immunosorbent assays (ELISAS) can also give valuable information
about the conformation of a protein on a surface [86]. ELISA measures the binding of an
antibody to an antigen within a protein immobilized on a surface. The antibody is coupled
with an enzyme to allow detection [87].

In a typical ELISA protocol, the antigen protein is adsorbed onto a surface. A
primary monoclonal or polyclonal antibody is allowed to interact with the immobilized
antigen. The surface is then probed with a secondary polyclonal antibody with an enzyme,
typically horse-radish peroxidase (HRP), conjugated to it. A reagent is added to the solution,
which reacts with the HRP to produce a color change in the solution. A spectrophotometer
can be used to measure the transmission of a specific wavelength of light through the

solution. The enzyme amplifies the signal in fixed proportionality to the amount of enzyme
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present, allowing the color change to be related back to the level of binding of the primary
antibody.

Antibodies used in ELISA can be polyclonal or monoclonal. Polyclonal antibodies
recognize multiple sites on an antigen. Polyclonal antibodies are typically produced by
collecting the serum from an animal that has been inoculated with an antigen of interest. The
serum will contain multiple antibodies produced by different immune cells that bind to
multiple epitopes on the antigen. Polyclonal antibodies can be useful in ELISA for detecting
the amount of antigen present, for example in diagnosing disease.

Monoclonal antibodies, in contrast, bind to only one site on a given antigen.
Monoclonal antibodies are typically produced by immunizing a mouse with an antigen. Then
spleen cells are collected from the mouse and fused with myeloma cells. Because each cell
line is produced from a single immune cell, the resulting cells will produce antibodies that
recognize a single epitope on the antigen.

Monoclonal antibodies can recognize continuous linear sequences in the antigen
amino acid primary sequence, termed a linear epitope [88]. These epitopes typically consist
of 6-9 amino acids [88], but can contain as few as 5 amino acids [89] Antibody recognition
of linear epitopes can be favored during antibody production if the antigen is denatured, by
heat treatment for example, before being introduced into the animal.

Monoclonal antibodies can also recognize nonlinear epitopes that are discontinuous in
the primary amino acid sequence, typically 9-22 total residues, but are close together in 3D
space [88,90]. Itis estimated that approximately 90% of epitopes are formed from nonlinear
amino acid segments [91,92]. If the amino acids which make up the nonlinear epitope are
not in the proper position to allow recognition by the antibody, the antibody will not bind.

Methods for mapping the locations of epitopes include x-ray crystallography [91],
testing for binding of antibodies to short peptide sequences [93], mutagenesis studies [94],
and computational methods [95].

We can potentially observe differences in protein surface conformation using ELISA
by using a monoclonal antibody which binds to a nonlinear epitope in the antigen [96].
When a protein is immobilized on a surface at a given surface coverage, a lack of binding by
a primary antibody suggests that the epitope is no longer accessible for binding. One reason

for a lack of accessibility could be orientation of the protein on the surface, whether the
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epitope is linear or nonlinear. If the epitope is oriented toward a surface, it would not be
accessible for antibody binding. If the antibody binds to a nonlinear epitope, decreased
binding could also be due to a disruption of the 3D structure of the epitope. Therefore,
different levels of binding of an antibody with a nonlinear epitope suggest that proteins are in
different orientations or conformations, or a combination of the two, changing the ability of

the antibody to recognize the epitope.
1.2.6 Flow chamber

The bioactivity of adhesive proteins can be measured using a parallel plate flow
chamber to flow cell suspensions over a preadsorbed surface [97-99]. A parallel plate flow
chamber simulates the fluid shear stress experienced by platelets or other cells in vivo.
Platelet diffusivity is very low so they do not cross stream lines unless red blood cells are
present to cause it. The parallel plate flow chamber can produce well-defined shear stresses
from 0.01-30 dyne/cm?, which encompasses the range of physiological shear stress in the
circulatory system [100,101].

In a parallel plate flow chamber, a plate is coated with an adhesive ligand of interest.
Then a microfluidic channel is created over the surface using a cover and gasket, with the
cover sealed onto the plate surface by the gasket. There are inlet and outlet ports to allow
fluid to pass through the channel. The movement of fluid through the channel is controlled

by a syringe pump. In this way, platelets or other particles can be introduced to the surface.

Within the flow chamber, the wall shear stress (1) is a function of flow rate (Q), fluid
viscosity (w), and chamber height (h) and chamber width (w) according to the following
equation [97]:

=6Qu/(wh?) (Eq. 1.8)

Platelet binding to surfaces of von Willebrand Factor (VWF) is characterized by
rolling behavior [102,98,103-106]. This rolling behavior is possible due to the rapid on rate
of the platelet receptor GP1ba with VWF [98] Platelet rolling velocity on a surface is
affected by the bond lifetime, which changes with force for the von Willebrand Factor

(VWEF) interaction with ligand GP1ba [102,107]. Leukocytes are another cell type that
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exhibits rolling behavior, and leukocyte rolling on endothelial cells has been shown to be
strongly influenced by dissociation rate [108], and dissociation rate of the VWF-GP1ba
interaction is also varies with force [105]. Rolling can also be influenced by deforming the
platelet surface, increasing the contact area [109,110]. Bond lifetime decreases with
increasing membrane stiffness in leukocyte-endothelial cell interactions [111], and rigid
beads also had faster dissociation rates than more flexible leukocytes during rolling [112].
Platelet adhesion is also influenced by the amount of adhesive protein on the surface
[104,103] or platelet receptor density [103,104].

To measure the platelet-surface interaction, we can measure the number of platelets in
contact with the adhesive surface. Platelets in contact with a surface are measured using an
optical light microscope and camera to record the platelets moving across the surface. Image
analysis software can then track the particles moving across the surface, distinguishing
between stationary and rolling platelets.

Platelets interacting with a surface in a parallel plate flow chamber does not give
information about individual ligand-receptor bonds since there are likely multiple bonds
present at any given time. Instead, the assay gives a macroscopic measurement of many
simultaneous ligand-receptor interactions, allowing comparison of overall ligand biological

activity.
1.2.7 Sum Frequency Generation

Sum Frequency Generation (SFG) is a nonlinear optical technique that is sensitive to
ordered bonds at an interface [113]. In this technique, a visible and infrared laser are
overlapped in time and space on a surface. Photons are emitted which have the frequency of
the sum of the two incoming photons. Vibrational spectroscopy can be performed by varying

the wavelength of the infrared light.

The intensity of the SFG signal is described by the following equation

() < [xP)'I () (w,) (Eq. 1.9)

Where I, and w; are the intensity and frequency, respectively, of one incoming light

beam and I, and w, are the intensity and frequency, respectively, of the other incoming light
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beam [113]. 3° is the second order susceptibility of the system. This susceptibility is zero in
centrosymmetric matter, and is zero in disordered matter. Therefore, an SFG signal is only
generated at an interface where the inversion symmetry is broken. Signal is also only be
generated from ordered structures.

SFG can detect submonolayer levels of material [113] and has been used to study
protein structure on surfaces. Protein secondary structure on surfaces, including alpha-helix
[114,69,115-117] and beta sheet [69,118,116], have been identified using SFG. SFG has also
been used to examine protein orientation on surfaces [69,36,119]. This can be achieved by
varying the polarization of the visible, IR, and SFG light.

1.2.8 Near-edge x-ray absorption fine structure

Near-edge x-ray absorption fine structure (NEXAFS) is an electron spectroscopy
which gives information about the electronic structure of the atoms and bonds within a
surface [120]. The technique is performed by irradiating a sample with x-rays, causing
emission of photoelectrons. The probability of photoemission depends on the atom’s
chemical and physical state. The resulting Auger electrons or fluorescent photons are then

measured.

NEXAFS studies are typically performed using polarized synchrotron x-rays. When
using polarized x-rays, the probability of photoemission depends on the orientation of the
incoming x-rays with respect to the dipole moment of the measured orbital [120]. By
varying the incident angle of x-rays, information about the orientation of orbitals on the
surface can be obtained. NEXAFS has previously been used to characterize orientation of
proteins on surfaces by examining the angle-dependent NEXAFS signal of the =* feature of

the nitrogen k-edge, corresponding to the amide backbone of the protein [69,36,114].
1.3 Proteins in the proposed studies
1.3.1 Albumin

Albumin is a small serum protein that is the most prevalent protein in the blood with

concentrations of approximately 40mg/ml [121]. Albumin is considered non-adhesive [122-
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124] and its main function is to maintain osmotic pressure in the blood [121]. Albumin can
also bind a range of hydrophobic ligands including fatty acids, warfarin, steroids, and
anesthetics, transporting them in the blood [121].

Because of its smaller size and high concentration, aloumin is likely among the first
proteins that arrive at a biomaterial surface after implantation [47]. Therefore characterizing
its adsorption behavior is important for understanding the interaction of a material with a
biological fluid.

Previous studies have shown that the surface to which albumin is adsorbed influences
its adsorption behavior. Fluorescence and *?°I-bovine serum albumin (BSA) studies have
shown that more BSA adsorbs onto hydrophobic polystyrene [125] or CH3; SAMs
[126,47,127] than comparative hydrophilic surfaces of silica [125], OH SAMs [126,47], or
COOH SAMs [127]. Previous studies have also shown that BSA diffuses [128] and spreads
[47] more quickly on hydrophilic surfaces than hydrophobic surfaces.

Albumin conformation and orientation can also be affected by the adsorption surface.
ToF-SIMS studies have identified different conformations of albumin when adsorbed onto
various surfaces (different polyethylene glycol contents [35], titanium, gold, and PTFE [72]).
Michel, et al. demonstrated that aloumin denaturation decreased as polyethylene glycol
content of the surface increased, as demonstrated by decreasing exposure of nonpolar amino
acids [35]. Tidwell, et al. showed that the amino acid intensities of glycine, alanine, proline,
lysine, and leucine/isoleucine were different when albumin was adsorbed onto gold, titanium,
polytetrafluoroethylene and tetrafluoroethylene surfaces [72]. Amino acid intensity was
highest intensity on titanium and polytetrafluoroethylene surfaces, and lower on gold and
tetrafluoroethylene surfaces. These differences in amino acid exposure suggest differences in
albumin surface structure. Another ToF-SIMS study showed hydrophobic amino acid
residues were oriented preferentially toward a hydrophobic polystyrene surface, exposing the
hydrophilic amino acids at the protein-solution interface [129]. Native albumin secondary
structure consists of less than 10% b-sheet and over 60% a-helix as measured by circular
dichroism [57]. Studies using circular dichroism have shown that albumin exhibits different
a-helix and B-sheet content when adsorbed to different SAMs (ranging from 15-45% a-helix
and 15-30% B-sheet) [57,8], quartz surfaces (50% a-helix, 20% B-sheet) [128], silica (60%
a-helix, 20% B-sheet) [52], polystyrene (50% a-helix, 25% B-sheet) [52], polypropylene
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(10% a-helix, B-sheet not reported) [130], and polyHEMA (15% a-helix, B-sheet not
reported) [130]. FTIR measurements have shown albumin contains different a-helix content
when adsorbed to germanium versus polystyrene [131]. These studies clearly show that the

adsorption surface can impact albumin adsorption characteristics.

1.3.2 Fibronectin

Fibronectin is a large (450kDa) multidomain glycoprotein, present in the blood and in
interstitial space [132,133]. Fibronectin is an adhesive protein and plays an important role in
the extracellular matrix. Fibronectin allows cell attachment and signaling through integrin
surface receptors on cells [5,6]. Integrin signaling then controls many important cell
functions, including proliferation [134], differentiation [135], and survival [136].

Fibronectin has been widely studied in relation to biomaterials because of its
important role in influencing cell behavior around biomedical implants [5,6]. Several studies
show that adsorption of fibronectin is influenced by material surface characteristics. Using
FTIR, a loss of B-sheet structure has been observed when fibronectin is adsorbed onto
hydrophobic surfaces and at lower surface densities [41,137,138,55]. Ability to elute
fibronectin from the surface was also different on polystyrene versus tissue culture
polystyrene, indicating fibronectin was in different conformations on the two surfaces [139].
More fibronectin was eluted from the tissue culture polystyrene surface during a 15 minute
incubation with SDS than from the polystyrene surface.

It is hypothesized that conformational changes of fibronectin on surfaces affect the
presentation of integrin binding sites. Indeed, anti-RGD antibodies showed lower binding
when fibronectin was adsorbed onto more hydrophobic surfaces [140-142], supporting this
hypothesis. Changes in integrin binding can then affect cell function.

In vitro studies have observed that the function of cells cultured on adsorbed
fibronectin is influenced by the surface to which fibronectin is adsorbed. Osteoblasts showed
more adhesion and mineralization when cultured on surfaces of fibronectin adsorbed onto
tissue culture polystyrene than polystyrene [18]. As compared to polystyrene and tissue
culture polystyrene, even lower adhesion was observed when osteoblast-like cells were
cultured on fibronectin adsorbed onto polyHEMA [20]. Osteoblast-like cells also showed
different adhesion when cultured on fibronectin adsorbed onto CH3, OH, COOH, and NH;
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SAMs [19], with the most cells adhering to fibronectin on OH SAMS and the fewest cells
adhering to the CH3 SAMs. The surface to which fibronectin was adsorbed also affected the
function of other cell types, including macrophages [143], myoblasts [58,60], fibroblasts
[144,141,55,145], and endothelial cells [146,59,147].

Since surface characteristics can affect fibronectin adsorption, which can then
influence cell behavior, fibronectin adsorption is important to consider for biomaterial

applications.

1.3.3 von Willebrand Factor

VVon Willebrand Factor (VWEF) is a soluble blood protein that is responsible for
primary tethering of platelets in regions of high shear [148]. VWF is a large, multi-domain
protein consisting of the following domain structure: D1-D2-D’-D3-A1-A2-A3-D4-B1-B2-
B3-C1-C2-CK. The VWF monomers are disulfide bonded at the N and C terminus to other
VWF monomers, existing in the blood as large multimers of many different degrees of
multimerization up to 40-mers [149]. The Al domain contains the binding site for the
GP1ba receptor on platelets [150]. In normal circulating blood, VWF does not interact with
platelets [151]. However, when attached to a surface in regions of high shear, or in the
presence of a small molecule activator such as ristocetin, VWF becomes competent to bind
platelets [148,152-154].

The exact mechanism of VWEF activation is not understood. However, it is generally
believed that a conformational change within VWF exposes a cryptic binding site to allow
GP1lba binding. There is evidence that the D’D3 region (N-terminal of Al) inhibits GP1ba
binding to VWF [151]. There is also evidence that the A2 domain plays an inhibitory role in
VWE- GP1ba binding [149,155]. Removing either the N-terminal or C-terminal portion of
VWEF from the A1 domain results in increased GP1ba binding activity. However, the
removal of the D’D3 domain is not enough to constitutively activate VWF to bind GP1lba
under static conditions [151]; the presence of a small-molecule activator such as ristocetin is
still required to activate VWF. This suggests that although the domains flanking Al play a
regulatory role, a conformational change within the A1 domain itself is also required to allow
GP1ba binding.
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The activation of VWF is a surface event, occurring when VWF is immobilized. In
vivo during an injury event, VWF is bound to a collagen surface. In vitro, VWF is typically
immobilized on a synthetic material for testing. Previous studies measuring VWF function
have used a variety of surfaces, including glass [156,103], collagen [156,157], polyethylene
[158], and polystyrene [159]. VWEF adsorption onto synthetic surfaces could also be of
interest for blood-contacting biomaterials.

The question of surface-induced changes in VWEF structure has not been well
addressed in the literature. One previous study used atomic force microscopy to examine
VWEF topography when adsorbed to hydrophilic and hydrophobic surfaces [160]. VWF was
adsorbed under static conditions and was not sheared before analysis. When VWF was
adsorbed onto hydrophilic mica, the protein showed an extended conformation. On
hydrophobic octadecyltrichlorosilane (OTS) modified glass, VWF appeared as compact
structures, suggesting that VWF adsorption can be affected by the substrate to which it is
absorbed. However, previous studies have not examined to what extent potential differences
in surface behavior affect VWF function. An understanding of surface-induced
conformational changes in VWF will give valuable information about the mechanism of
VWE activation.

1.3.4 Collagen

Collagen is an extremely important ECM protein in the body, making up 25-35% of
the body’s total protein [161]. There have been 28 types of collagen identified, but 90% of
the collagen in the body is type | [162].

In vivo, collagen forms a hierarchical fibril structure [163]. The smallest unit is the
peptide chain, containing a high concentration of glycine, proline, and hydroxyproline amino
acids. Three peptide chains come together to form a left-handed helix approximately 300nm
long and 1.5nm wide, making it more elongated than an a-helix. The presence of the rigid
proline residues in the helix prevent the formation of a-helices [161]. Then three of these
helices join together in a right-handed helix to form a microfibril. These microfibrils can
then form larger fibrillar bundles.

In addition to its structural and mechanical properties, collagen also interacts with

other ECM molecules, clotting proteins, cell adhesion proteins, and growth factors [162].

www.manaraa.com



20

Both VWF [164,165] and fibronectin [166,162] bind to collagen. The binding sites on
collagen have been elucidated for some of these proteins [162,167]. Collagen is also
important for tissue engineering applications, where it can provide structural stability,
support cell attachment and signaling, and promote angiogenesis [168-170].

Since collagen plays such an important biological role, it is commonly used as a
substrate for in vitro assays [171]. Previous studies have shown that differences in
preparation of the collagen substrate can affect cell function [172,173,169]. Therefore
gaining a deeper understanding of collagen substrates would allow better defined in vitro

systems that could more easily be related to in vivo function.

1.4 Overview of this document

Following this introductory chapter, this document is organized into 7 total chapters.
The chapters are organized as follows:

Chapter 2 describes in more detail the experimental methods used in these studies.

Chapter 3 describes work completed to determine differences in adsorption behavior
of albumin onto polystyrene and glass surfaces.

Chapter 4 describes work completed to determine differences in adsorption behavior
of albumin and fibronectin on titanium and sulfonated polystyrene surfaces.

Chapter 5 describes work completed to determine function and adsorption behavior of
von Willebrand Factor A1 domain and full-length von Willebrand Factor onto materials
commonly used for in vitro testing.

Chapter 6 describes work completed to characterize the adsorption behavior of
collagen onto surfaces.

Chapter 7 gives an overall conclusion to this work and future directions.
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Chapter 2 Experimental Methods

2.1 Proteins used in these studies

Bovine serum albumin was obtained from Sigma. The Al domain of von Willebrand
Factor was produced in E. coli containing residues 1238-1472 of mature VWF with 12
residues at the N terminus from the expression vector (MRGSHHHHHHGS) [174]. The
protein was generously provided by Miguel Cruz. Full-length plasma von Willebrand Factor
was obtained from Haematologic Technologies Inc. (Essex Junction, VT). Human placenta
type 111 collagen was obtained from Sigma and Abcam (Cambridge, MA). Human plasma

fibronectin was obtained from Sigma. All proteins were used without further purification.
2.2 Substrates used in these studies

Preparation of each substrate for protein adsorption can be different, so care should be
taken to establish proper cleaning steps. Glass coverslips (8mm, ProSciTech, Thuringowa,
Australia) were cleaned by sequential sonication in dichloromethane, acetone, methanol, 2
times each for 5 minutes in each solvent. Glass coverslips were analyzed by XPS to confirm
that any surface contaminants had been removed.

For some experiments, polystyrene substrates were created using spin-casting.
Polystyrene powder (MW2500, Sigma) was dissolved in toluene (3wt%) and spin-cast onto
glass coverslips cleaned using the method described above.

Polystyrene and TCPS cell culture plates (Corning) were also used for some protein
adsorption experiments. To create substrates for protein adsorption, cell culture plates were
wrapped in aluminum foil with the non-shiny side facing the plate. Cell culture plates were
then cut into pieces of approximately 1cm? using a shear. After samples were cut, they were
sonicated in water 2 times for 5 minutes each before use to remove any contamination that
might have been introduced during cutting. For TCPS substrates, the back of each sample
was marked using marker or a scratch since only one side is treated. PS and TCPS substrates
were analyzed by XPS to confirm that any surface contaminants had been removed and only

expected elements were present.
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Titanium samples (Ti) were prepared by electron beam evaporation of thin Ti layers
(~50nm) onto 1cm? silicon wafers. Deposition was performed at the University of
Washington Microfabrication Facility. Following deposition, Ti substrates were cleaned by
subsequent sonication in dichloromethane, acetone, and methanol, 2 times each for 5 minutes
in each solvent.

Sulfonated substrates were made by sulfonating polystyrene surfaces. Polystyrene
petri dishes (Corning) were diced into 1cm? pieces as described above. Following sonication
in water 2 times for 5 minutes each, polystyrene samples were thoroughly dried using a
stream of nitrogen. Any glassware used for sulfonation reactions were heated before use to
minimize the presence of water. Polystyrene pieces were then allowed to react with
concentrated sulfuric acid for 1-24h at room temperature. Samples were removed from the
sulfuric acid and quickly rinsed with water from a squirt bottle. Then samples were
sonicated in water for 1h to remove any sulfuric acid non-covalently associated with the
surface. Following sonication, samples were dried using a stream of nitrogen and stored in
an inert nitrogen atmosphere until use.

The number of sulfonate groups on the sulfonated polystyrene surface was quantified
according to the method of Helary, et al. [175]. Samples were immersed in an aqueous
solution of toluidine blue (5x10™ M) for 6h. Then samples were rinsed with an aqueous
solution of NaOH (5x10°° M) to remove uncomplexed dye. Toluidine blue was decomplexed
from the surface by immersion in 50vol% acetic acid for 24h. Then absorbance of the
solution was measured at 633nm and compared to a standard curve of toluidine blue. The
number of sulfonate groups was corrected for nominal surface area to determine the

concentration of sulfonate groups on the surface.
2.3 Protein adsorption for ultra-high vacuum analysis

When preparing adsorbed protein substrates of ultra-high vacuum surface analysis,
care should be taken at all times to prevent contamination. Lab coat and gloves should be
worn at all times. Metal instruments should be regularly cleaned by subsequent sonication in
dichloromethane, acetone, and methanol.

When preparing for protein adsorption, buffer should be allowed to warm up to room
temperature before opening to prevent condensation on the inside of the bottle, which can
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introduce contamination. After the bottle is at room temperature, the buffer should be
degassed for at least 30 minutes using a stir bar or sonication for agitation while using
vacuum to evacuate any air present in the solution. The presence of air bubbles in the protein
adsorption solution will cause the protein to denature at the bubble interface and could lead
to adsorption of denatured proteins. Unless otherwise noted, the buffer used for these studies
is phosphate buffered saline (137mM NaCl, 2.7mM KCI, 10mM phosphate) at pH 7.4.
Buffer pH can be changed to investigate the influence of pH in adsorption. Buffer pH is
adjusted using NaOH or HCI.

Before introducing the protein to the surface of interest, the substrate should be
allowed to equilibrate with degassed buffer for at least an hour to allow the surface to
become fully hydrated. Then the protein can be introduced to the surface. For these studies,
substrates were placed into 24-well plates, to which enough degassed buffer was added to
cover the substrate (400-500ul). To avoid exposure of the substrate to the air-water
interface, protein is then added to the well in an equal volume to the buffer already present.

Protein adsorption can be measured at various temperatures for various amounts of
time. For the experiments included in this thesis, adsorption was generally carried out for 2h
at 37°C. Protein adsorption is generally complete after about 30 minutes [47,41], so allowing
adsorption for 2 hours should result in adsorbed protein layer that is no longer changing.
Adsorption time can be increased past 2 hours to ensure maximum coverage if desired.

Following adsorption, the protein adsorption solution should be thoroughly diluted
before removing the substrate. This prevents the substrate from passing through the layer of
denatured protein at the air-water interface. After dilution of the protein adsorption solution,
substrates were rinsed 2 times for one minute each in PBS to remove loosely bound protein.
Substrates were then rinsed in water 3 times for one minute each to remove buffer salts.
Samples were dried with a stream of nitrogen, then kept under inert nitrogen atmosphere

until analysis.
2.4 °|-BSA preparation and adsorption

Proteins can be labeled with a radioactive tag to measure the amount of protein
adsorbed to a surface. In these studies, bovine serum albumin (BSA) and fibronectin were
labeled using Na'®1 (PerkinElmer, Waltham, MA) according to the method of Horbett [64].

www.manaraa.com



24

A 2:1 molar ratio of ICI to BSA or fibronectin was used. Albumin was suspended in borate
buffer (160mM NaCl, 200mM boric acid). Fibronectin was suspended in phosphate buffer
containing citric acid and azide (110mM NaCl, 10mM Nal, 10mM citric acid, 8mM
phosphate, 3mM NaN3).

To perform the labeling reaction, Na*®I is mixed with borate buffer, which is added
to a 2M NaCl solution containing unlabeled ICI and the protein solution. Unincorporated **°I
is separated from labeled protein by two passes through Econo Pac 10DG desalting columns
(Bio-Rad Laboratories, Hercules, CA). lodinated protein was stored at -20 C and used within
2 weeks of preparation.

To make the protein adsorption solution, a small volume (<5pl) of *#I-labeled protein
should be added to unlabeled protein of known solution concentration. Radioactivity is
measured for the combined labeled/unlabeled solution. Specific activity is calculated based
on the radioactivity and concentration of the unlabeled protein solution (counts/mass
protein). Desired specific activity of the initial protein solution can vary based on the
expected amount of adsorption. If the amount of adsorbed protein is expected to be low, the
specific activity of the initial protein solution should be higher to allow detection of adsorbed
protein above background.

Since the adsorbed amount of protein is expressed in terms of mass per surface area,
it is necessary to know the available surface area for adsorption. If the surface area of the
entire substrate is known, the substrate can be submerged in the protein adsorption solution.
Protein adsorption then proceeds similar to the procedure described above.

Substrates are allowed to equilibrate at least an hour with degassed phosphate
buffered saline (PBS) (110mM NaCl, 8mM phosphate, 10mM Nal) at pH 7.4 at room
temperature. Then an equal volume of *°I-labeled protein solution at twice the desired
concentrations is added to the buffer. Following adsorption for 2h at 37°C, protein
adsorption solution should be diluted to avoid exposing the substrate to denatured proteins at
the air-water interface.

If the surface are of the entire sample is not known or the substrate is not uniform on
all sides, a different procedure can be used to measure adsorption on one side [176,126]. In
this case, a 10ul droplet of degassed PBS (110mM NaCl, 10mM Nal, 10mM citric acid,
8mM phosphate, 3mM NaNj3) at pH 7.4 was placed on the substrate and allowed to
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equilibrate for at least one hour at room temperature. Then 10ul of *#I-labeled protein
solutions at twice the desired concentration were added to the existing buffer on the
substrates, resulting in a 20l droplet containing the desired concentration. The nominal size
of a 20ml droplet on the surface of interest can be measured to calculate the surface area. In
calculating the surface area of the droplet, one assumes that no protein adsorbs outside the
area of the droplet. The area of the droplet might expand if the sample is disrupted, so care
should be taken that the droplet remains intact. Due to this concern, it is more desirable to
use the method of submerging a sample of known surface area, but that is not always
possible if all sides of the sample are not uniform. Following adsorption for 2h at 37°C, the
protein adsorption solution in the droplet is diluted by sequentially adding and removing 10ul
aliquots of buffer to the surface.

After dilution of the protein adsorption solution, samples were washed with PBS to
remove loosely bound protein following the procedure of Horbett [64]. Samples were
washed for 30-90 seconds in a flow-through manner.

Retained radioactivity was measured using a gamma counter, then protein surface
concentration was calculated from retained radioactivity (corrected for background), specific
activity of the protein solution, and surface area of the sample. Adsorption should be
repeated in triplicate at least twice on separate days. Non-radioactive iodine was included in
all buffers to suppress adsorption of free 21 to the surface[64].

Adsorption of multicomponent protein mixtures can also be measured using **I-
labeled protein. Measurement of competitive adsorption is performed in subsequent
experiments, with one experiment using one protein labeled with '?°l in the presence of the
other protein that is unlabeled. A separate experiment then measures the adsorption of the
second protein labeled using *?1 in the presence of the first protein, which is unlabeled. The
results from the separate experiments are combined to determine the amount of each protein

on the surface during competitive adsorption.
2.5 XPS analysis

XPS data were collected on a Surface Science Instruments S-Probe instrument with a
monochromatized aluminum Ko x-ray source and electron flood gun for charge

neutralization. Survey (1eV step size) and detail scans (0.4eV step size) were acquired using
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an analyzer pass energy of 150eV and a takeoff angle of 55°. The take-off angle is defined as
the angle between the sample surface normal and the axis of the analyzer lens. For each
sample type, generally at least two samples should be analyzed with three spectra collected
on each sample.

Spectra were analyzed using the Service Physics ESCA 2000A analysis software.
Atomic composition of all elements except nitrogen and sulfur were calculated using the
survey scan. Atomic composition of nitrogen and sulfur were calculated using detailed
scans. For protein adsorption samples, if nitrogen is unique to the protein, not present in the
substrate, the nitrogen signal can be used to create an adsorption isotherm by plotting the
nitrogen atomic percentage as a function of solution concentration.

Typically high resolution carbon C1s scans were collected for each protein sample.
High resolution sulfur S2p and oxygen O1s scans were also collected when appropriate. The
analyzer pass energy for high resolution scans was 50eV and the step size was 0.065eV.

Angle-resolved XPS measurements provide information about the variability of the
surface composition with depth. As the takeoff angle of analysis is varied, different sampling
depths are probed. Here, we used takeoff angles of 0°, 55°, and 75° between the detector
lens axis and the sample surface normal. The sampling depths for these three takeoff angles
was approximately 10, 5 and 2 nm, respectively. The sample was placed in a specially
designed sample holder to allow variation of the sample position. A 12° aperture placed over
the analyzer lens to reduce the acceptance angle into the detector. The number of scans taken
at different angles was adjusted to optimize the signal-to-noise ratio while minimizing X-ray

induced sample damage to the samples.
2.6 Calculations of coverage and thickness from XPS and '#1-protein data

Combining the measurements from XPS and a mass sensitive technique, such as
labeling using *?°l, can give information about the organization of a protein film.
The mass per area of protein adsorbed (Q) in a radiolabeled protein adsorption assay

can be described as

Q=np (Eq. 2.1)

www.manaraa.com



27

where p is the specific weight of the protein (1.378 g/lcm®) [177], y is the fraction of
surface covered, and t is the thickness of protein layer.

In XPS, when a substrate is covered by an overlayer, the signal from both the
substrate and overlayer is related to the fractional coverage and overlayer thickness by the
following equation [61]:

Overlayer:

Ik - 7[1_6(4//10056)] (Eq. 2.2)
(0] 0o

Substrate:
IkS _ IOS [(1_]/)+7/e(—t//10059):| (Eq. 2.3)

Where I is the measured intensity, |, is the intensity of a pure sample of the
substance, v is the fraction of surface covered, and t is the protein overlayer thickness, A is
the inelastic mean free path of the electron, and 6 is the photoelectron takeoff angle.
Typically XPS atomic percentages can be used as a substitute for intensity [178], although
the linearity of the relationship between intensity and atomic percentage should be
confirmed.

By solving this system of two equations, the coverage and thickness can be
calculated. This can give information about differences in protein adsorption behavior on
different surfaces.

2.7 TOF-SIMS analysis

ToF-SIMS data were acquired on an ION-TOF 5-100 instrument (ION_TOF GmbH,
Miinster, Germany) using a Bis* primary ion source under static conditions (primary ion dose
<10% jons/cm?) using a Bis" current between 0.15-0.35pA. The Bis" primary ion source was
operated in high current bunched mode.

Spectra were obtained from 100 um x 100 um areas and five positive ion spectra and
three negative ion spectra were collected from each sample. Two to three samples should be

analyzed per condition for biological samples to obtain enough data to draw conclusions
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about differences between samples. A low-energy electron beam was used for charge
compensation.

Mass resolution (m/Am) of the positive ion spectra was typically between 5500-7000
for the m/z = 27 peak. Mass scales of each positive secondary ion spectrum were typically
calibrated to the CH3", C,H3", CsHs", and C;H;" peaks before further analysis. If the C;H;"
signal saturated the detector (on bare PS substrates), CgH;" was used for calibration instead
of C;H;". The mass scales of the negative secondary ion spectra were calibrated using the
CH-, O-, OH-, and C,H- peaks.

For analysis of protein samples, peaks were identified which corresponded to unique
amino acid peaks [77]. Unique amino acid peaks are listed in Table 2.1, along with the
corresponding amino acid they are attributed to. Amino acid peaks that overlapped with
substrate peaks were not used in analysis. Substrate peaks were eliminated using the
following criteria. If the normalized intensity of a peak on the bare substrate was greater
than 15-25% of the protein normalized peak intensity, that peak was assumed to originate
from the substrate and not included in the amino acid peak list used for analysis.

ToF-SIMS data can be further analyzed in several ways. ToF-SIMS data can give
semiquantitative information about protein surface coverage. Comparing the total protein
signal for proteins adsorbed to different surfaces gives insight into how much protein is
adsorbed onto the surface. To do this, one can sum the intensities from all the amino acid
peaks, then normalize by the total intensity of the spectrum to account for day-to-day
differences in overall ion yield. The intensity of the substrate signal can also give
information about the protein coverage on the surface.

One way to look for differences between proteins adsorbed onto different surfaces is
to calculate the relative exposure of the polar (hydrophilic) or nonpolar (hydrophobic) amino
acids. Since nonpolar amino acids are typically buried within the protein core, exposure of
these amino acids can suggest the protein is denatured on the surface [35]. This simple
interpretation is complicated somewhat by the observation that hydrophobic amino acids
orient toward a hydrophobic surface to minimize the entropy of the system [129]. However,
comparing the hydrophilic/hydrophobic amino acid ratio of adsorbed proteins can give

insight into conformational changes.

www.manaraa.com



29

To calculate the hydrophilic/hydrophobic amino acid ratio, one simply sums the
intensity of the peaks corresponding to the polar amino acids and sums the intensity of the

peaks corresponding to the nonpolar amino acids, as summarized in equation 2.4.

hydrophilic Y polar amino acid peak intensities

amino acid ratio = (Eq. 2.4)

hydrophobic Y. nonpolar amino acid peak intensities

If a crystal structure of the protein of interest is known, this can be a very useful tool
in analyzing and interpreting ToF-SIMS data. If a protein contains only specific residues
asymmetrically distributed within the protein, the intensity of peaks from those residues in
the ToF-SIMS spectrum gives information about the solution exposure of those amino acids.
It also gives information about the solution exposure of the area of the protein surrounding
the amino acid. Baugh, et al. used this approach to identify differences in Asn, lle, and Tyr
residue exposure when the B1 domain of Protein G was immobilized in a controlled
orientation via a cysteine thiol onto maleimide-oligo(ethylene glycol)-functionalized gold
and bare gold substrates [69]

Using the protein crystal structure, one can also identify amino acids that are
asymmetrically distributed within the protein, and use the ToF-SIMS signals from those
amino acids to provide information about the orientation and conformation of the adsorbed
protein. For example, if an amino acid is asymmetrically distributed within one region of the
protein, measuring the peak intensity from that residue can give information about the
orientation of protein on the surface [69]. When one measures amino acid peak intensity, the
intensities are generally normalized to the sum of all measured amino acid peaks. This
accounts for variability in the protein coverage, as well as day-to-day differences in ion yield
due to instrument factors.

While the hydrophilic/hydrophobic ratio can give some overall information about
conformational changes, the crystal structure can allow more directed analysis of
denaturation. Using the crystal structure, one can identify amino acids that are preferentially
located on the outer surface of the protein or buried within the protein. Protein viewers such
as Pymol or VMD can calculate the solvent accessible surface area of the amino acids within
a protein crystal structure. Also, the ‘findsurfaceresidues’ function in Pymol will select the
surface residues within the crystal structure according to a minimum solvent exposed surface

area defined by the user. Comparing the amino acid peak intensity of surface residues and
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protein core residues can give insight into conformational changes upon adsorption. Again,
amino acid intensities should be normalized or expressed as a ratio of surface/core amino
acid intensities to account for differences in protein coverage and day-to-day instrumental
variations.

Principal component analysis (PCA) is another useful tool for looking for differences
between adsorbed proteins [78,83,79]. PCA uses all the peaks in the dataset to identify the
greatest sources of variation between spectra. PCA can distinguish proteins based on amino
acid composition [80,179], conformation [35,73], and orientation [68,180]. Prior to PCA, the
dataset needs to be preprocessed. There are several options for preprocessing, and the user
needs to take care to understand why each step is being taken. In the analyses included in
this thesis, peaks were mean centered and normalized to the sum of the selected peaks before
PCA. Peaks were normalized to the sum of the selected peaks instead of total intensity
because the amino acid peaks are a small subset of the entire spectrum. Normalizing by total
intensity would likely cause PCA to identify differences in protein coverage. For the
analysis included here, we used a series of MATLAB (MathWorks, Inc., Natick, MA) scripts
written by NESAC/BIO (see http://mvsa.nb.uw.edu).

Peaks were identified that corresponded to unique amino acid peaks. Amino acid
peaks that overlapped with substrate peaks were then eliminated. Peaks used for analysis are
listed in Table 2.1, along with the corresponding amino acid [77]. Intensity of amino acid
peaks of interest (Trp and Cys) were normalized to the sum of all amino acid peaks to
account for variations in protein surface concentration.

PCA processing of ToF-SIMS data from adsorbed proteins has been described
extensively elsewhere [78,83,79].

2.8 Isolation of platelets for parallel plate flow chamber assays

Platelets were isolated from the blood of healthy donors, which had been drawn into
acid citrate dextrose (ACD) tubes. Platelets were separated by differential centrifugation in
the presence of Apyrase and PGE-1 and resuspended in Hepes Tyrodes buffer containing
200ug/ml BSA [181,182].

2.9 Measuring platelet binding in parallel plate flow chamber
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Platelet adhesion studies were performed in a parallel plate flow chamber as
previously described [183,98]. A region of interest on each substrate was drawn using a
hydrophobic marking pen. The phosphate buffered saline (137mM NaCl, 2.7mM KClI,
10mM phosphate) at pH 7.4 was introduced to the surface for at least one hour. Then protein
solution was introduced into the buffer at twice the desired concentration. Surfaces were
incubated for 2hr at 37°C. Control surfaces were incubated with BSA (500ug/ml). Surfaces
were then blocked with BSA (200ug/ml) overnight at 4°C.

The flow chamber (Glycotech) was prepared with the appropriate gasket to achieve
the desired shears. The parallel plate flow chamber was situated on the protein coated plate
and sealed using a vacuum. A 300ul bolus of washed platelets was then introduced into the
flow chamber and allowed to settle for 30sec. Buffer was then pushed through the chamber at
the desired shear using a syringe pump. Platelet-surface interactions were observed with a
10x objective, CCD camera, and microscope controlled by Metamorph software.

To test specificity of platelet-Al interaction, an anti-GP1ba antibody was used [152].
Platelets were incubated with anti-GP1ba antibody AK2 (Abcam) at a concentration of
25ug/ml for 15 min at room temperature, then platelet binding was measured as described
above in the presence of the antibody. Specificity of platelet binding was also measured on a
control plate containing only BSA.

The number of platelets on the surface was measured using Metamorph software.
Stationary platelets were defined as platelets that remained in the same position on the
surface over the entire time the flow was at a particular shear. Stationary platelets were also

identified using Metamorph software.
2.10 ELISA

There are many experimental factors to consider when performing an ELISA, and the
times for incubation, number of rinses, etc, should be optimized for each assay.

For the ELISA experiments included in this thesis, PS (Corning), TCPS (Corning)
and glass-bottom (MatTek) 96-well plates were used as substrates. Phosphate buffered saline
(137mM NaCl, 2.7mM KCI, 10mM phosphate) at pH 7.4 was introduced into each well and
allowed to equilibrate overnight at room temperature. VWF Al solutions were then added to
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the buffer at twice the desired concentrations, or BSA (1mg/ml) as a negative control.
Substrates were incubated for 2h at 37°C.

Surfaces were blocked with BSA (200ug/ml) at room temperature for up to 18h. This
relatively long incubation time was found to be necessary to minimize nonspecific interaction
of the primary antibody with the surface. Primary antibodies were then incubated with the
samples for 1h at 37°C. To test nonspecific secondary antibody binding, some samples were
incubated with BSA (1mg/ml) for 1h at 37°C during this step and were not incubated with
primary antibody. Results from this assay are included in Section 5.4.3, and show
nonspecific binding was less than 20% of specific binding in all cases.

Secondary goat anti-mouse antibodies conjugated with horseradish peroxidase were
incubated with the samples for 1h at 37°C. Samples were incubated with 3,3°,5,5’-
Tetramethylbenzidine (TMB) for 5 min, then absorbance was measured at 600nm.
Absorbance values were corrected for background. Between each step, substrates were
rinsed at least six times with tris buffered saline (TBS) (150mM NaCl, 10mM tris) containing
0.2 vol % tween 20.

2.11 NEXAFS

Near edge x-ray absorption fine structure (NEXAFS) measurements were performed
using samples that had been prepared according to the protein adsorption procedure for ultra-
high vacuum analysis, as described above.

NEXAFS spectra were taken at the National Synchrotron Light Source (NSLS) U7A
beamline at Brookhaven National Laboratory using an elliptically polarized beam with -~
85% p polarization. This beamline uses a monochromator with a 600 L/mm grating that
provides a full-width half-max resolution of ~0.15 eV at the carbon K-edge (285 eV). The
monochromator energy scale was calibrated using the 285.35 eV C 1s—n* transition on a
graphite transmission grid placed in the x-ray path. The partial electron yield was monitored
by a detector with the bias voltage maintained at —360 V for the nitrogen K-edge spectrum.
The signal was divided by the beam flux during data acquisition. Samples were mounted to
allow rotation about the vertical axis to alter the angle between the incident x-ray beam and
the sample surface. Data was collected at different NEXAFS angles, defined as the angle

between the incident X-ray beam and the sample surface.
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Spectra were normalized to zero at the pre-edge and 1 at the post-edge. Difference
spectra at the nitrogen k-edge were calculated to examine the angle dependence of the
adsorbed protein. Calculating the difference between the spectra collected at an incident
angle of 70° from the surface normal (near-glancing) and 20° from the surface normal gives

information about the orientation of the amide bonds in the protein backbone.
2.12 SFG

SFG was performed to examine the adsorbed surface structure of proteins.

An equilateral CaF;, prism was spin-coated on one side with deuterated polystyrene.
Following annealing overnight at 80°C in air, the polystyrene film was exposed to UV light
for at least 1h to introduce oxygen groups to the surface to mimic a TCPS substrate. The
prism was then brought into contact with protein in PBS (137mM NaCl, 2.7mM KCI, 10mM
phosphate).

The SFG spectra were obtained by overlapping visible and tunable IR laser pulses (25
ps and 30 ps, respectively) in time and space. The visible beam with a wavelength of 532 nm
was delivered by an EKSPLA Nd:YAG laser operating at 50 Hz and AgGas; crystals to
generate tunable IR laser radiation from 1000 to 4000 cm™. The bandwidth was 1 cm™ for
the visible pump pulses and 1-6 cm™ for the IR laser radiation (1 cm™ for 2750-3000 cm™
and 6 cm™ for higher and lower wavenumbers). Both beams were unfocused and had a
diameter of approximately 3 mm at the sample. The energy for both beams was 190-240 pJ
per pulse.

After allowing 2h for adsorption at room temperature, the spectra were collected with
the pump beams going through the backside of the prism. The input angles of the visible and
IR pump beams inside the prism were 55° and 62° versus the surface normal of the UV-
treated polystyrene surface, respectively.

The SFG signal generated at the sample was then analyzed by filters and a
monochromator, detected with a gated photomultiplier tube. The spectra were collected with
300-400 shots per data point in 2 cm™ increments. Spectra were recorded in the ppp and ssp
(sum, visible, and infrared) polarization combinations. At least 3 spectra were measured for
each condition. The SFG spectra were normalized by the product of the intensities of the IR

and visible spectra.
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2.13 Tables for Chapter 2

Table 2.1 Positive ToF-SIMS amino acid ions

Positive lon Amino Acid Mass
CH4N Gly 30.0346
CHzN; Arg 43.0163
C,oHgN Ala 44,0492

CHS Cys 449772
C,HsS Cys 58.9941
C,HgNO Ser 60.0448
C,HsS Met 61.0095
C4HgN Pro 68.053
C4HsO Thr 69.0381
CsH4NO Asn 70.0331
C4HgN Pro 70.0704
C3H30, Ser 71.0156
C4H1oN Val 72.0862
CsH/NO Arg 73.0527
C3H3NO Thr 74.066
C,HeSN Cys 76.0292
C4HsN, His 81.0383
C4H6N2 His 82.0527
CsH/0 Val 83.0526
C4HgNO GIn/Glu 84.0474
CsHioN Lys 84.0855
C4HgNO Hyp 86.0672
CsHioN Iso/lle 86.0982
C3H7N,0 Asn 87.0576
C3HgNO, Asp/Asn 88.0297
C4H4NO, Asn 98.0144
C4H10N3 Arg 100.0795
C4H11N3 Arg 101.0963
C4HgNO, Glu 102.0415
C/H;0 Tyr 107.0505
CsHgNs His 110.0759
CsH1oN3 Arg 112.087
CgHioN Phe 120.0874
CsH11N20 Arg 127.0868
CyoH;O Phe 131.0459
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C1oH11N2 Trp 159.0897
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Chapter 3 Albumin Adsorption onto Polystyrene and Glass Surfaces

3.1 Abstract

Important aspects of protein adsorption are the amount, packing and conformation
and orientation of the adsorbed protein. Multi-technique surface analysis was used to
characterize albumin adsorption onto glass and polystyrene surfaces. Radiolabeled albumin
adsorption and x-ray photoelectron spectroscopy showed that more albumin adsorbed onto
polystyrene surfaces than glass surfaces. However, the protein packing on each surface was
different. A model based on the x-ray photoelectron spectroscopy (XPS) data and
radiolabeled albumin adsorption showed that on polystyrene surfaces, the protein film was
thicker and had higher coverage than on the glass surfaces. In all cases, protein surface
coverage was calculated to be less than a full monolayer. Time-of-flight secondary ion mass
spectrometry (ToF-SIMS) was used to characterize the protein surface structure, a
combination of conformation and orientation. Both principal component analysis and a ratio
of hydrophobic to hydrophilic amino acids showed that structure of albumin adsorbed onto
glass surfaces changed as the adsorption solution protein concentration was increased from
0.001 to Img/ml. However ToF-SIMS did not detect changes in albumin structure adsorbed

onto polystyrene surfaces over the same concentration range.
3.2 Introduction

When a biomaterial is placed in contact with biological fluids, it is covered by
proteins in a matter of seconds to minutes. This nonspecifically adsorbed protein layer then
controls the interaction of the biomaterial with the surrounding environment [122].

Adsorption behavior is controlled by the surface properties of the material, including
hydrophobicity[8], surface chemistry [9], and charge [57]. Upon adsorption, proteins
undergo rearrangement and conformational changes [11]. Although protein adsorption has
been studied for many years, we still have limited information about the structure of
adsorbed proteins [184]. Due to the complexity of the system, it is extremely difficult to
accurately predict or control how proteins will interact with surfaces, making rational design

of polymers for biomaterial applications still a challenging goal.
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When characterizing protein adsorption, it is important to measure the quantity of
protein adsorbed onto a surface and the organization of the protein film. Previously, several
techniques have been used to measure quantity of protein adsorption on surfaces, including
ellipsometry [185-187] and QCM [188,189,10]. These measurements can be used to
calculate film thickness, but calculation typically assumes that the adsorbed protein film has
a uniform thickness. However, proteins can adsorb in islands, forming a patchy film on the
surface [190,127,191].

Surface plasmon resonance (SPR) can detect the mass of protein adsorbed onto a
surface [192-194]. Labeling proteins with a radioisotope is another approach to accurately
measure the mass of protein adsorbed onto a surface [195,126,196,197,64,80]. X-ray
photoelectron spectroscopy (XPS) can also be used to provide additional insight into the
quantity of protein on a surface. XPS can also be used in conjunction with a mass
measurement technique to determine if a protein layer adsorbs in a full monolayer or patchy
islands [198,62].

Surface structure of an adsorbed protein, consisting of the protein conformation and
orientation, has a major role in the interaction of the protein with the surrounding system.
Protein conformation and orientation on surfaces has been studied with experimental
techniques including FTIR [43,131], circular dichroism (CD) [8,57,128], and near-edge x-ray
fine structure (NEXAFS) [36,199,200]. Although FTIR and CD can provide valuable
information about the a-helical or B-sheet makeup of a protein, they are not inherently
surface sensitive and present challenges for adsorbed protein studies. NEXAFS can provide
information about bond orientation within a protein, but cannot give information about a
disordered protein film on a surface. Time of flight secondary ion mass spectrometry (ToF-
SIMS) has also been shown to be a powerful tool in examining protein structure on surfaces
[35,72,201,202,73]. The sampling depth of ToF-SIMS is approximately 2nm, which is
generally less than the thickness of a protein layer on a surface, thus the ions detected are
sensitive to changes in conformation and orientation.

In the study presented here, we focus on the adsorption behavior of albumin, the most
concentrated protein in the blood at 40mg/ml [126]. Due to its high concentration and small
size, albumin is likely among the first proteins to adhere to an implanted biomaterial surface

[47]. Albumin is generally considered to be nonadhesive and been extensively used as an
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inert blocking agent [122,123]. It has been shown to inhibit platelet binding if it fully covers
the surface [203,124]. However, upon conformational changes, platelets can adhere to
adsorbed albumin [203,57,186].

The study presented here uses surface analysis techniques to characterize the
adsorption of bovine serum albumin (BSA) from a wide range of solutions concentrations
onto polystyrene, a hydrophobic surface, and glass, a hydrophilic surface. XPS and
radiolabeling were used to measure the quantity of protein on each surface, as well as the
packing density of the protein films. ToF-SIMS was used to examine the surface structure of
BSA to obtain a more detailed understanding of the changes the protein undergoes when it

comes in contact with a surface.
3.3 Methods
3.3.1 Substrate preparation

Glass coverslips (8mm, ProSciTech, Thuringowa, Australia) were cleaned by
sequential sonication in dichloromethane, acetone, methanol. The water contact angle
(measured in air) of the cleaned glass coverslips was 31°+/-1° (measured in triplicate on two
samples using a goniometer). Previously reported water contact angles for glass surfaces
include 15° [204] and 25°[145]. For polystyrene substrates, polystyrene powder (MW2500,
Sigma) was dissolved in toluene (3wt%) and spin-cast onto clean glass coverslips.
Polystyrene coatings were annealed overnight at 120°C in air. The water contact angle
(measured in air) of the polystyrene coated glass coverslips was 72°+/- 2° (measured in
triplicate on two samples using a goniometer). Previously reported water contact angles for
polystyrene surfaces range from 66 °to 95° [205,204,206-209]

3.3.2 ®|-BSA preparation and adsorption

BSA (Sigma) was labeled using Na*®1 (PerkinElmer, Waltham, MA) according to the
method of Horbett [64]. A 2:1 molar ratio of ICI to BSA was used. Unincorporated **I was
separated from labeled protein by two passes through Econo Pac 10DG desalting columns
(Bio-Rad Laboratories, Hercules, CA). lodinated protein was stored at -20 C and used within

2 weeks of preparation. For protein adsorption, substrates were allowed to equilibrate
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overnight with degassed phosphate buffered saline (PBS) (110mM NaCl, 8mM phosphate,
10mM Nal) at pH 7.4 at room temperature. Then **I-BSA solutions at the desired
concentrations were incubated with substrates for 2h at 37°C. Samples were washed with
PBS to remove loosely bound protein following the procedure of Horbett [64]. Retained
radioactivity was measured using a gamma counter, then BSA surface concentration was
calculated from retained radioactivity (corrected for background), specific activity of the
protein solution, and surface area of the sample. All conditions were repeated in triplicate at
least twice on separate days. Non-radioactive iodine was included in all buffers to suppress

adsorption of free 2| to the surface [64].
3.3.3 Protein adsorption for XPS and ToF-SIMS

Substrates were allowed to equilibrate overnight with degassed phosphate buffered
saline (137mM NaCl, 2.7mM KCI, 10mM phosphate) pH 7.4 at room temperature, then BSA
solutions at the desired concentrations were incubated with substrates for 2h at 37°C.
Following adsorption, substrates were rinsed in PBS to remove loosely bound protein, then
water to remove buffer salts. Samples were dried with a stream of nitrogen, then kept under

inert nitrogen atmosphere until analysis.
3.3.4 XPS analysis

XPS data were collected on a Surface Science Instruments S-Probe instrument with a
monochromatized aluminum Ka x-ray source and electron flood gun for charge
neutralization. Survey and detail scans were acquired at a pass energy of 150eV and a
takeoff angle of 55°. The take-off angle is defined as the angle between the sample surface
normal and the axis of the analyzer lens. For each concentration, two samples were analyzed
and three spectra were collected on each sample. Spectra were analyzed using the Service
Physics ESCA 2000A analysis software. Full XPS elemental composition of all samples is
listed in Table 3.1.

3.3.5 Calculations of coverage and thickness from XPS and **I-BSA data
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The mass per area of protein adsorbed (Q) in a radiolabeled protein adsorption assay

can be described as

Q=xnp (Eq.3.1)

where p is the specific weight of the protein (1.378g/cm®) [177], v is the fraction of
surface covered, and t is the thickness of protein layer.

In XPS, when a substrate is covered by an overlayer, the signal from both the
substrate and overlayer is related to the fractional coverage and overlayer thickness by the
following equation [61]:

Overlayer:

I, = |o7/[1_e(_mcose)] (Eq. 3.2)

Where I is the measured intensity, |, is the intensity of a pure sample of the
substance, v is the fraction of surface covered, and t is the protein overlayer thickness, A is
the inelastic mean free path of the electron, and 6 is the photoelectron takeoff angle. Atomic
percentage nitrogen was used as a substitute for intensity [178]. To determine I, of the protein,
XPS analysis was performed on a thick film of air-dried BSA (65.7%C, 18.8%0, 15.5%N).

By solving this system of two equations, the coverage and thickness can be calculated
for each sample. The values of Q and I for each surface at saturation were determined from
Langmuir fits of the adsorption isotherms.

3.3.6 TOF-SIMS analysis

ToF-SIMS data were acquired on an IONTOF 5-100 instrument (IONTOF GmbH,
Miinster, Germany) using a Biz* primary ion source under static conditions (primary ion dose
<10* jons/cm?) using a Bis" current between 0.15-0.35pA. Spectra were obtained from 100
um X 100 um areas and five positive ion spectra were collected from each sample. Three
samples were analyzed per condition. A low-energy electron beam was used for charge
compensation.

Mass resolution (m/Am) of the positive ion spectra was typically between 5500-7000

for the m/z = 27 peak. Mass scales of each spectrum were calibrated to the CH3", C;Hs",
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CsHs', and C7H;" peaks before further analysis. If the C;H;" signal saturated the detector (on
bare PS substrates), CgH;" was used for calibration instead of C;H;". Peaks were identified
which corresponded to unique amino acid peaks.

Amino acid peaks that overlapped with substrate peaks were then eliminated using
the following criteria. If the normalized intensity of a peak on the bare substrate was greater
than 15% of the protein normalized peak intensity, that peak was assumed to originate from
the substrate and not included in the amino acid peak list used for analysis. Peaks used for
analysis are listed in Table 3.2, along with the corresponding amino acid they are attributed
to. For hydrophilic/hydrophobic peak ratio calculations, peaks labeled ‘hydrophilic’ were
included in the hydrophilic intensity sum, and peaks labeled ‘hydrophobic’ were included in
the hydrophobic intensity sum.

PCA processing of ToF-SIMS data from adsorbed proteins has been described
extensively elsewhere [78,83,79]. Prior to PCA processing the peaks were mean centered and
normalized to the sum of the selected peaks. Analysis was performed using a series of
MATLAB (MathWorks, Inc., Natick, MA) scripts written by NESAC/BIO (see
http://mvsa.nb.uw.edu).

3.4 Results and Discussion
3.4.1'?°| BSA adsorption onto polystyrene and glass surfaces

To accurately determine the amount of protein adsorbed to each surface, radiolabeled
protein adsorption was performed. This technique allows quantitative measurement of the
mass of protein adsorbed onto a surface. *?°I-BSA measurements show an increasing
surface concentration of BSA on both polystyrene and glass surfaces as the solution protein
concentration increased from 0.0001mg/ml to Img/ml (Fig. 3.1). Adsorption onto
polystyrene surfaces reaches a plateau around 400ng/cm? at a solution concentration of
0.001mg/ml. However on glass surfaces, the BSA surface concentration was below
100ng/cm?. Assuming a native, globular profile for BSA with dimensions 4nm x 4nm x

14nm, monolayer coverage could range from 210-720ng/cm? [210,47].
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Fig. 3.1. ?°I-BSA adsorption onto polystyrene and glass surfaces. Polystyrene substrates
show more protein adsorption than glass, with saturation reached at approximately
400ng/cm?. Glass substrates had protein adsorption below 100ng/cm?. Mean +/- SD, n = 6.
Solid lines represent Langmuir isotherms fit to the data. X axis is offset from zero for clarity.

3.4.2 XPS characterization of BSA adsorption onto polystyrene and glass surfaces

We used XPS to further characterize the amount of protein on each surface. Since
nitrogen is not present in either substrate, protein adsorption can be tracked by following the
nitrogen signal with XPS. XPS showed an increasing nitrogen signal on both polystyrene
and glass surfaces as the BSA solution concentration increased from 0.0001mg/ml to 1mg/ml
(Fig. 3.2). Samples with BSA adsorbed onto polystyrene showed a moderately higher
nitrogen percentage than glass, indicating that more protein adsorbed to the polystyrene

surface than the glass surface.
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Fig. 3.2. XPS analysis of BSA adsorption onto polystyrene and glass surfaces. BSA
adsorbed onto polystyrene substrates show higher nitrogen content than glass, indicating
higher protein adsorption. Mean +/- SD, n = 6: 2 samples, 3 spots/ sample. Solid lines
represent Langmuir isotherms fit to the data. X axis is offset from zero for clarity.

The observations in both 1°I and XPS experiments are consistent with previous
literature showing that hydrophobic surfaces generally exhibit higher levels of protein
adsorption than hydrophilic surfaces. Fluorescence and **°I-BSA studies have shown that
more BSA adsorbs onto hydrophobic polystyrene [125] or —CHj3 self-assembled monolayers
[126,47,127] than comparative hydrophilic surfaces of silica [125], -OH SAMS[126,47], or —
COOH SAMs [127]. Another study also showed more albumin adsorbed onto a hydrophobic
silanized glass than untreated glass [197]. The authors also observed a strong dependence on
pH, with more protein adsorbing at lower pH values.

While the reason for this difference in amount of adsorbed BSA is not fully

understood, previous studies have shown that BSA diffuses [128] and spreads [47] more
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quickly on hydrophilic surfaces than hydrophobic surfaces. Faster diffusion and spreading
rates on the glass surface could allow the BSA to spread out more quickly, inhibiting further
protein adsorption onto the surface. On the polystyrene surface, slower diffusion and
spreading rates would leave more open space on the polystyrene surface for further protein
adsorption. This is described by the random sequential adsorption model, which states that
when a single adsorbed molecule adheres to a surface, it defines a zone that excludes

molecules that arrive at later times [28].
3.4.3 Calculation of coverage and thickness of BSA

By calculating the coverage and thickness of the adsorbed BSA films, more can be
learned about the protein organization on the surfaces. At saturation (solution concentration
> 0.1mg/ml), the protein layer adsorbed onto polystyrene was calculated to have a thickness
of 8.1nm with a coverage of 40%. On the glass surfaces, both thickness and coverage was
calculated to be lower than on the polystyrene surfaces. The BSA layer adsorbed onto the
glass surfaces at saturation (solution concentration > 0.1mg/ml) was calculated to have a
thickness of 2.4nm with a coverage of 22%. This is comparable to a previous study of BSA
adsorption onto glass, which measured BSA film thicknesses of 2.5-3.5nm [211]. Therefore,
the higher protein levels on polystyrene surfaces observed by both XPS and *?°I results from
both greater coverage and thickness of the protein layer on polystyrene surfaces than glass
surfaces. The presence of a thicker BSA layer on polystyrene compared to glass could
indicate that the protein is in a more upright orientation and/or less spread conformation on
polystyrene surfaces compared to glass surfaces.

It is somewhat surprising that full monolayer coverage was not reached, even at the
highest solution concentrations. However, previous studies have shown BSA can adsorb in a
submonolayer, patchy coverage. Alternatively, proteins can follow Freundlich adsorption
[212]. Ithurbide et al., showed BSA had a surface coverage of 0.5 on chromium [189].
Other XPS studies of fibronectin [198] and collagen [213] have observed submonolayer
coverage upon adsorption to polymers. It is unknown if submonolayer coverage is relevant
to events in vivo, but it is an important consideration for interpreting the results from
techniques such as ellipsometry and QCM, where full monolayer coverage is generally

assumed for thickness calculations.
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3.4.4 ToF-SIMS characterization of BSA adsorption onto polystyrene and glass surfaces

To evaluate BSA surface structure on the polystyrene and glass surfaces, PCA was
performed on the ToF-SIMS data. PCA of ToF-SIMS data is sensitive to changes in protein
orientation and conformation [35,81,79,83,73], so PCA can be used to identify differences
adsorbed protein surface structure. PCA analysis of BSA adsorption onto polystyrene and
glass surfaces showed differences between the two surfaces. PC1 captured 52% of the
variance in the dataset, and shows some separation between the glass and polystyrene
samples (Fig. 3.3a). Glass samples tend to load negatively, while polystyrene samples tend
to load positively. PC1 scores on glass increase as a function of solution concentration. PC1
does not separate the polystyrene samples, indicating the surface structure of the protein is
similar, regardless of the solution concentration.

Examining the PC1 loadings (Fig. 3.3b), peaks with strong negative loadings tend to
be hydrophobic (Ala, Val, Leu, Gly). These amino acids correspond to BSA on glass at a
low concentration. In the positive loadings, the peaks with the highest positive loadings are
hydrophilic (Glu, Lys).

The observations from these ToF-SIMS studies are consistent with previous
literature. Previous ToF-SIMS studies of BSA showed that conformation was dependent on
amount adsorbed when the surface was polycarbonate treated to be hydrophilic. However,
on hydrophobic polycarbonate, no conformation dependence was observed [214]. Another
study using sum frequency generation to measure BSA adsorption onto silica and polystyrene
surfaces observed a concentration-dependent signal on silica but not polystyrene [125].
Since sum frequency generation only detects ordered species at an interface, this indicates
that the ordering of BSA changed at the silica surface as concentration changed, but did not

change on polystyrene [125].

www.manaraa.com



46

(a.) 0.1
0.05 -
)
N
w0+ e
-
(&)
o
72}
2005 -
o
Q
(7]
] ¢ polystyrene
0.1 4 m glass
atoe | | | T
0.001 001 0.1 1
solution conc (mg/ml)
(b.) 1 o
3
08 ®
(=
e oy =g
w 0w
i 02,8 2Zle 22224
= —! (7= o
2:9
o 0 1 S ‘_A.A,.,AJA.,A, ,-,Al,, | . ,A._,-_IA-_,I,,-A
[72]
D 0.2 I 3 I
T ogq4l2 )8 =
@ 04 < g
o w
3062 5 %
08 £ S &
-1

Fig. 3.3. PCA results for ToF-SIMS data from BSA adsorbed onto glass and polystyrene
surfaces at a range of concentrations. (a.) The PC1 (52% variance) scores for BSA
adsorbed onto glass increase with increasing BSA surface coverage while the PC1 scores for
BSA adsorbed onto polystyrene samples remain constant with increasing BSA coverage.
Mean score +/- SD; n = 15 spectra (3 samples, 5 spots/sample). (b.) Loadings show
hydrophobic amino acids tend to load negatively (Gly, Ala, Val, Leu), while hydrophilic
amino acids tend to load positively (Glu, Lys).

To further explore the differences between the exposure of hydrophilic and
hydrophobic amino acids on the polystyrene and glass surfaces, intensity ratios of

hydrophilic to hydrophobic acids were calculated. Hydrophobic/hydrophilic ratios have been
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used previously to examine changes in adsorbed protein surface structure, since hydrophobic
amino acids tend to be located within the core of a protein, and hydrophilic amino acids tend
to be located on the solution-contacting surfaces [35]. As a protein unfolded or denatured
upon adsorption onto a surface, the nonpolar amino acids in the core of the protein would be
exposed. Nonpolar amino acids can be located on the outer surface of a protein, so the ratio
is not an absolute measure of the extent of denaturation, but can give information about
changes in protein structure. On polystyrene, the hydrophilic/hydrophobic amino acid ratio
is constant over the range of solution concentrations tested (Fig. 3.4). This indicates that the
relative exposure of the hydrophilic amino acids does not change. This is consistent with the
PCA analysis, which showed the same scores in PC1 for BSA adsorbed onto polystyrene
surfaces at all the solution concentrations tested.

In contrast, on glass surfaces the hydrophilic/hydrophobic amino acid ratio increases
as the solution concentration increases. This increase indicates that more hydrophilic amino
acids are exposed to the protein-solution interface at higher solution concentrations on glass
than at lower concentrations. Since hydrophilic amino acids tend to be solvent-exposed, a
higher hydrophilic/hydrophobic amino acid ratio could represent a more ‘solution-like’
conformation. This is consistent with previous studies using circular dichroism that showed
albumin experienced a decreased loss of secondary structure as solution concentration
increased when adsorbed to several types of SAMs [8].

At the highest surface coverages the ToF-SIMS results are similar for BSA adsorbed
onto the two surfaces. At the lowest protein coverages, the adsorbed BSA films on glass
surfaces have a lower hydrophilic to hydrophobic amino ratio than adsorbed BSA films on
polystyrene surfaces. This suggests at low surface coverages the adsorbed BSA is more
denatured on glass compared to polystyrene surfaces. The XPS and °I BSA experiments
showed more protein was adsorbed onto the polystyrene surface than the glass surfaces.
With less adsorbed BSA on the glass surface, the protein would have more room to spread
out and unfold. Our thickness calculations also showed that the BSA layer is thicker on
polystyrene compared to glass surfaces, which also supports that BSA is less denatured on
the polystyrene surface compared to the glass surface.

This result contradicts with some previous studies measuring the secondary structure

of BSA adsorbed onto SAMs containing different functional groups [57]. Sivarman and
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Latour used CD to show that BSA a-helix and -sheet content was closer to the native
secondary structure when adsorbed onto an OH-terminated SAM compared to a CH3-
terminated SAM. In the studies here, the glass surface would be most closely represented by
the OH-terminated SAM, which showed lower relatively exposure of hydrophilic amino
acids from adsorbed BSA than polystyrene, which would be most closely represented by the
CHs-terminated SAM. However, results from SAM surfaces cannot necessarily be directly
related to the surfaces here, as glass is not purely an -OH surface and polystyrene is not
purely a -CHs surface. Alternatively, it is possible that the hydrophilic/hydrophobic amino
acid ratio is not an appropriate measure of denaturation of BSA due to the location of polar
and nonpolar amino acids within the protein. However, the thinner BSA layer observed on
glass than polystyrene supports the hypothesis that BSA is more spread out, and therefore
denatured, when adsorbed onto glass than polystyrene.

It could also be possible that the hydrophobic amino acid residues in adsorbed BSA
orient preferentially toward the hydrophobic polystyrene surface, making the hydrophilic
amino acids relatively more exposed to the protein-solution interface. This situation has been
observed in a recent study of thick-film BSA adsorbed onto hydrophilic and hydrophobic
surfaces [129]. Also, the difference surfaces could affect the secondary ion formation and
ejection processes of the fragments from the adsorbed protein on the two surfaces (matrix
effects). However, the matrix effects, if present, should have more influence on the absolute
values of the hydrophilic to hydrophobic ratios than the trends of these ratios with increasing

protein surface coverage.
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Fig. 3.4. Hydrophilic/hydrophobic amino acid intensity ratio from the ToF-SIMS data
from BSA adsorbed onto polystyrene and glass surfaces. On polystyrene, the ratio remains
constant over the range of solution concentrations tested. On glass, the ratio increases as
the solution concentration increases. Mean +/- SD; n = 15 spectra (3 samples, 5
spots/sample).

3.4 Conclusions

The quantity and packing of BSA absorbed onto polystyrene and glass surfaces was
examined and is summarized in Fig. 3.5. XPS and radiolabeled protein adsorption showed
that more BSA adsorbed to the polystyrene surface than the glass surface for all solution
protein concentrations. However, the protein packing on the two surfaces was different. On
polystyrene surfaces, calculations showed that the protein film was thicker and had higher
coverage than on the glass surfaces at saturation coverage (solution concentration >
0.1mg/ml). ToF-SIMS showed BSA surface structure was dependent on solution
concentration when adsorbed onto glass, with PCA scores and the hydrophilic/hydrophobic
amino acid ratio increasing as solution concentration increased. However, ToF-SIMS did not
show a changes in PCA scores or hydrophilic/hydrophobic amino acid ration when BSA was

adsorbed onto polystyrene surfaces at varying concentrations. The thinner protein layer and
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lower hydrophilic/hydrophobic amino acid ratio when BSA was adsorbed onto glass than
polystyrene suggests that BSA was more spread out, and potentially denatured when

adsorbed onto glass than onto polystyrene.
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Table 3.1 XPS determined elemental compositions of BSA adsorbed onto PS and glass

surfaces
Solution
concentration
(mg/ml) % C % O % N %Si | %oNa | %F % Zn
0
74.5 17.2 7.6 0.2 0.9
PS (24.5) | (16.5) ND (7.8) (0.4) (0.6) ND
20.9 54.6 0.1 22.9 1.1 0.4
Glass | (6.1) (3.8) (0.3) (2.0) (0.6) ND (0.3)
0.0001
87.0 6.9 35 0.8 1.7
PS (4.0) (2.5) (2.0) (0.9) ND (0.9) ND
19.7 55.8 0.4 22.7 0.9 0.4
Glass | (4.2) (1.9) (0.4) 1.7) (1.0) ND (0.3)
0.001
77.1 13.2 5.6 2.7 0.1 1.3
PS (9.0) (5.0) (0.6) (3.3) (0.2) (0.8) ND
52.9 0.9 23.3 0.6 0.4
Glass 22 (3.3) (0.2) (1.4) (0.7) ND (0.4)
0.01
78.2 12.6 6.5 2.0 0.8
PS (9.0) (6.2) (0.7) (3.7) ND (0.5) ND
25.9 49.2 2.7 20.6 0.3 1.3 0.1
Glass | (4.3) (2.3) (0.4) (1.3) (0.3) (1.6) (0.1)
0.1
72.9 16.6 4.6 4.7 1.6
PS (15.8) | (11.2) (1.7) (4.8) ND (1.6) ND
25.6 49.7 3.7 20.1 0.4 0.1 0.3
Glass | (4.9) (3.3) (0.6) (0.8) (0.6) (0.3) (0.3)
1
66.6 20.7 75 4.4 0.8
PS (10.4) (6.8) (0.4) (4.3) ND (0.6) ND
29.5 45.4 5.6 18.7 0.2 0.6 0.1
Glass | (2.5) (1.5) (0.9) (0.7) (0.4) (1.3) (0.2)

Mean of 6 measurements on 2 samples. Standard deviation in parentheses. ND: Not

detected
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Table 3.2 Peaks used for the analysis of the ToF-SIMS data.

lon Amino acid | Mass

CHuN+ Gly 30.0351 | Hydrophobic
CoHgN+ Ala 44,0492 | Hydrophobic
CoH3S+ Cys 58.9941 | Hydrophobic
CoHgNO+ Ser 60.0448 | Hydrophilic
C4HeN+ Pro 68.0530 | Hydrophobic
C4Hs0+ Thr 69.0381 | Hydrophilic
C3HsNO+ Asn 70.0331 | Hydrophilic
C4H1oN+ Val 72.0862 | Hydrophobic
C3HgNO+ Thr 74.0660 | Hydrophilic
C4HgNo+ His 82.0527 | Hydrophilic
C4HgNO+ GInGlu | 84.0474 | Hydrophilic
CsHioN+ Lys 84.0855 Hydrophilic
CsHipN+ Iso Leu 86.0982 | Hydrophobic
C4HioNs+ Arg 100.0795 | Hydrophilic
C4HuNs+ Arg 101.0963 | Hydrophilic
CsHgNa+ His 110.0759 | Hydrophilic
CsHioNa+ Arg 112.0870 | Hydrophilic
CgH1oN+ Phe 120.0874 | Hydrophobic
CgH1oNO+ Tyr 136.0831 | Hydrophilic
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Chapter 4 Fibronectin adsorption onto titanium and sulfonated polystyrene

4.1 Abstract

Titanium is commonly used in orthopedic biomaterial implants. However, it remains
a challenge to create an implant that fully integrates with the surrounding bone. Previous
studies have shown osteoblast cells exhibit improved function when cultured on sulfonated
surfaces compared to titanium surfaces (Helary, et al. Acta Biomater (2009) 5:124;
Michiardi, et al. Acta Biomat (2010) 6:667). Since adsorbed proteins play an important role
in the biological and cellular response to a material, this study characterized protein
adsorption onto titanium and sulfonated surfaces. The adsorption of fibronectin (Fn), an
important extracellular matrix protein, along with albumin, the most abundant protein in the
blood, were examined.

Amount of protein on a surface is one characteristic that can control the biological
response. Adsorption studies using *°I labeling and x-ray photoelectron spectroscopy (XPS)
showed a trend of higher amounts of protein adsorbed onto sulfonated polystyrene (PSS)
than titanium (Ti) surfaces. Competitive adsorption of Fn and albumin did not show strong
differences in the relative protein affinity of the two surfaces.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) and principal
component analysis clearly showed differences between Fn adsorbed onto PSS and Ti
surfaces, suggesting differences in protein structure. This could contribute to changes in
exposure of cell binding sites within Fn, and result in changes in cell function.

These studies demonstrate that the adsorption of Fn and albumin are different on PSS
and Ti surfaces. Itis likely differences in protein amount and adsorbed Fn surface structure

play a role in previously observed differences observed in osteoblast function.

4.2 Introduction

It is estimated that by 2030, close to 4 million hip and knee replacements will be
performed annually in the United States [215]. Currently, titanium and its alloys are an
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attractive choice for orthopedic implants due to their excellent mechanical properties [216]
and corrosion resistance [217,218].

However to achieve successful integration of the implant into the bone tissue, termed
osseointegration, cells must form a direct interaction with the metal surface and avoid
producing an interfacial fibrous layer [219-221]. The inability of cells to integrate the
implant into the existing bone can lead to implant loosening and failure. To repair or replace
a failed implant, revision surgery is required, leading to greater cost and suffering for the
patient [222]. The life span of a hip implant is 10-15 years [223]. As patients continue to
live longer with more active lives, it is even more important to extend the life of an implant
in vivo. To achieve this goal, the osseointegration of orthopedic implants into bones must be
improved.

There have been many attempts to coat or modify titanium surfaces to address the
ongoing challenge of osseointegration. As reviewed by Liu et al., [224] strategies include
modifying surface roughness, UV treatment, ion implantation, manipulating the oxide layer
and coating with protein. These strategies have achieved some success, but there is still
additional scope for improving titanium surface properties for use in biomedical applications.
Polymer grafting is another technique that has been recently shown to improve cellular
response in vitro [225]. Titanium surfaces with sodium styrene sulfonate (NaSS) grafted
onto the oxide surface layer showed greater adhesion strength of osteoblasts than untreated
titanium [225].

To understand why cells interact differently with different surfaces, we need to
understand how proteins adsorb onto those surfaces. In vitro and in vivo, a synthetic surface
is quickly coated with a layer of adsorbed protein, which cells then contact. Among these
proteins are extracellular matrix (ECM) proteins. In normal tissue, the ECM provides
important signals to the surrounding cells [226]. Therefore the organization of ECM proteins
on the titanium surface can provide signals to the surrounding cells [5].

The presentation of fibronectin (Fn) on implant surfaces could be an important cue to
bone osteoblasts that are regenerating the bone tissue around the implant. Fn is a large
glycoprotein present in the bone ECM [132,133] where it is produced by osteoblasts [227].

Fn is necessary for osteoblast adhesion [228-232] and regulates osteoblast function including
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proliferation [134], differentiation [135], protein expression [233], and survival
[234,235,136] through integrin signaling.

Since Fn plays an important role in ECM signaling, cell function could be influenced
by the conformation of Fn adsorbed onto synthetic surfaces. Indeed, previous studies have
shown that the surface to which Fn is adsorbed does affect osteoblast function. Adhesion
[18,19,17,20], spreading [20], and mineralization [18] of osteoblasts and 3T3 osteoblast-like
cells were different when Fn was adsorbed onto different surfaces including polystyrene
[18,20], tissue culture polystyrene [18,20], collagen [18], glass [17], and SAMs [19].

Previous investigations have attempted to elucidate changes in Fn on different
surfaces that could be the cause for the observed differences in cell behavior. Fn
conformation has been tested on a variety of surfaces including polystyrene
[41,139,236,237], tissue culture polystyrene [139,236,141,142], glass [142,147,238], SAMs
[137,239,138,140,240,241], titanium [242,176,243,72], and sulfonated polystyrene
[244,237]. Previous studies clearly support that the surface to which Fn is adsorbed can
influence its conformation and the amount adsorbed, using measurements including ToF-
SIMS [72], FTIR [41,137,239,138], antibody binding [236,140-142,241], integrin binding
[240], elution ability of Fn from a surface [242,139], fluorescence [238,147,245], and
radiolabeled protein adsorption [237,176].

Albumin is another protein that could influence cellular response to implants. It is the
most concentrated protein in the blood at 40mg/ml [126]. Albumin is generally considered to
be a non-adhesive protein, but it is present in the bone ECM [246]. It is expressed by bone
marrow stem cells and osteoblast-like 3T3 cells [247]. However, its role in osteoblast
adhesion is not fully defined. In vitro, osteoblast-like 3T3 cells showed greater adhesion
[248] and proliferation [249,250] in the presence of albumin than when albumin was not
present. In vivo during fracture healing in rats, high amounts of albumin are observed at the
healing site [251]. Macrophages have also been shown to adhere to albumin-coated
fluorinated substrates, which could be important for modulating the healing response [252].
Albumin is also thought to be important for lubrication [28]. These studies suggest that
albumin adsorption onto titanium implants could be an important consideration in

osseointegration.

www.manaraa.com



56

Studies of single protein adsorption can give us useful information about how
proteins will interact with a surface. However, the in vivo environment is a complex mixture
of proteins, so competitive adsorption studies can give further insight into how proteins
interact with each other on a surface. Previous studies of competitive adsorption show the
presence of aloumin has different effects on Fn affinity on different synthetic surfaces
including polystyrene [204], tissue culture polystyrene [56], glass [204,252], SAMs
[126,140], titanium [242], and fluorocarbon surfaces [56,252]. Competitive adsorption of Fn
and albumin has also been shown to influence osteoblast adhesion in vitro on titanium
[253,254].

In the studies presented here, Fn adsorption behavior is characterized on titanium and
sulfonated polystyrene (PSS) surfaces to mimic the sulfonate modification previously
performed on titanium surfaces. The influence of albumin on Fn adsorption is also
examined. Radiolabeled protein adsorption and XPS were used to determine the amount of
adsorbed Fn on the two surfaces. To learn about the differences in orientation and
conformation of Fn on the surfaces, ToF-SIMS was used. Previous studies have shown that
ToF-SIMS can distinguish between proteins in different orientations [68,69] and
conformations on different surfaces [70-72,35,73,74].

4.3 Methods
4.3.1 Preparation of Ti substrates

Titanium samples (Ti) were prepared by electron beam evaporation of thin Ti layers
(~50nm) onto 1cm? silicon wafers. Following deposition, Ti substrates were cleaned by

subsequent sonication in dichloromethane, acetone, and methanol.
4.3.2 Preparation of sulfonated polystyrene (PSS) substrates

Sulfonated substrates were made by sulfonating polystyrene surfaces. Polystyrene
petri dishes (Corning) were allowed to react with concentrated sulfuric acid for 1-24h at
room temperature for initial experiments, and for 1h for all protein adsorption substrates.

Then petri dishes were sonicated in water for 1h to remove any sulfuric acid non-covalently
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associated with the surface. Petri dishes were diced into 1cm? pieces, then sonicated again in

water, dried using a stream of nitrogen, then stored in an inert nitrogen atmosphere until use.
4.3.3 Quantification of surface sulfonate concentration

The number of sulfonate groups on the sulfonated polystyrene surface was quantified
according to the method of Helary, et al. [175]. Briefly, samples were immersed in an
aqueous solution of toluidine blue (5x10* M) for 6h. Then samples were rinsed with an
aqueous solution of NaOH (5x10° M) to remove uncomplexed dye. Toluidine blue was
decomplexed from the surface by immersion in 50vol% acetic acid for 24h. Then
absorbance of the solution was measured at 633nm and compared to a standard curve for
toluidine blue. The number of sulfonate groups was corrected for nominal surface area to

determine the concentration of sulfonate groups on the surface.
4.3.4 Protein adsorption

Substrates were allowed to equilibrate overnight with degassed phosphate buffered
saline (PBS) (137mM NaCl, 2.7mM KCI, 10mM phosphate) pH 7.4 at room temperature,
then Fn or BSA solutions at the desired concentrations were incubated with substrates for 2h
at 37°C. Following adsorption, substrates were rinsed in PBS to remove loosely bound
protein, then water to remove buffer salts. Samples were dried with a stream of nitrogen,

then kept under inert nitrogen atmosphere until analysis.
4.3.5 | protein adsorption

123 protein adsorption was performed to determine the amount of Fn and BSA
adsorbed onto Ti and PSS surfaces. Competitive adsorption effects were examined using
binary protein solutions containing 1:1 and 1:10 mass ratios of Fn:BSA [56]. In plasma, BSA
is approximately 1000 times more concentrated than Fn [56]. However, that ratio would not
be as high in the extracellular matrix.

BSA (Sigma) and human Fn (Sigma) were labeled using Na*?*I (PerkinElmer,
Waltham, MA) according to the method of Horbett [64]. A 2:1 molar ratio of ICI to protein

was used. Unincorporated *#I was separated from labeled protein by two passes through
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Econo Pac 10DG desalting columns (Bio-Rad Laboratories, Hercules, CA). lodinated
protein was stored at -20°C and used within 2 weeks of preparation.

Protein adsorption was carried out based on previously published protocols[176,126].
Briefly, a 10ul droplet of degassed PBS (110mM NaCl, 10mM Nal, 10mM citric acid, 8mM
phosphate, 3mM NaN3) at pH 7.4 was placed on the substrate and allowed to equilibrate for
one hour at room temperature. Then 10ul of *#I-labeled protein solutions at 2x
concentration were added to the existing buffer droplets on the substrates, resulting in 20ul
droplets containing the desired concentration. Protein solutions were incubated with
substrates for 2h at 37°C. Samples were washed with PBS for 30-90 seconds to remove
loosely bound protein following the procedure of Horbett [64]. Retained radioactivity was
measured using a gamma counter, then protein surface concentration was calculated from
retained radioactivity (corrected for background), specific activity of the protein solution, and
surface area of the sample. All conditions were repeated in triplicate at least twice on
separate days. Non-radioactive iodine was included in all buffers to suppress adsorption of
free 12| to the surface [64].

Adsorption of Fn and BSA were measured individually (single component
adsorption) at a range of solution concentrations. Measurement of competitive adsorption of
Fn and BSA was performed in subsequent experiments, using **°I BSA mixed with unlabeled
Fn in one experiment, then **°I Fn mixed with unlabeled BSA in a separate experiment. Fn
and BSA were mixed in mass ratios of 1:1 and 1:10.

The mass per area of protein adsorbed (Q) in a radiolabeled protein adsorption assay

can be described as
Q=np (Eq. 4.1)
where p is the specific weight of the protein (1.378g/cm®) [177], v is the fraction of

surface covered, and t is the thickness of protein layer.

4.3.6 XPS
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XPS analysis was performed to characterize the atomic composition of the substrates.
XPS was also used to create a protein adsorption isotherm. The unique nitrogen signal in the
adsorbed protein was tracked as a measure of protein adsorption.

XPS data were collected on a Surface Science Instruments S-Probe instrument with a
monochromatized aluminum Ko x-ray source and electron flood gun for charge
neutralization. Survey and detail scans were acquired at a pass energy of 150eV and a take-
off angle of 55°. The take-off angle is defined as the angle between the sample surface
normal and the axis of the analyzer lens. For each concentration, two samples were analyzed
and three spectra were collected on each sample.

Angle-resolved measurements were conducted at 0°, 55°, and 75° take-off angles
between the detector lens axis and the sample surface normal, with a 12° aperture placed over
the analyzer lens. The number of scans taken at different angles was adjusted to optimize the
signal-to-noise ratio while minimizing X-ray induced sample damage to the samples.

Spectra were analyzed using the Service Physics ESCA 2000A analysis software.
Full XPS elemental compositions of all samples are listed in Tables 4.3 and 4.4.

In XPS, when a substrate is covered by an overlayer, the signal from the overlayer is

related to the fractional coverage and overlayer thickness by the following equation [61]:
_ __ al-t/Acoso) ]
I, = |o7[1 € (Eq. 4.2)

Where Iy is the measured intensity, I, is the intensity of a pure sample of the
substance, v is the fractional surface coverage, and t is the protein overlayer thickness, Ais the
inelastic mean free path of the electron, and 6 is the photoelectron takeoff angle. Atomic
percent was used as a substitute for intensity in Eq. 4.2 [178,255] . To determine I, for proteins,
XPS analysis was performed on a thick film of air-dried BSA (65.7%C, 18.8%0, 15.5%N).
This thick-film value was used for both Fn and BSA.

4.3.7 ToF-SIMS
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ToF-SIMS analysis was performed to examine differences in Fn conformation on Ti
and PSS.

ToF-SIMS data were acquired on an ION-TOF 5-100 instrument (ION-TOF GmbH,
Minster, Germany) using a Bis+ primary ion source under static conditions (primary ion
dose <10 jons/cm?). Spectra were obtained from 100 um x 100 pm areas and five positive
ion spectra were collected from each sample. At least two replicates were analyzed per
sample type. A low-energy electron beam was used for charge compensation. Mass
resolution (m/Am) of the positive ion spectra was typically between 5500-7000 for the m/z =
27 peak. Mass scales of each positive secondary ion spectrum were calibrated to the CH3",
C,Hs", and C3Hs" peaks before further analysis. The mass scales of the negative secondary
ion spectra were calibrated using the CH", O", OH’, and C,H" peaks. Negative secondary ions
detected from the PSS surfaces are listed in Table 4.2.

Peaks were identified which corresponded to unique amino acid peaks. Amino acid
peaks that overlapped with substrate peaks were then eliminated using the following criteria.
If the normalized intensity of a peak on the bare substrate was greater than 25% of the
protein normalized peak intensity, that peak was assumed to have a significant contribution
from the substrate and was not included in the amino acid peak list used for analysis. Peaks
used for analysis are listed in the appendix Table 4.5, along with the corresponding amino
acid. PCA processing of ToF-SIMS data from adsorbed proteins has been described
extensively elsewhere [78,83,79]. Prior to PCA processing the peaks were mean centered and
normalized to the sum of the selected peaks. Analysis was performed using a series of
MATLAB (MathWorks, Inc., Natick, MA) scripts written by NESAC/BIO (see

http://mvsa.nb.uw.edu).
4.4 Results
4.4.1 Optimizing sulfonation time

Sulfonation of polystyrene was achieved by reacting polystyrene substrates with
concentrated sulfuric acid. To determine the time dependence of sulfonation, reactions were
carried out for 1, 4, and 24 hours. Using XPS to measure the atomic percentage of sulfur in

the sample gives an indication of the extent of surface sulfonation. Without exposure to
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sulfuric acid, sulfur content of the polystyrene substrates was 0. The atomic percentage of
sulfur was similar for the 1 and 4 hr reaction time points, then decreased slightly for the 24 hr
time point (Fig. 4.1a).

The oxygen/sulfur ratio also gives information about the composition of the surface.
For a pure polystyrene sulfonate surface, the theoretical oxygen/sulfur ratio is 3. In these
samples, the O/S ratio was over 5 for sulfonation reaction reaction times of 1 and 4 hours
(Fig. 4.1b). The oxygen/sulfur ratio increases at the 24h reaction time, suggesting that other
species on the surface are being oxidized or oxidized contaminants might be deposited onto
the surface. For these reasons, a reaction time was limited to 1 hour for all further

experiments.
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Fig. 4.1 XPS of sulfonated polystyrene. (a.) Atomic % sulfur and (b.) Oxygen/sulfur ratio.
Mean of 3 spots on one sample +/- SD.

4.4.2 Quantifying the number of sulfonate groups on the PSS surface

We quantified the number of sulfonate groups on the PSS surfaces that had been
sulfonated for 1h using the toluidine blue assay. From measurements of the toluidine blue
complexation with the PSS surfaces, the number of sulfonate groups on the surface was
determined to be ~1.5x10"/cm?. The hydrodynamic radius of a sulfonate group is 0.12nm

[256]. Assuming the sulfonate groups are concentrated in the outermost atomic layers at the
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solution-polymer interface, the coverage of sulfonate groups on the surface was estimated to
be ~65% (Table 4.1).

4.4.3 XPS characterization of sulfonated polystyrene

Comparing the high resolution C1s spectra of polystyrene to polystrene treated with
sulfuric acid, some differences are observed. Following sulfonation, the full width at half
max of the main peak increase from 1.3eV for untreated PS to 1.8eV for sulfonated PS (Fig.
4.2). This likely corresponds to oxidized carbon groups introduced during the sulfuric acid
treatment [257]. Fitting the high resolution C 1s spectrum, after sulfonation we also detect
the * shakeup satellite at 292eV from the aromatic rings of the styrene, demonstrating that
the majority of styrene rings remain intact following sulfuric acid treatment. The fitted
spectra show that in the untreated PS sample, the shakeup satellite contains 3.8% of the area
of the C1s peaks. The fitted spectra show that after sulfonation, the shakeup satellite
contains 2.6% of the area of the C1s peaks.

The high resolution sulfur 2p spectrum had low signal, but showed a single peak
centered at 168.8eV (Fig. 4.3), consistent with previous XPS studies of sulfonated
polystyrene [258-260]. The sulfur 2p peak at 169 indicates highly oxidized sulfur [257].
The high resolution oxygen 1s spectrum exhibits a single peak centered at binding energy
532.5eV (Fig. 4.4). This is consistent with previous reports of SO3 groups in sulfonated
polymers [258-260].
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Fig. 4.2 High resolution carbon 1s XPS spectra of polystyrene and sulfonated polystyrene.

Spectra offset for clarity.

www.manharaa.com




65

Intensity

175 170 165 160
Binding Energy (eV)

185 180

Fig. 4.3 High resolution sulfur 2p peak of sulfonated polystyrene
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Fig. 4.4 High resolution oxygen 1s peak of sulfonated polystyrene
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The XPS atomic composition of polsytrene samples sulfonated for 1 hour showed 1.8
atomic % sulfur (mean of 12 spots on 4 samples). If the full XPS sampling depth of the
surface was composed entirely of sulfonated styrene groups, 8.3 atomic % sulfur would be
expected (1 sulfur atom, 3 oxygen atoms, 8 carbon atoms per repeat unit).

We calculated the thickness of the styrene sulfonate later according to Eq. 4.2, using
an inelastic mean free path of 0.9nm for sulfur 2p electrons [261]) and photoelectron take-
off angle 0 of 55°. Using atomic percent sulfur as a substitute for intensity [178], a sulfur
content of 1.8 atomic % corresponds to a styrene sulfonate layer 0.1nm thick if coverage was
100%. This supports submonolayer coverage, as was observed with the toluidine blue assay.

Assuming the sulfonate layer is 0.24nm thick (2x the hydrodynamic radius of
0.12nm), then 1.8 atomic % sulfur corresponds to a surface coverage of approximately 40%,
similar but slightly lower than estimated from the toluidine blue asssay. The toluidine blue
assay coverage estimate could be overstated by using nominal surface area in the calculation.
Taking surface roughness into account would reduce the calculated coverage.

We also performed angle-resolved XPS (Fig. 4.3) to determine if the sulfonate
functionalization was limited to the outermost surface, or if the sulfuric acid penetrated
deeper into the polystyrene. By varying the photoelectron takeoff angle, different sampling
depths can be probed. A takeoff angle of O degrees results in the largest sampling depth
(~10nm), while a glancing takeoff angle of 75 degrees results in a shallower sampling depth
(~2nm).

The PSS sample analyzed in the angle dependent study had a slightly lower atomic %
sulfur than the mean of samples used for the previous calculations (1.4 versus 1.8 atomic %,
respectively). This difference could be due to differences in the acceptance angle introduced
by the aperture used for the angle dependent studies. The difference could also be due to a
lower level of sulfonation for this sample due to experimental variability. However, even
though the sulfur content is slightly lower, there is an angle dependence of the sulfur signal
in the PSS (Fig. 4.5). The observed atomic % sulfur increases from 1.1 to 2.0 as the takeoff
angle increases from 0 to 75°. Without exposure to sulfuric acid, sulfur content of the

polystyrene substrates was 0.
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This is consistent with the sulfonate groups concentrated in the outermost atomic
layers of the surface and the sulfuric acid not penetrating into the polystyrene substrate. This

IS in agreement with previous reports using sulfuric acid to sulfonate polystyrene [262].
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Fig. 4.5 Atomic percentage sulfur of the PSS samples as a function of photoelectron
takeoff angle.

4.4.4 | protein adsorption

Radiolabeled protein adsorption was used to determine the surface concentration of
Fn and BSA adsorbed onto the Ti and PSS surfaces from single and binary protein solutions.
As the concentration of the single component Fn solution was increased by three orders of
magnitude, the surface coverage increased on both the Ti and PSS surfaces (Fig. 4.6).
Approximately two-fold higher Fn surface coverage was observed on the PSS surface
compared to the Ti surface, with a maximum Fn surface concentration of >700ng/cm? on
PSS, and ~400ng/cm? on Ti.

The surface concentrations measured in this study on PSS surfaces are consistent with
literature values of **°I-labeled Fn adsorption onto sulfonated polystyrene surfaces. Previous
publications have reported Fn surface concentrations of 200-300ng/cm? from solution
concentrations of 10-20ug/ml [237,263]. Reports of adsorbed Fn surface concentration on
other surfaces are also in the range of 300-1000ng/cm? (onto polystyrene [264,265,237],
TCPS[264-266], glass [267], and mica [78]). The adsorbed Fn surface concentrations

measured on Ti surfaces here are lower than one previously published report showing 700-
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1300ng/cm? Fn adsorbed onto TiO, surfaces from a 20pug/ml Fn solution [176]. These
differences could be due to surface roughness or other differences in substrate preparation
between the current study and the previous report. In addition, to the authors’ knowledge
this is the first direct comparison of Fn surface concentration adsorbed onto Ti and PSS, so
the relative amounts of Fn on the two surfaces might be more informative than the
differences of absolute amounts from different previous studies. Assuming Fn forms a
continuous film when adsorbed from a solution concentration of 100ug/ml, the film thickness
was calculated to be 13.3nm on PSS and 7.6nm on Ti according to Eq. 4.1. These values are
similar to previous values reported in atomic force microscopy studies (5-10nm on mica and
poly(lactide-co-glycolide) surfaces [268]) and quartz crystal microbalance (QCM) studies
(10nm on a poly(hydroxymethylsiloxane) surface [191]), so the thicknesses calculated here
are similar to previously published reports.

In single component *?°I BSA adsorption, similar amounts of BSA adsorbed onto the
sulfonated polystyrene surfaces compared to titanium surfaces (Fig. 4.7), with more BSA
adsorbing to the PSS surfaces. At a solution concentration of 100ug/ml, there appears to be
some aggregation of BSA on the surface, as the BSA surface concentration is higher than we
would expect for a monolayer (<1000ng/cm?) [210]. At higher BSA solution concentrations
even higher BSA surface concentrations were observed, providing further indications of BSA
aggregation on the Ti and PSS surfaces (data not shown).

Comparison of the ?°I BSA results to the XPS analysis of adsorbed BSA (Fig. 4.13)
also suggests aggregation of *?°I BSA at 100ug/ml on the Ti and PSS surfaces. The XPS
atomic % N is on the order of what we would expect for a monolayer of BSA [255], but the
surface concentration measured by *2° BSA adsorption is much higher than a monolayer.
Assuming BSA forms a continuous film when adsorbed from a solution concentration of
100ug/ml, the film thickness was calculated to be 13.7nm on PSS and 10.8nm on Ti,
according to Eq. 4.1. Previous studies using ellipsometry and QCM have reported adsorbed
BSA film thickness in the range of 1-3nm on fluorinated SAM surfaces [255], TiO, surfaces
[46], gold surfaces [269], and chromium surfaces [189], which would be representative of
monolayer coverage. Therefore, samples made with BSA solution concentrations of

100ug/ml or higher are not necessarily representative of an adsorption process onto the
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surface, but rather aggregation. Aggregation could have occurred during storage, during the
labeling process, or during adsorption.

BSA aggregation on surfaces has been reported in the literature, including a study
showing 5000ng/cm? *2° human serum albumin adsorbed onto titanium surfaces, with
surface saturation reached between 1-5mg/ml solution concentration of HSA [270].
Albumin surface concentrations approaching 6000ng/cm? have also been reported on
surfaces of low temperature isotropic carbon [51] and silica [51] using **I labeling
techniques. Other reports have shown albumin surface concentration on polymers in the
range observed here, including PVC (3000ng/cm?), silicone (2500ng/cm?), PE (2000ng/cm?),
[257], and polyurethane (1600ng/cm?) [271].

Another possible explanation for the high surface concentration values could be the
adsorption of free '?°1 onto the surface. However, the BSA and Fn were labeled using the
same procedure and the two protein solution would likely contain the same amount of free
125 " High surface concentration values were only measured using I BSA, which suggests
that free ' was not responsible. With both Fn and BSA, steps were taken to minimize the
potential effect of free ?°I adsorption. All surfaces were preincubated with buffer containing
unlabeled Nal, and Nal was present in the buffer at all times to prevent adsorption of free
125 " For the '2°I BSA single component adsorption samples, following measurement of
radioactivity, samples at higher BSA concentrations were subjected to additional rinsing to
ensure that samples were well rinsed and did not contain weakly bound protein. Additional
buffer and water rinses did not substantially reduce measured radioactivity present on the

samples (<10%.
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Fig. 4.6 '®1 Fibronectin adsorbed onto Ti and sulfonated polystyrene surfaces. More
fibronectin (approximately 2-fold) adsorbs onto the sulfonated polystyrene surfaces than
titanium surfaces at all measured solution concentrations. N =6-9. Mean +/- SEM.
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Fig. 4.7. ®°I BSA adsorbed onto Ti and sulfonated polystyrene surfaces. Similar amounts
of BSA adsorb onto the sulfonated polystyrene surfaces than titanium surfaces. N =6. Mean

+/- SEM.

125 protein adsorption was also used to determine the amount of Fn and BSA

adsorbed from binary mixtures. In separate experiments, ‘I Fn mixed with unlabeled BSA
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or unlabeled Fn mixed with '2°I BSA were coadsorbed onto Ti and PSS surfaces at mass
ratios of 1:1 and 1:10. When Fn and BSA were coadsorbed in a 1:1 ratio, more protein
adsorbed onto the PSS than Ti in all cases (Fig. 4.8). The total amount of protein was higher
on PSS than Ti, as well as the amount of BSA or Fn individually. These results are
consistent with the results from the single component films.

To examine the surface composition for potential enrichment of Fn on the surface
compared to the solution composition, we took a ratio of the adsorbed masses of Fn:BSA on
the surface (Fig. 4.9). Enrichment of Fn compared to the solution composition was observed
in one case, in which the solution consisted of 1ug/ml Fn:1ug/ml BSA adsorbed onto PSS
surfaces. In all other cases, the surface concentration of Fn was relatively lower than the
solution concentration, suggested BSA adsorbed preferentially onto these surfaces. The
relative amount of Fn was similar on the two surfaces, although somewhat higher on the PSS
surface than the Ti surface.
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Fig. 4.8. Competitive adsorption of fibronectin and BSA at 1:1 solution concentration
mass ratio onto titanium and sulfonated polystyrene surfaces. More protein adsorbed onto
the PSS than Ti in all cases. The total amount of protein was higher on PSS than Ti surfaces,
as well as the amount of BSA or fibronectin individually. N = 6-9. Mean +/- SEM.
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Fig. 4.9. Relative surface concentration of fibronectin and BSA adsorbed at 1:1 mass ratio
solution concentration. To examine the relative amount of adsorbed fibronectin compared
to BSA on the two surfaces when adsorbed in a 1:1 mass ratio in solution, we took a ratio of
the surface concentration of the two proteins. If the surface composition matched the
solution composition, the ratio would be 1 in all cases (dashed line). Mean +/- SD.

In vivo, there is more BSA than Fn present in the plasma, with BSA approximately
1000 more concentrated by mass [56]. Therefore, it is also useful to determine the amount of
Fn and BSA adsorbed onto Ti and PSS when BSA is present in higher amounts. When Fn
and BSA were adsorbed onto the surfaces at Fn:BSA solution mass ratios of 1:10, more total
protein adsorbed onto the PSS than Ti at all solution concentrations (Fig. 4.10). The surface
concentration of BSA was higher on PSS than Ti surfaces. The surface concentration of
adsorbed Fn was similar on the two surfaces. Following measurement of radioactivity,
samples at higher BSA concentrations were subjected to additional rinsing to ensure that
samples were well rinsed. Additional buffer and water rinses did not substantially decrease
the counts for the samples (<10%).

To examine the relative amount of adsorbed Fn compared to BSA on the two surfaces
when adsorbed in a 1:10 mass ratio in solution, we took a ratio of the surface concentration
of the two proteins (Fig. 4.11). If the surface composition matched the solution composition,

the ratio would be 0.1 (dashed line). On the Ti surfaces, the surface composition approached
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the solution composition. However, in all cases the surface concentration of Fn is relatively
lower than the solution concentration, indicating BSA adsorbed preferentially onto these

surfaces. Overall, the relative amount of Fn is similar on the two surfaces.
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Fig. 4.10. Competitive adsorption of fibronectin and BSA at 1:10 solution concentration
mass ratio onto titanium and sulfonated polystyrene surfaces. More total protein adsorbed
onto the PSS than Ti at all solution concentrations. The surface concentration of BSA was
higher on PSS than Ti surfaces. The surface concentration of adsorbed fibronectin was
similar on the two surfaces, except at the highest protein concentration (100zg/ml
fibronectin/1000.g/ml BSA). At the highest protein concentration, more fibronectin
adsorbed onto Ti than PSS. N = 6-9. Mean +/- SEM.

www.manharaa.com




74

Mass ratio on surface

Fn:BSA 1:10
0.16
0.14 - m PSS
0.12 - mTi

= 0.06

s ratio Fn:BSA
o
=

1:10 10:100
Fn:BSA solution concentration (ug/ml)

Fig. 4.11. Relative surface concentration of fibronectin and BSA adsorbed at 1:10 mass
ratio solution concentration. If the surface composition matched the solution composition,
the ratio would be 0.1 (dashed line). Mean +/- SD.

There have been previous studies of competitive adsorption of Fn and BSA onto
titanium surfaces. One previous study found some differences from the current study,
although some experimental details make it difficult to draw direct comparisons. Sousa, et
al. [253] found that adsorbing Fn and HSA from a 1:1 mixture reduced the amount of Fn to
50% of the maximum value adsorbed from a single component solution. This is consistent
with the observations in the current study. However, the previous study found that the
amount of HSA adsorbed onto the surface from a 1:1 mixture with Fn decreased by
approximately 80% from the maximum value adsorbed from single component solution. In
our study, coadsorbing BSA with Fn in a 1:1 ratio had a varied effect depending on the
concentrations examined. Here, the largest decrease in adsorbed amount of BSA was
approximately 70% compared to the single component condition.

When Fn and HSA were adsorbed onto titanium surfaces in a 1:10 mass ratio in
solution concentration, the previous study found that both Fn and HSA adsorption dropped to
approximately 10% of the amount from a single component film [253], which is different

from the result obtained here.
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With higher levels of HSA in solution (HSA:Fn ratio 50 and 200) the amount of Fn
on the TiO; surface dropped to approximately 10% of the amount from a single component
film, while the amount of BSA adsorbed onto the surface remained approximately 70% of
the single component solution. This result is more consistent with the results observed in the
current study. The previous publication did not list the solution concentrations or the final
surface concentrations; results were expressed only as percentages relative to single
component adsorption. Therefore it is difficult to interpret the relative Fn:albumin surface
concentration to compare to the current study.

Competitive adsorption of Fn and BSA has also been measured with PTFE surfaces
[56]. For solutions with Fn:BSA mixtures of 1:1, 1:10, and 1:100 mass ratios, the amount of
Fn adsorbed onto the surface decreased by approximately 50% for each 10-fold increase in
the amount of BSA present. That is comparable to the results observed in the current study.

Another study measured the competitive adsorption of Fn and BSA onto —CHg3 and —
COOH SAM surfaces [140]. Coadsorption with BSA in a 1:100 Fn:BSA ratio resulted in a
decrease in the amount of Fn on the surface to approximately 25% of the value from the
single component Fn solution on the -COOH SAMs and approximately 20% of the value
from the single component Fn solution on the -CH3; SAMs. These are comparable to the
results obtained here for the 1:10 Fn:BSA ratio which resulted in a decrease in the surface
concentration of Fn from 20-50% of the amount of Fn adsorbed from a single component
solution onto Ti and PSS surfaces.

Competitive adsorption of Fn and BSA has also been compared on fluorocarbon and
glass surfaces [252]. More BSA than Fn adsorbed onto the fluorocarbon surface, but more
Fn adsorbed onto the glass surface than BSA when adsorbed from a 1:10 Fn:BSA mass ratio.

In these studies, BSA showed relatively higher surface concentration than solution
concentration in almost all cases. However, there have been reports of preferential Fn
adsorption onto titanium from binary solutions containing BSA. With a high relative amount
of BSA in solution (Fn:BSA ratio of 1:1000) resulted in a Fn:BSA mass ratio of the surface
composition to be approximately 0.02 [242]. It is possible that further increasing the relative
amount of BSA in solution in these studies would have resulted in a surface enrichment of Fn

compared to the solution concentration.
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4.4.5 XPS protein adsorption isotherms

XPS was used to track protein adsorption onto the surfaces by measuring the nitrogen
signal, as nitrogen is unique to the protein and not present in either substrate. Full XPS
determined elemental composition for these samples are listed in Table 4.3. The measured
XPS nitrogen signal increased on each surface as the solution concentration increased,
reaching a saturation value of approximately 11 atomic % N at a solution concentration of
100ug/ml on both surfaces (Fig. 4.12). This is consistent with a previous study of Fn
adsorption onto polystyrene surfaces and polystyrene treated with UV light, in which a
plateau in XPS N1s atomic percentage was observed above Fn solution concentration of
50ug/ml [74]. At a Fn solution concentration of 10ug/ml, a higher XPS nitrogen signal was
observed on the PSS surface compared to the Ti surface.

Assuming Fn formed a continuous film when adsorbed from a solution concentration
of 100ug/ml, the film thickness was calculated from Eq. 4.2 using a mean free path of 3.5nm
and a photoelectron take-off angle of 55° to be 2.7nm for both PSS and Ti surfaces. This is
lower than previously published measurements of Fn film thickness discussed above (5-
10nm), but still possible if Fn molecules were lying down on the surfaces.

There are some differences observed between the XPS measurements of Fn
adsorption and *2°I Fn adsorption. XPS shows that more Fn adsorbs onto the PSS surface
than Ti surface at solution concentration of 10ug/ml. However, above solution
concentrations of 10pg/ml, the XPS atomic %N plateaus at the same value for Fn adsorbed
onto both PSS and Ti surfaces. This is different from the **I Fn results, which showed more
Fn adsorbed onto PSS surfaces than Ti surfaces at all solution concentrations measured.
These results do not necessarily contradict, due to the differing sampling depths of XPS and
125 Fn adsorption. It is possible that at a solution concentrations above 10pg/ml, the amount
of Fn on the surface saturates the XPS %N signal, even as the total amount of protein on the
surface continues to increase, which can be detected by *2°1 Fn. Hull, et al. used AFM to
show that the coverage of a Fn layer adsorbed onto mica continued to increase after a plateau
in the nitrogen signal above a solution concentration of 20ug/ml [272]. The Fn film
thicknesses calculated from the XPS data were thinner than those calculated from the **I Fn
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data, but this could be due to the exposure of the XPS samples to ultra-high vacuum during
analysis.

For the adsorption of BSA on Ti and PSS surfaces, the XPS nitrogen signal again
increased as the solution concentration increased (Fig. 4.13). Higher nitrogen content was
observed when BSA was adsorbed onto PSS surfaces than onto Ti surfaces, with a maximum
observed nitrogen signal of 9 atomic % for adsorbed BSA on PSS compared to 6 atomic %
for adsorbed BSA on Ti. Full XPS determined elemental composition for these samples are
listed in Table 4.4.

Assuming BSA formed a continuous film when adsorbed from a solution
concentration of 1000ug/ml, the film thickness was calculated from Eqg. 4.2 using a mean
free path of 3.5nm and a photoelectron take-off angle of 55° to be 1.8nm on PSS and 1nm on
Ti. This agrees with the range of previously measured BSA film thicknesses mentioned
above (1-3nm) and is consistent with BSA forming a monolayer on the two surfaces [255].

A lower atomic % N observed for BSA adsorbed onto the surfaces than Fn could be
due to the different sizes of the two proteins. Fn is a larger protein (MW 450kDa) compared
to BSA (MW 65kDa) [56]. Therefore we would expect Fn to form a thicker protein film than
BSA, resulting in a higher percentage of nitrogen detected by XPS.
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Fig. 4.12 XPS results for Fn adsorbed onto Ti and PSS surfaces. Nitrogen adsorption

isotherm shows increasing nitrogen content as the Fn solution concentration increases on
both Ti and PSS. N = 6. Mean +/- SD.
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Fig. 4.13 XPS results for BSA adsorbed on Ti and PSS surfaces. Nitrogen adsorption
isotherm shows increasing nitrogen content as the BSA solution concentration increases on
both Ti and PSS. N = 6. Mean +/- SD.

4.4.6 ToF-SIMS

While it is important to understand the amount of protein adsorbed onto a surface, the
structure of a protein on a surface also plays an important role in interactions with the cellular
environment. Numerous studies have demonstrated Fn conformation on different surfaces
affects cell adhesion and function [18,19,17,20]. We used ToF-SIMS to examine differences
in surface structure, which could include conformation or orientation, of Fn adsorbed onto Ti
and PSS surfaces. We used PCA to analyze the ToF-SIMS data, as it is sensitive to small
changes in protein structure on surfaces [74,72,73,35,71].

PCA scores showed clear separation of Fn adsorbed from 10ug/ml and 100ug/ml
solutions onto PSS and Ti surfaces (Fig. 4.14). PCL1 captured 78% of the variance in the data
and separated the samples adsorbed from 10ug/ml solutions onto Ti surfaces from the other

samples. PC2 captured 19% of the variance in the data and clearly separated Fn adsorbed
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onto Ti surfaces from Fn adsorbed onto PSS surfaces. Examining the loadings for PC2, the
nonpolar amino acids (Pro, Val, Leu, Phe), tend to load negatively, corresponding to Fn
adsorbed onto the Ti surfaces (Fig. 4.15). The charged amino acids (Arg, Lys, His) tend to
load positively in PC2, corresponding to Fn adsorbed onto the PSS surfaces. The Arg peaks
at m/z 100 and 112 load negatively. Arginine is present in two cell binding sites contained

within Fn: the RGD site and the PHSRN site, so arginine exposure could be important for
cell signaling.

0.03
0.02 -
10ug/ml on PSS

S 0.01 -
> 100upg/ml on PSS
X
g 0
AN
g -0.01 -
3
S -0.02 - % 100ug/ml on Ti
(79}

-0.03 . . .

-0.1 -0.05 0 0.05 0.1

scores PC1 (78% var)

Fig. 4.14 PCA Scores of Fn adsorbed onto PSS and Ti surfaces from 10ug/ml and
1004g/ml solutions. PC1 (78% variance) versus PC2 (19% variance) scores. PC2 clearly

separates Fn adsorbed on the two surfaces. Data collected from 2 samples, 5 spots/sample.
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Fig. 4.15 PCA loadings of Fn adsorbed onto PSS and Ti surfaces from 104g/ml and
1004g/ml solutions. (a.) PC1 loadings (78% var) (b.) PC2 loadings (19% var) scores.

4.5 Discussion

Previous studies showed improved osteoblast function using sulfonated surfaces
[175,225] compared to titanium. Other studies have shown that sulfonated surfaces can
increase the number of cells, strength of cell adhesion [273,274], increase cell spreading
[275,276], and influence organization of F-actin distribution [277] compared to non-
sulfonated surfaces. Here we examined protein adsorption to the two surfaces to understand
if differences in protein adsorption could explain observed differences in cellular function.

Adsorption studies using *?°I show higher amount of Fn adsorbed onto PSS surfaces

compared to Ti surfaces. Amount of protein on a surface is one characteristic that can

control the biological response. Previous studies have shown direct correlations between the
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amount of Fn adsorbed to the surface and cell adhesion strength on sulfonated polystyrene
[276], silicon, and glass [240] surfaces. The higher amounts of adsorbed protein measured
here on the sulfonated polystyrene surfaces compared to the titanium surfaces could
contribute to the differences in osteoblast function observed in previously published reports
[175,225]. Competitive Fn/BSA adsorption did not show strong differences in the surface
composition between the two surfaces, so preferential Fn adsorption onto PSS from a mixture
did not seem to be a strong factor in distinguishing the two surfaces under the conditions
tested here.

In addition to differences in the amount of protein adsorbed onto the two surfaces,
ToF-SIMS clearly showed differences between Fn adsorbed onto PSS and Ti surfaces.
Surface structure is important to Fn function, so differences in Fn surface structure between
the two surfaces could also contribute to differences in cell function [18,19,17,20]. The
differences in protein structure on the two surfaces could contribute to differences in
exposure of cell binding sites. Previous studies have shown that the RGD cell binding site is
more exposed when Fn is adsorbed onto a sulfonated polystyrene surface than untreated
polystyrene [263,237].

These studies clearly show that the adsorption of Fn and BSA are different on PSS
and Ti surfaces. It is likely the differences in protein amount and adsorbed Fn surface
structure play a role in the differences observed in cellular function in previously published

reports.

4.6 Conclusions

For a material to successfully be used for orthopedic implants, osteoblasts must
produce bone tissue directly in contact with the implant surface. The signals received by
growing osteoblasts are influenced by the adsorbed protein layer on the implant surface. By
understanding the adsorption of proteins, we can better understand the cellular response. In
the studies described here, we characterized fibrinogen, an important ECM protein, adsorbed
to titanium and a surface with a high concentration of sulfonate groups. By measuring the
amount of protein adsorbed and its conformation, we can better understand how a novel

surface presenting sulfonate groups will interact with the in vivo environment.
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4.7 Tables for Chapter 4

Table 4.1 Quantification of Sulfonate Groups on PSS surface

Average (n=3) St. Dev. (n=3)
Sulfonate groups/cm® | 1.5x10" 0.4x10"
% surface covered by | 65 20

sulfonate groups®

& Sulfonate hydrodynamic radius = 0.12nm [256]

Table 4.2 Negative secondary ion fragments detected in ToF-SIMS analysis of sulfonated

polystyrene surfaces.

Normalized
lon Mass intensity
SO,- 63.9663 7.86E-03
SOs3- 79.9631 7.44E-02
SO3H- 80.9696 2.86E-02
C,HSO3- 104.963 7.73E-04
CsHySO- 117.033 9.43E-04
CsH11SO- 119.051 4.20E-03
CsH4SO3- 155.995 3.93E-03
CsHgeOs- 158.015 4.72E-04
C7HeSO:s- 170.016 2.06E-03
CgHsSOs- 182.013 8.87E-04
CsH7SO3- 183.025 3.61E-02
CgHgSO:s- 184.027 3.66E-03
CgHoSOs- 185.022 2.61E-03
CsH10SOs- 186.026 5.06E-04
C;H;SO3Na- 194.013 2.69E-04
C12H305- 195.017 9.60E-04
Ci3Hg0,- 197.038 1.40E-03
Cy3H11,0,- 199.022 2.75E-03
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CsHoSOsNa- 208.027 1.74E-04
C14Hy0O,- 209.036 1.14E-03
CgH10S03.C4H50,- 271.027 1.21E-03
CgH10S03.CoH30,.C3Hy- 285.07 8.23E-04
CgH10S03.CoH30,.C3Hs- 287.064 3.16E-04
C15H1106S,- 350.992 1.93E-04
C15H1206S,- 352.042 1.29E-04
C15H1306S,- 353.038 1.03E-04

CgH10S03.CgH4.C2oH30,-
CH;- 360.996 3.34E-05

CgH10S03-CgH4-CoH30,-
CoHy 373.045 7.35E-05

C8H10803'C8H4'C2H302'
CsHe- 387.027 4.16E-05

Mean of 6 measurements from 2 samples. Intensities normalized to total ion intensity.
Based on [278].
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Table 4.3 XPS determined elemental compositions of Fn adsorbed onto PSS and Ti surfaces

Fn Solution
concentration
(ug/ml) %C % O % N %S % Ti % Na
0
PSS 88.6 (1.8) | 9.2(1.1) | 0.6 (0.5) | 1.6 (0.3) ND ND
Ti 27.3(2.2) | 51.9(4.8) | 0.4 (0.3) ND 12.0(5.4) | 2.5(0.6)
0.1
PSS 90.2(2.6) | 7.8(1.4) | 0.7(0.6) | 1.3(0.6) ND 0.2 (0.3)
Ti 27.6 (1.2) | 52.9 (1.1) | 0.9 (0.2) ND 16.3(0.9) | 2.2(0.4)
1
PSS 83.8(1.7) |12.2(1.2) | 1.1(0.2) | 2.2(0.1) ND 0.8 (0.9)
Ti [29.2(15)|515(1.3) | 1.1(0.1) ND |16.4(0.9) | 1.7 (1.0)
10
PSS |70.7(1.2) | 18.6 (1.0) | 9.1(0.1) | 1.6 (0.1) ND ND
Ti 33.2(6.9) | 48.6 (4.2) | 3.0(0.4) ND 14.3(2.2) | 1.1(1.3)
100
PSS 66.8 (1.0) | 20.6 (0.7) | 11.5(1.1) | 1.5(0.1) ND ND
Ti 47.6 (1.2) | 35.4(0.9) | 11.3(0.4) ND 6.5 (0.3) ND
500
PSS 68.4 (1.3) | 19.1(0.9) | 11.8 (0.9) | 0.6 (0.1) ND ND
Ti |49.9(15)|324(1.2)|11.4(0.6)| ND 6.3 (0.4) ND

Mean of 6 measurements on 2 samples. Standard deviation in parentheses. ND: Not

detected

www.manaraa.com




Table 4.4 XPS determined elemental compositions of BSA adsorbed onto PSS and Ti
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surfaces
BSA
Solution
concentration
(ug/ml) % C % O % N %S % Ti % Na
0
PSS |84.3(1.0) | 12.6(0.4) | 1.0(0.6) | 2.0(0.3) ND ND
Ti 28.5(2.0) | 51.1(1.2) | 0.9 (0.6) ND 17.0(0.7) | 25(1.9)
1
PSS |81.4(1.7)|13.7(1.6) | 29(0.4) | 20(0.1) ND 0.1(0.2)
Ti |305(1.7)|50.0(1.4) | 1.5(0.3) ND [18.0(0.3)| ND
10
PSS | 74.8(1.8) | 16.9(1.5) | 6.8(0.5) | 1.6 (0.3) ND ND
Ti |30.4(1.7)|50.4(0.7) | 1.5(0.2) ND |17.7(09)| ND
100
PSS | 70.3(0.4) | 20.0(0.7) | 8.2(0.4) | 1.7(0.1) ND ND
Ti 32.9(6.3) | 48.1(4.1) | 2.3(0.3) ND 16.7 (2.2) ND
1000
PSS |69.9(0.9) | 18.9(0.9) | 9.2(0.3) | 2.0(0.2) ND ND
Ti 32.8(0.8) | 47.0 (0.3) | 5.8 (0.3) ND 14.6 (0.6) ND

Mean of 6 measurements on 2 samples. Standard deviation in parentheses. ND: Not

detected
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lon Mass Amino acid

CoH3S 58.9939 Cys
C,HsNO 60.0454 Ser
C4HgN 68.053 Pro
C4Hs0 69.038 Thr
CsH4NO 70.0324 Asn
C3H302 71.0154 Ser
C4H1oN 72.0867 Val
C3H3NO 74.0654 Thr
C4HsN, 81.0412 His
C4HgN> 82.0516 His
CsH,0 83.0525 Val

C4HsNO 84.0463 GIn/Glu
CsHioN 84.0851 Lys

CsH1oN 86.1005 Leu/lle
C3H7N20 87.0571 Asn
CaH1oNs 100.084 Arg
C4H11N3 101.095 Arg
CsHgN3 110.076 His
CsH1gN3 112.088 Arg
CgH1oN 120.0861 Phe
C5H11N20 127.09 Arg
CsH1oNO 136.081 Tyr
C11HsNO 170.065 Trp

Table 4.5 Positive amino acid secondary ion peaks used for analysis of the ToF-SIMS data
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Chapter 5 Von Willebrand Factor Structure and Function Changes on

Synthetic Surfaces

5.1 Abstract

The clotting protein von Willebrand Factor (VWF) binds to platelet receptor
glycoprotein 1ba (GP1boa) when VWEF is activated, such as when VWEF is exposed to a
surface or is under high shear. However, the mechanism of surface activation is not known.
This study characterizes function and adsorption behavior of the VWF Al domain, which
contains the GP1ba binding site. Surfaces tested are glass, polystyrene, and tissue culture
polystyrene. At high shear rate (10 dyne/cm?), platelets detached from A1 adsorbed onto a
glass surface but rolled on Al adsorbed onto a polystyrene surface. At low shear rate
(0.2dyne/cm?), platelets detached from A1 adsorbed onto a polystyrene surface but exhibited
stationary adhesion on Al adsorbed onto glass. X-ray photoelectron spectroscopy (XPS)
showed comparable A1 amounts are present on each surface, suggesting functional
differences were not explained by differences in surface coverage. Al surface structure was
investigated using ELISA, time-of-flight secondary ion mass spectrometry (ToF-SIMS) and
near-edge x-ray absorption fine structure (NEXAFS). Using monoclonal antibodies binding
to a nonlinear epitope within A1, ELISA showed lower antibody binding for Al adsorbed to
polystyrene than to glass or tissue culture polystyrene suggesting the 3D structure of the
epitope was disrupted upon adsorption onto polystyrene. ToF-SIMS was used to identify
differences in amino acid exposure, and NEXAFS showed different amide backbone ordering
on the three surfaces. These studies demonstrate that the surface dependence of Al function
is likely due to differences in structure of Al adsorbed to the surface tested here. This is an
important consideration in in vitro models, where Al is typically immobilized onto synthetic

surfaces, and is also of likely relevance for blood-contacting biomaterials.
5.2 Introduction

von Willebrand Factor (VWF) is an adhesive blood protein responsible for platelet
tethering to surfaces in high shear regions (500-800s™ wall shear rates and
above)[148,279,280,98,183], leading to thrombus formation. In normal circulation VWF
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does not bind to platelets. However, when VWF is immobilized onto a surface it becomes
competent to bind platelets through the glycoprotein 1ba (GP1ba) platelet surface receptor,
which is part of the GP1ba/IX/V complex [152,279]. VWF and platelets can also aggregate
in solution in high shear conditions [281,282]. Although the exact activation mode is not
fully understood, it is generally believed that a conformation change within VWF exposes the
GP1ba binding site located within the A1 domain of VWF [148,283-287,155,288]. This
could be a change in quaternary structure, exposing the A1 domain within multi-domain
VWEF, or a change in tertiary structure, exposing the GP1ba binding site within the Al
domain, or both.

During vascular injury in vivo, VWF attaches to collagen prior to platelet binding.
VWEF also adsorbs to biomaterial surfaces of blood-contacting implants, along with other
clotting proteins such as fibrinogen, which can lead to thrombosis and implant failure
[21,23,158]. In vitro, different substrates are used to immobilize VWEF, including glass
[156,103], collagen [156,157,289], polyethylene [158], and polystyrene [159]. Since platelet
binding depends on VWEF structure (in solution versus on a surface), conformation or
orientation changes in VWF adsorbed onto surfaces could lead to changes in function. The
surface itself could also stabilize an activated conformation of VWF. Immobilized VWF is
typically considered to be active, without consideration of surface effects [280], since lower
shear is required for platelet-VWF binding when VWEF is immobilized on a surface
(<10dyne/cm?[290]) than in solution (approx. 80dyne/cm? [281]). However, previous studies
have not taken into account the substrate on which the experiment was performed, with some
publications not even mentioning the adsorption substrate [105,106].

Previous studies clearly demonstrate that surfaces affect protein adsorption behavior.
Protein coverage can vary on different surfaces [35,72,291,8,201]. Proteins can also adsorb
in different orientations or conformations, [192,35,68,36,292,74,202] which can affect
function[73,252,192,272,293,241,57]. However there has been little surface analysis to
characterize the changes VWF undergoes following adsorption. One previous study used
atomic force microscopy in aqueous conditions to examine VWF topography when adsorbed
to hydrophilic and hydrophobic surfaces [160]. When full length VWF was adsorbed onto
hydrophilic mica, the protein showed an extended conformation. On hydrophobic

octadecyltrichlorosilane (OTS) modified glass, VWF appeared as compact structures.
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Functional antibodies were also used to detect differences between VWF conformation on
OTS glass and collagen VI [294]. These studies suggest that VWF adsorption can be
affected by the substrate to which it is adsorbed. However, previous studies have not
examined how this differential surface behavior affects VWF function in physiological flow
conditions.

In the studies presented here, we focus on the isolated A1 domain of VWF since we
can study the structure-function relationship of a single domain more completely than a large,
multi-domain protein. The isolated A1 domain is far less complex than the full protein, and
the structure is known [174]. The Al domain contains the binding site for GP1ba, making it
the critical component for platelet binding [148]. The Al domain is also commonly used in
in vitro studies to examine platelet adhesion [96,295-297]. We assume that some fraction of
Al domains in plasma VWEF interact with the surface, and would act as predicted by studies
on isolated Al. Further, there is evidence that changes in isolated Al structure cause
changes in function, as demonstrated by mutations within the A1 domain [298,287]. While
studies of isolated Al cannot be directly related to function of full-length VWF in vivo, they
give a better understanding of activation that occurs on different surfaces, which could be an
important consideration for blood contacting biomaterials. To further understand how the
function of the isolated A1 domain relates to full-length VWF, we also tested the function of
the full protein to different surfaces.

Al domain function and surface structure can be evaluated using several techniques.
In vivo, platelets adhere to VWEF in high shear regions [148,279,280,98,183]. In vitro, this
flow can be simulated using a parallel plate flow chamber. The flow chamber creates
laminar flow at defined shear stresses to mimic blood flow environment [183,103,289]. The
effect of surface type on adhesion in physiological flow has not been determined. Protein
coverage can be measured using x-ray photoelectron spectroscopy (XPS). XPS
quantitatively measures the atomic composition of the top 10nm of a sample [61]. Since
nitrogen is unique to the adsorbed protein and not present in the substrates, nitrogen signal
can be related to adsorbed protein amount [62,35,72,81].

Antibody studies can give insight into protein conformation [287,299,96,300,301].
Monoclonal antibodies can bind to an epitope consisting of a linear sequence of amino acids,

or alternatively amino acids that are not adjacent in the peptide sequence but form a specific
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3D structure [302-305]. If the structure of a nonlinear epitope is disrupted or hidden,
antibody binding decreases, which is measured using ELISA [306-310]. Antibodies with
nonlinear epitopes have previously been used to identify differences between wildtype Al
and Al mutants[96,288].

ToF-SIMS is used to obtain information about the outermost amino acid side chains
of an adsorbed protein. ToF-SIMS has a shallow sampling depth (~2nm [71]), smaller than
most proteins. If a protein contains amino acids that are asymmetrically distributed, then
differences in protein orientation and conformation can be identified in the ToF-SIMS data
[69,68,74,73,180].

Near-edge x-ray absorption fine structure (NEXAFS) can give information about
protein backbone ordering and orientation. The angle dependence of the nitrogen k-edge
spectra provides information about the t* orbital ordering in the protein amide backbone.
This technique has previously been used to measure adsorbed protein orientation[36,69].

These methods can be applied in a multi-technique approach to gain a new
understanding of Al interaction with surfaces. In the study presented here, we use the
techniques described above to perform a systematic characterization of Al function and
structure adsorbed to glass, tissue culture polystyrene (TCPS), and polystyrene (PS).
Understanding Al adsorption behavior on synthetic surfaces is critical for designing in vitro
experiments to mimic the in vivo system. It could also be beneficial to material design for
blood contacting biomaterials because influencing VWF adsorption could impact thrombosis

on implanted devices.

5.3 Methods

5.3.1 Substrates and VWF Al protein

Glass coverslips (8mm, ProSciTech, Thuringowa, Australia) were cleaned by
sequential sonication in dichloromethane, acetone, methanol. PS and TCPS plates (Corning)
were sonicated in water before use. Al was produced in E. coli containing residues 1238-
1472 of mature VWF with 12 residues at the N terminus from the expression vector
(MRGSHHHHHHGS) [174]. The protein was generously provided by Miguel Cruz. Full-
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length plasma VWF was purchased from Haematologic Technologies Inc. (Essex Junction,

VT) and used without further purification.
5.3.2 Platelets

Platelets were isolated from the blood of healthy donors, which had been drawn into
acid citrate dextrose (ACD) tubes. Platelets were separated by differential centrifugation in
the presence of Apyrase and PGE-1 and resuspended in Hepes Tyrodes buffer containing
200ug/ml BSA [181,182].

5.3.3 Flow chamber

Platelet adhesion studies were performed in a parallel plate flow chamber as
previously described [183,98]. Samples were incubated for 2h at 37°C in A1 or VWF
solution at the desired concentration. Control surfaces were incubated with BSA (500ug/ml).
Surfaces were then blocked with BSA (200ug/ml) overnight at 4°C. The flow chamber
(Glycotech) was prepared with the appropriate gasket to achieve the desired shears. The
parallel plate flow chamber was situated on the protein coated plate and sealed using a
vacuum. A 300ul bolus of washed platelets was then introduced into the flow chamber and
allowed to settle for 30sec which typically introduced >100 platelets into the field of view.
Buffer was then pushed through the chamber at the desired shear and platelet-surface
interactions were observed with a 10x objective, CCD camera, and microscope controlled by
Metamorph software. To test specificity of platelet-Al interaction, an anti-GP1ba antibody
was used [152]. Platelets were incubated with anti-GP1ba antibody AK2 (Abcam) at a
concentration of 25ug/ml for 15 min at room temperature, then platelet binding was

measured as described above in the presence of the antibody.
5.3.4 Protein adsorption for XPS, ToF-SIMS, and NEXAFS

Substrates were allowed to equilibrate overnight with phosphate buffered saline
(PBS) (137mM NaCl, 2.7mM KCI, 10mM phosphate) pH 7.4 at room temperature, then
incubated in VWF A1 solutions at the desired concentrations for 2h at 37°C. Following

adsorption, substrates were rinsed twice in stirred PBS buffer to remove loosely bound
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protein, then three times in stirred water to remove buffer salts [79]. Samples were dried in a

nitrogen stream, then kept under an inert nitrogen atmosphere until analysis.
5.3.5 XPS analysis

XPS data were collected on a Surface Science Instruments S-Probe instrument with a
monochromatized aluminum Ko x-ray source and electron flood gun for charge
neutralization. Survey and detail scans were acquired at a 150 eV pass energy and a 55°
takeoff angle, defined as the angle between the surface normal and the analyzer. For each
concentration, two samples were analyzed and three spectra were collected on each sample.

Spectra were analyzed using the Service Physics ESCA 2000A analysis software.
5.3.6 ELISA

ELISA experiments were performed with antibodies 6G1, CR1, 5D2 generously
provided by the Lopez lab at the Puget Sound Blood Center. The epitope for antibody 6G1 is
Glu700-Asp709 at the C terminus of the A1 domain. CR1 and 5D2 bind to nonlinear
epitopes within the A1 domain [96]. PS (Corning), TCPS (Corning) and glass-bottom
(MatTek) 96-well plates were used for ELISA assays. Substrates were allowed to equilibrate
overnight in PBS pH 7.4 at room temperature, then incubated in VWF Al solutions at the
desired concentrations, or BSA (1mg/ml) as a negative control, for 2h at 37°C. Surfaces
were blocked with BSA (200ug/ml) at room temperature for up to 18h. Primary antibodies
were incubated with the samples for 1h at 37°C. To test nonspecific secondary antibody
binding, some samples were incubated with BSA (1mg/ml) for 1h at 37°C and were not
incubated with primary antibody. Secondary goat anti-mouse antibodies conjugated with
horseradish peroxidase were incubated with the samples for 1h at 37°C. Samples were
incubated with TMB for 5 min, then absorbance was measured at 600nm. Between each
step, substrates were rinsed with tris buffered saline (TBS) (150mM NaCl, 10mM tris)

containing 0.2 vol % tween 20.

5.3.7 ToF-SIMS analysis
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ToF-SIMS data were acquired on an ION-TOF 5-100 instrument (IONTOF GmgH,
Munster, Germany) using a Biz* primary ion source under static conditions (primary ion dose
<10" jons/cm?. Spectra were obtained from 100 x 100 um areas and five positive ion spectra
were collected from each sample. Current ranged from 0.15-0.35pA. A low-energy electron
beam was used for charge compensation. Mass resolution (m/Am) of the positive ion spectra
was typically between 5500-7000 for the m/z = 27 peak. Prior to analysis, spectra were mass
calibrated to the CH3", C,H3", CsHs", and C;H;" peaks. If the C;H;" signal saturated the
detector (on bare PS substrates), CgH;" was used for calibration instead of C;H;". Peaks
were identified that corresponded to unique amino acid peaks. Amino acid peaks that
overlapped with substrate peaks were then eliminated. If the normalized intensity of a peak
was greater than 15% of the protein normalized peak intensity, that peak was assumed to
originate from the substrate and not included in the peak list. Peaks used for analysis are
listed in Table 5.1, along with the corresponding amino acid [77]. Intensity of amino acid
peaks of interest (Trp and Cys) were normalized to the sum of all amino acid peaks to

account for variations in protein surface concentration.
5.3.8 NEXAFS

NEXAFS spectra were taken at the National Synchrotron Light Source (NSLS) U7A
beamline at Brookhaven National Laboratory using an elliptically polarized beam with ~
85% p polarization. This beamline uses a monochromator with a 600 L/mm grating that
provides a full-width half-max resolution of ~0.15 eV at the carbon K-edge (285 eV). The
monochromator energy scale was calibrated using the 285.35 eV C 1s—n* transition on a
graphite transmission grid placed in the x-ray path. The partial electron yield was monitored
by a detector with the bias voltage maintained at —360 V for the nitrogen K-edge spectrum.
The signal was divided by the beam flux during data acquisition. Samples were mounted to
allow rotation about the vertical axis to alter the angle between the incident x-ray beam and
the sample surface. Data was collected at different NEXAFS angles, defined as the angle

between the incident X-ray beam and the sample surface.

5.4 Results
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5.4.1 Flow chamber studies show different A1-GP1b« binding on different surfaces
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Fig. 5.1 Platelet adhesion on Al adsorbed onto glass, TCPS, and PS. Al adsorbed onto
each respective surface from 10 zg/ml solutions. Platelets were introduced at 2dyne/cm? for
30sec, then shear rate was increased or decreased. (a.) Fraction bound platelets is the
number of platelets in the field of view relative to the initial number of platelets at 2 dyne/cm?
. (b.) Fraction stationary platelets is calculated relative to the number of platelets in the field
of view at the specified shear rate. (c.) Fraction stationary platelets is calculated relative to
the number of platelets in the field of view at the specified shear rate. Al is adsorbed onto
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each surface at a solution concentration of 10.g9/ml. Lines are included to guide the eye.
Each graph represents at least 2 replicate studies performed on different days.

Under normal conditions in the blood, platelets do not bind VWF. However, under
high shear, when exposed to small molecule activators such as the antibiotic ristocetin, or
attached to a surface [102,96,152], VWF becomes competent to bind the GP1ba platelet
receptor [148]. Activation is generally believed to involve a conformational change. This
could be a change in quaternary structure, exposing the A1 domain within multi-domain
VWE, or a change in tertiary structure, exposing the GP1ba binding site within the Al
domain, or both. Therefore, Al surface conformation could influence platelet binding.

Under flow in vitro and in vivo, the platelet binding to active VWF on a surface is
characterized by rolling behavior [102,98,103-106]. Platelet adhesion and rolling is
influenced by the amount of GP1ba—A1 binding, controlled by adsorbed A1 amount
[104,103] or GP1ba receptor density [103,104]. GP1ba—Al binding can also be influenced
by Al conformation, as observed in A1 mutants [311,312], so binding might be influenced
by Al surface structure. Previous studies used x-ray crystallography to show differences in
conformation between wildtype Al and a 1546V mutant. In flow chamber studies, the 1546V
mutant exhibited enhanced platelet binding, with platelet adhesion at a shear rate of
0.1dyne/cm?, while the wildtype A1 only exhibited platelet binding above 1dyne/cm? [312].

In vitro, platelet adhesion can be studied in a physiologically relevant flow assay in a
parallel plate flow chamber in which Al is adsorbed to a surface of interest and platelets are
flowed across the surface [183,98,289]. In this assay, platelets in contact with the surface are
clearly differentiated from free floating. At the same distance from the surface, platelets
rolling via GP1ba interactions have velocities typically less than 2% of the free flow velocity
of non-interacting platelets [279].

Previous studies have demonstrated that the A1-GP1ba bond is shear-enhanced,
meaning there is an increase in binding when force on the bond is increased up to a threshold
[102,105,98]. To examine the shear-dependent binding behavior on the three surfaces,
platelet adhesion under flow was measured at a range of shears. On each surface, platelets
were introduced at an intermediate shear rate (2dyne/cm?). This shear rate was maintained

for 30sec, then the shear rate was increased or decreased. The fraction of bound platelets was
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calculated relative to the initial number of platelets on the surface at 2 dyne/cm?. The
number of platelets in the field of view was approximately 100-200 platelets for each surface.

As the shear rate increased from 2dyne/cm? to 20dyne/cm?, the fraction of bound
platelets decreased on all three surfaces (Fig. 5.1a). Of the three surfaces, the largest fraction
of platelets detached from the glass surface, suggesting that A1 adsorbed to glass surfaces is
least able to support GP1ba binding at high shear rates. The fraction of platelets remaining
is similar on the polystyrene and TCPS surfaces.

However at high shear, the fraction of platelets rolling on the polystyrene surface was
significantly higher than on the glass or TCPS surfaces (Fig. 5.1c). This demonstrates that
even though the number of platelets on the surface is similar on the polystyrene and TCPS
surfaces, Al is able to better mediate rolling adhesion when it is adsorbed to polystyrene. It
is important for in vitro systems to be able to produce rolling behavior since platelet adhesion
to VWEF in vivo typically exhibits rolling behavior [279,313].

As the shear rate decreased from 2dyne/cm? to 0.2dyne/cm?, the fraction of platelets
bound to the surface decreased on both the polystyrene and TCPS surfaces (Fig. 5.1a). This
demonstrates shear-enhanced platelet binding, since platelet binding to Al on the surface was
greater at an intermediate shear than a low shear. More platelets detached from Al adsorbed
onto the polystyrene surface than the other surfaces, suggesting the greatest shear-enhanced
adhesion occurs when Al is adsorbed onto polystyrene. Previous studies have also
demonstrated shear-enhanced adhesion when Al was adsorbed onto a polystyrene surface
using AFM to measure increases in A1-GP1ba bond lifetime with increased bond force
[102].

When Al was adsorbed to the glass surface, platelet detachment was not observed as
the shear rate decreased (Fig. 5.1a). It might be necessary to reduce the shear even further to
observed shear-enhanced adhesion, or it is possible that shear-enhanced adhesion was
eliminated when Al was adsorbed onto the glass surfaces. Previous studies have shown
elimination of platelet binding to A1 adsorbed onto glass surfaces below 1dyne/cm?, which is
different from the result observed here. However those studies used an Al surface created
using 10 times higher solution concentration of Al than the surfaces used here [312,314]. It
is possible that the differences in solution concentration lead to differences in protein packing

on the surface, resulting in changes in function. A previous study used circular dichroism to
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demonstrate that adsorbed albumin showed decreased loss of secondary structure as
adsorption concentration increased [8]. Therefore, Al adsorbed onto a glass surface at a
lower solution concentration than the previous studies could be more likely to undergo a
change in surface structure that could result in the elimination of shear-enhanced adhesion.

In addition to the number of platelets, there are also differences in platelet behavior
when interacting with A1 adsorbed onto the three surfaces at low shear rates. Of the platelets
remaining on the surface as the shear decreases, almost all platelets bound to Al adsorbed
onto the glass and TCPS surfaces remain stationary (Fig. 5.1b). Al adsorbed onto the
polystyrene surface, in contrast, allows platelets detachment at low shear, suggesting weaker
Al1-GP1lba interaction. No morphological changes were observed in platelets, suggesting that
platelets were not activated on any of the surfaces, as expected due to the presence of
activation inhibitors during the experiment as described in the methods.

Specificity of platelet-Al interactions was tested by measuring platelet binding over
BSA surfaces, and measuring platelet binding over Al surfaces in the presence of an anti-
GP1ba antibody AK2 [152]. For both negative control conditions, the number of platelets
binding at a given shear was less than 10% of the number of platelets bound to the
experimental Al surfaces (data not shown). This demonstrates that the platelet adhesion

shown in Fig. 5.1 are mediated by the specific A1-GP1ba interaction.

5.4.2 XPS shows comparable surface concentration of Al on different surfaces
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Fig. 5.2 XPS results for Al adsorbed onto glass, TCPS, and PS from a range of solution
concentrations. Nitrogen atomic percentage is used as a marker of protein adsorption since
nitrogen is not present in the substrates. (a.) XPS shows comparable amounts of protein on
each surface over the measured concentration range. At a solution concentration of 10

g/ml there is a slightly higher nitrogen percentage on TCPS than the other two surfaces.
The amount of protein on the surfaces approaches a monolayer at a solution concentration of
100 zg/ml. Mean +/- SD, n=6.

One possible explanation of the differences in GP1ba binding could be differences in
Al surface concentration [104]. XPS was used to test this hypothesis. Since nitrogen is
unique to the protein, XPS nitrogen signal was used to track the amount of protein on each
surface [35,72,81,292,80,315]. Full elemental composition is listed in Table 5.2. On each
surface the nitrogen percentage increased as the solution concentration increased. The
nitrogen signal increased to 10-13 atomic% nitrogen for surfaces exposed to Al solutions of
100 pg/ml (Fig. 5.2). The nitrogen percentage in Al is 17%, as calculated from the amino
acid structure. The approach of the measured XPS atomic % nitrogen to the Al value is
consistent with the formation of approximately a monolayer of Al on the surfaces since the
dimensions of Al (approx. 3.5 x 5 x 5 nm[174]) are similar to the 5nm sampling depth of
XPS.

XPS results do not support the hypothesis that differences in platelet adhesion are due

to differences in Al surface concentration. For adsorption from 10 ug/ml solutions, the
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amount of adsorbed Al was comparable on the glass and PS surfaces, but these surfaces
showed significantly different behavior in the flow chamber assay.

Although previous studies show that proteins can adsorb in different amounts on
different surfaces [8,57,53,316,317], it is not unexpected that all three surfaces show similar
adsorption profiles. The adsorption on all three surfaces approaches a monolayer, so the final

protein surface concentration is comparable [80,33,318].

5.4.3 ELISA using antibodies binding to nonlinear epitopes within Al
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Fig. 5.3 ELISA results from Al adsorbed onto glass, TCPS, and PS using 6G1, CR1, and
5D2 monoclonal antibodies. The linear antibody 6G1 shows approximately the same level
of binding when Al is adsorbed to each surface. Antibodies CR1 and 5D2, which bind to
nonlinear epitopes within A1, show lower binding when Al is bound to PS than the other two
surfaces. Al adsorbed at 10 xg/ml. Negative controls of antibody binding to BSA surfaces
(striped bars) and binding of the secondary antibody without primary antibody showed
minimal activity. Mean +/- SD, n=6-9. * p < 0.05.

To understand A1 function on a surface, it is important to understand protein surface
concentration and surface structure. Since Al function is sensitive to changes in
conformation [312,311], differences in Al surface conformation could affect A1l- GP1ba

binding. Orientation of Al on the surface could also affect function [180].
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One method to test adsorbed protein surface organization is to measure antibody
binding activity. Previous studies identified VWF monoclonal antibodies that bind to
different regions of Al, termed 6G1, CR1, and 5D2 [96]. The epitope for antibody 6G1 is
Glu700-Asp709 at the C terminus of the A1 domain. The 6G1 epitope should not be
sensitive to conformation changes in Al since the epitope is short and within a flexible
protein tail that does not have secondary structure. The exact amino acids comprising the
epitopes for antibodies CR1 and 5D2 are not known. Antibodies CR1 and 5D2 do not bind
to short linear fragments of A1, meaning the respective epitopes are nonlinear in the amino
acid sequence. This means the epitopes exist in 3D space within the intact protein and are
therefore sensitive to conformation [96,299,307]. We can determine the epitope availability
based on the level of antibody binding.

When Al was adsorbed onto glass, TCPS, and PS, antibody 6G1 showed no
statistically significant difference in binding (p < 0.05) between the three surfaces (Fig. 3).
This suggests a comparable Al concentration on each surface, consistent with the XPS
results.

Antibodies CR1 and 5D2 showed different results from antibody 6G1. Both CR1 and
5D2 showed lower binding to Al adsorbed onto PS compared to the other two surfaces
(p<0.05) (Fig. 5.3). Previous characterization shows that CR1 and 5D2 binding is dependent
on the presence of an intact disulfide bond between the two cysteine residues within Al [96].
Loss of the disulfide bond would disrupt A1 conformation, suggesting CR1 and 5D2
recognize native Al. This suggests Al conformation is disrupted to a greater extent when
Al is adsorbed to PS than TCPS and glass. The packing of Al on the surface could affect
conformation, therefore affecting antibody binding. Previous studies using circular
dichroism have demonstrated that adsorbed albumin experienced a decreased loss of
secondary structure as solution concentration increased [8]. However, in the experiments
here the amount of Al is approximately the same on all three surfaces, so differences in Al
on the surface should not influence the results.

Since the epitopes for CR1 and 5D2 antibodies are not known, we cannot identify
exact structural changes from this assay. We can conclude that the antibodies CR1 and 5D2

are less able to bind their nonlinear epitopes when A1l is adsorbed to PS than when Al is
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adsorbed to TCPS and glass, suggesting a different surface structure (either conformation or
orientation) when Al is adsorbed onto PS.

5.4.4 ToF-SIMS shows differential exposure of amino acid side chains

Fig. 5.4 The crystal structure of A1 bound to the extracellular portion of GP1lba (PDB
1sq0). Trp and Cys residues highlighted.
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Fig. 5.5 ToF-SIMS peak intensity of (a.) Trp peaks (m/z 159+170) and (b.) Cys peak (m/z
59) normalized to the sum of the amino acid peaks. Al adsorbed onto glass, TCPS, and PS
from 10 xg/ml and 100 zg/ml solutions. (a.) Trp exposure was lowest when Al was
adsorbed onto glass. (b.) Cys exposure was lowest when Al was adsorbed onto PS and
highest when Al was adsorbed onto glass. Mean +/- SD, n=10 All differences in intensity
between surfaces were statistically significant (p < 0.05) with the exception of Cys intensity
between the glass and TCPS surfaces.

We used ToF-SIMS to further explore the differences in orientation and conformation
when Al was adsorbed onto the three surfaces. Previous studies show that ToF-SIMS can
identify differences in protein orientation and conformation [72,68,69] due to the technique’s
shallow sampling depth of ~2nm. We determined the relative solution exposure of specific
amino acids by comparing the normalized intensities of amino acid peaks.

In these studies, we focus on the exposure of cysteine and tryptophan due to their
asymmetric distribution within Al and importance in protein function. Al contains two Cys
residues, disulfide bonded to each other. In the Al amino acid sequence, the two Cys
residues are far apart near the N- and C-terminal at positions 509 and 695, respectively.
However, in 3D space, the residues are in close proximity, allowing disulfide bonding (Fig.
5.4). Several studies have shown the presence of the S-S bond is important for Al function,

with the loss of the S-S bond resulting in activation [319,295]. Trp is also of interest for
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ToF-SIMS analysis because Al contains only one Trp at residue 550 (Fig. 5.4). Trp550
electrostatically interacts with GP1ba during binding [298], so Trp exposure gives
information about accessibility of a region of the GP1ba binding site.

Trp solution exposure was examined by calculating the sum of Trp m/z 159 + 170
peaks normalized by the sum of the intensity of all amino acid peaks. The observed
differences in Trp exposure on the glass and PS surfaces (Fig. 5.5) were consistent with
functional measurements. Within each adsorption concentration the Trp exposure was lowest
on the glass surface. Since the Trp550 residue in Al electrostatically interacts with
GP1ba, this is consistent with the flow chamber results at high shear which showed the least
adhesion of platelets on Al adsorbed onto glass surfaces. Trp intensity was higher when Al
was adsorbed onto the polystyrene surface than glass surface, and this surface also showed
higher platelet number at high shear. However, at low shear, platelets behaved differently
with low binding on polystyrene surfaces and higher binding on glass surfaces. In contrast,
for Al adsorbed onto TCPS the Trp peak intensity did not directly relate to platelet function
at high shear. In the flow chamber assay, platelets showed similar behavior on Al adsorbed
onto TCPS and glass. However, Trp showed higher exposure when Al was adsorbed to
TCPS than to PS and glass.

The inability to form a direct relationship between Trp exposure and Al function for
all surfaces at both high and low shear suggests that the functional differences observed in
this study are likely not due solely to orientation differences on different surfaces. If the
accessibility of the GP1ba binding site on the three surfaces was solely due to orientation,
the Trp exposure as measured by ToF-SIMS would be expected to directly relate to binding
site exposure. Since we do not observe this relationship, the functional differences are likely
due to both conformation and orientation effects, especially for the TCPS surface. The
interpretation is complicated somewhat by the fact that Trp550 is at one end of the GP1ba
binding site. Since the Al- GP1ba interaction involves multiple residues, the exposure of
the Trp residue might not be an appropriate marker of binding site exposure even if it gives
information about the solution exposure of that portion of the protein.

When Al was adsorbed onto glass, TCPS, and PS, there were differences in the
normalized Cys peak intensity. Of the three surfaces, the Cys exposure was highest when Al

was adsorbed onto glass, which showed most platelet detachment at high shear (Fig. 5). Cys
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intensity was lowest when Al was adsorbed onto PS, which showed platelet detachment at
low shear. Al on TCPS showed intermediate Cys intensity. Cys intensity in the ToF-SIMS
spectrum should be affected by the solution exposure of the amino acid. The intensity could
also be influenced by the presence or absence of a disulfide bond between the two Cys amino
acids. Okamato, et al. showed that the intensity of fragments originating from the Cys
residues was higher when the disulfide bond was broken compared to when it was intact
[320]. Therefore, the high Cys signal when Al is adsorbed onto a glass surface could also be
due to the loss of disulfide bonding during or after adsorption.

In the Al crystal structure, Cys and Trp are close in 3D space, separated by <1nm.
Therefore, it may seem surprising that Cys and Trp amino acid ratios show different trends:
Cys least exposed on PS and Trp least exposed on glass. These observations again point to
conformation differences between the surfaces, since orientation differences alone would
likely not be sufficient to cause the observed changes in Cys and Trp exposure.

When Al is adsorbed to glass, Trp is less solvent-exposed than on PS and TCPS and
Cys residues are more exposed. This could correspond with an Al surface structure on glass
in which the GP1ba binding site is near the surface, blocking binding and leading to
detachment observed at high shear in the flow chamber experiments. When Al is adsorbed
to PS, the Trp is more exposed than when Al is adsorbed to glass and the Cys is less exposed
than Al on glass and TCPS. This suggests that the GP1ba binding site is more exposed
when Al is adsorbed to PS than glass, leading to more platelet adhesion and rolling at high
shear.

Platelet behavior is different on the three surfaces at low shear, with platelets
detaching from Al adsorbed onto the polystyrene surface and remaining stationary on A1
adsorbed onto glass surfaces. This suggests that access to the region of Al containing
Trp550 is not essential for GP1ba binding at low shear. Instead, the region of Al containing
the Cys residues appear to be more important.

Comparing respective Cys and Trp exposure on different surfaces, we observed less
difference when Al is adsorbed at higher concentration versus lower concentration. This
further suggests that conformation is a more important effect than orientation to explain the
observed differences. At adsorption from higher solution concentrations, a higher surface
density could prevent conformational changes, resulting in similar behavior on different
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surfaces. Previous studies using circular dichroism of adsorbed albumin showed decreased
loss of secondary structure as adsorption concentration increased [8], supporting the

hypothesis that higher surface packing inhibits protein unfolding.

5.4.5 NEXAFS shows differences in amide backbone ordering
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Fig. 5.6 NEXAFS nitrogen k-edge spectra of Al adsorbed onto (a.) Glass, (b.) TCPS, (c.)
PS. Spectra collected at incident angles 70°, 20°. Strongest dichroism of the 7* feature was
observed when Al was adsorbed onto PS, as shown in the difference spectrum of 70°-20°. Al
adsorbed at 10 zg/ml. Spectra offset for clarity.

In addition to examining the side chain exposure, we were also interested in the
protein backbone secondary structure. The NEXAFS nitrogen k-edge spectra of Al adsorbed
onto glass, TCPS, and PS exhibit strong ©* absorption resonances around 400eV (Fig. 5.6)
corresponding to the protein amide backbone [321-326].

In protein films containing ordered structures, the intensity of the ©* feature varies
with changing NEXAFS angle [200]. Because the ©* orbitals within a-helices are oriented
in many directions, they typically only contribute slightly to the angle-dependent NEXAFS
signal [36,327]. In contrast, ordered B-sheet structures typically contribute the majority of
the angle-dependent NEXAFS signal for surface bound peptides and proteins, as shown in
previous studies examining the orientation peptides and proteins on surfaces [69,36,328].

To examine the NEXAFS angle dependence, we calculated the difference spectrum

between spectra collected at 70° and 20° incident angle (Fig. 5.6). The difference spectra
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showed different dichroisms when Al was adsorbed onto glass, TCPS, and PS. Al adsorbed
onto PS shows a slightly stronger dichroism, suggesting that the amide r* orbitals are most
organized on this surface. This could be due to Al adopting a wider range of orientations on
glass and TCPS. The dichroism is somewhat weak on all the surfaces, likely because the
beta sheets within Al are not completely parallel, and the NEXAFS signal is averaged over
all the =* orbitals in the beta sheets.

The negative polarity of the dichroisms shows the x-rays are more strongly coupled
with the amide =* orbitals when the x-rays are at a glancing incident angle compared to a
near-normal incident angle. This suggests that the amide bonds are oriented more parallel to

the surface than perpendicular on all three surfaces [36,69].

5.4.5 Measuring platelet adhesion to adsorbed full-length VWF using a parallel plate flow

chamber

It can be useful to work with model proteins or isolated binding domains to attain a
detailed understanding of surface structure and function. It is also useful to understand how
the behavior of an isolated domain relates to the full-length structure.

To explore the influence of surface type on full-length VWF, VWF was adsorbed
onto glass, TCPS, and polystyrene as performed with the A1 domain. Measuring platelet
adhesion using a parallel plate flow chamber showed some differences from the behavior of
the isolated A1 domain.

The number of platelets on each surface remained relatively constant over the range
of shears tested (Fig. 5.7a). There was no decrease in the number of platelets on the surface
at high shear, in contrast with the detachment behavior observed when platelets were in
contact with adsorbed A1. This could be due to a higher concentration of A1 domains
present on the surfaces created using full-length VWF (A1 solution concentration 0.4uM
versus VWEF solution concentration 114uM). The fraction of bound platelets is not
significantly different on the different surfaces at a shear rate of 2 or 20 dyne/cm?®. There is a
small decrease in the fraction bound when the shear decreases to 0.5 dyne/cm?.

Approximately 30% of the platelets detach from the surface compared to the number
bound at 2 dyne/cm? for VWF adsorbed onto the glass and polystyrene surfaces. Slightly
more platelets remain attached to VWF adsorbed onto the TCPS surface. Platelet detachment
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at low shear rates demonstrates shear-enhanced adhesion, as there was an increase in binding
when force on the bond was increased [102,105,98].

Of the platelets on the surface at each respective shear rate, some fraction of the
platelets were stationary. At the high shear rate (20 dyne/cm?), only about 10% of the
platelets were stationary on VWF adsorbed onto glass and polystyrene surfaces (Fig. 5.7b).
Somewhat more platelets were stationary on VWF adsorbed onto TCPS, indicating stronger
platelet binding. At lower shear rates, there was high variability in the fraction of stationary
platelets. However, there was a trend of more stationary platelets on VWF adsorbed onto
TCPS than the other two surfaces at 2 dyne/cm?. At the lowest shear measured here (0.5
dyne/cm?), the fraction of stationary platelets was not significantly different on the three
surfaces, with means ranging from 53% to 70% stationary.

Overall, these results suggest that the ability of full-length VWF to bind platelets is
very similar when adsorbed onto glass and polystyrene. There is slightly more platelet-VWF
interaction when VWF is adsorbed onto TCPS as indicated by the higher fraction bound and
fraction stationary, but it is not a strong difference. These results do not necessarily mean
that VWEF function is the same on all materials, but minimal differences were observed under
the conditions tested here.

In these experiments, VWF was adsorbed at a relatively high solution concentration
(114pM). 1t is possible that at a lower surface coverage of VWEF, platelet behavior would be
different on the different surfaces. Previous studies have demonstrated that high protein
packing on a surface inhibits protein unfolding [8], which could be different on different
surfaces. Extent of unfolding of VWF could influence its function, as previous studies have
demonstrated that removal of neighboring domains to Al increase interaction with GP1ba
[151].
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Fig. 5.7 Platelet adhesion on VWF adsorbed onto glass, TCPS, and PS. Platelets were
introduced at 2 dyne/cm? for 30sec, then shear rate was increased or decreased. (a.)
Fraction bound platelets is the number of platelets in the field of view relative to the initial
number of platelets at 2 dyne/cm?®. (b.) Fraction stationary platelets is calculated relative to
the number of platelets in the field of view at the specified shear rate. VWF adsorbed onto
each respective surface from 114uM solutions. Values represent mean +/- SD of at least
two separate measurements on different days.
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5.4.6 XPS analysis of full-length VWF

We used XPS to further characterize the amount of protein on each surface at the
solution concentration used for the flow chamber experiments. Since nitrogen is not present
in either substrate, protein adsorption can be tracked by following the nitrogen signal with
XPS. Full atomic composition is listed in Table 5.3.

XPS shows that a very similar amount of protein adsorbs onto each surface, resulting
in a nitrogen signal of approximately 9% (Fig. 5.8). Therefore, any observed differences in

VWEF function cannot be explained by differences in surface coverage.
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atomic % N
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Fig. 5.8 XPS results for VWF adsorbed onto glass, TCPS, and PS at a solution
concentration 1144M. Nitrogen atomic percentage is used as a marker of protein

adsorption since nitrogen is not present in the substrates. XPS shows a comparable amount
of VWF on each surface. Mean +/- SD, n=6.
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5.4.7 ToF-SIMS analysis of full-length VWF

VWE is a large protein and the crystal structure of the full molecule is not known.
Since we cannot identify specific peaks to give information about surface structure, is it
useful to use principal component analysis since it calculates the greatest sources of variance
in the data using all the peaks in the dataset [78,83,79].

PCA of ToF-SIMS data from VWF adsorbed onto glass, TCPS, and polystyrene
shows overlapping of the 95% confidence interval ellipses for the three sample types (Fig.
5.9). VWF adsorbed onto TCPS does show some difference from the other two surfaces, but
still partially overlaps. This is consistent with the results from the functional studies, which
showed that VWF behaved very similarly when adsorbed to glass and polystyrene, with some
small differences when adsorbed to TCPS.

The overlapping 95% confidence intervals suggest that ToF-SIMS does not detect
strong differences in the amino acid exposure of VWF adsorbed to the three surfaces. The
lack of difference could be attributed to the large size of the protein. A previous study
demonstrated that differences in adsorbed protein conformation were more readily detected
using a small protein (myoglobin) than a large protein (fibrinogen) [35].

The sampling depth of ToF-SIMS is on the order of 1-2nm [75]. A large protein such
as VWF (270kDa [329]) could adsorb in a layer significantly thicker than the ToF-SIMS
sampling depth. If the protein layer is thick, there could be differences in the interaction
between VWEF and the respective surfaces that would not be detected by ToF-SIMS. In
addition, the solution-exposed amino acids could be different when VWF is adsorbed onto
the three surfaces. However, the large amino acid signal from the rest of the protein could

prevent subtle differences in amino acid exposure from being detected.
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Fig. 5.9 PCA scores of VWF adsorbed onto glass, TCPS, and polystyrene. Scores of PC1
(44% var) versus PC2 (26%). Ellipses represent score 95% confidence intervals. VWF adsorbed
onto each respective surface from 114uM solutions. Spectra collected on 2 samples, 5

spots/sample, for each sample type.
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5.5 Discussion

Al function is different when adsorbed onto glass, TCPS, and PS. At high shear,
platelets showed detachment from A1l adsorbed onto all surfaces, with the greatest
detachment observed on glass. At low shear, platelets exhibited stationary adhesion to Al
adsorbed onto glass, while they detached off Al adsorbed onto the polystyrene surfaces. A
potential hypothesis to explain these differences in behavior is a difference in surface
concentration. However, XPS studies showed that a comparable amount of Al is adsorbed
onto all three surfaces, with the same nitrogen composition on glass and polystyrene
surfaces. Therefore, the differences in rolling velocity cannot be accounted for by protein
surface concentration.

Another potential explanation for the lack of observed platelet binding on glass is the
removal of Al by the flow or platelets. Al could potentially be more easily removed from
glass than the other two surfaces if it is more weakly immobilized. Alternatively, Al could
be totally misfolded and denatured when adsorbed onto glass. However, we know that the
Al is still present and active on the glass surface throughout the experiment because some
platelets do bind at higher shears. The ability of antibodies CR1 and 5D2 to maintain
recognition when Al is adsorbed onto glass also suggest that Al is not totally denatured or
misfolded.

Instead, these studies suggest that differences in protein surface structure are
responsible for the different behavior observed. There could be differences in Al surface
conformation, orientation, or both. While it is difficult to distinguish between conformation
and orientation differences, we can compare hypotheses based on the results presented here.

There are several results that point to conformational differences of Al on the three
surfaces that resulted in the functional differences observed in the flow chamber assays.
ELISA showed different binding of antibodies with nonlinear epitopes. Previous studies
showed that the antibodies are sensitive to the presence of the S-S bond in Al, suggesting
antibody binding is dependent on Al conformation [96]. The ToF-SIMS data is also
consistent with conformation differences on the surfaces, with a conformation on glass in
which the Trp is buried at the protein-surface interface and the Cys is more exposed to the

solution. This could make the GP1ba binding site inaccessible at high shear. However, the
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region of Al near the Trp residue does not appear to be essential for GP1ba binding at low
shear, where platelets exhibit stationary adhesion on glass surfaces. The NEXAFS data
showed Al adsorbed onto PS had a stronger angle dependence than the other two surfaces.
This difference could be due to conformation differences. NEXAFS signal depends on
ordering [36,69], so the conformation of A1 on PS could be more ordered than the other two
surfaces.

Some results are also consistent with Al adopting different orientations on different
surfaces. The ToF-SIMS amino acid peak intensities showed Al on glass had lower Trp
exposure and higher Cys exposure. This data is consistent with an orientation of Al on glass
in which the GP1b binding site is toward the surface, and less accessible for platelet binding
at high shear than Al on the other surfaces. However, the Trp and Cys residues are close
together, so it is unlikely the two amino acids would show opposite trends (Trp low and Cys
high). In addition, if Al was only in a different orientations, not conformations, we would
expect the trends in platelet binding to be consistent between high and low shears due solely
to the relative accessibility of the GP1ba binding site. In fact, platelet adhesion is markedly
different at high and low shears. At high shear, platelets detach from Al adsorbed onto glass
surfaces but Al adsorbed onto polystyrene surfaces mediates platelet rolling. At low shear,
platelets show stationary adhesion on Al adsorbed onto glass, but detach from Al adsorbed
onto polystyrene surfaces. The differences observed in the ELISA assays could potentially
be explained by differences in Al orientation. However, the binding sites for antibodies CR1
and 5D2 are not known, so we cannot conclude if low binding of antibodies CR1 and 5D2, as
observed in Al adsorbed onto PS, is consistent with an orientation in which the GP1b
binding site is accessible. The differences in NEXAFS polarization dependence could be
consistent with different orientations [69,36]. The amide bonds of Al could be oriented
more parallel to the surface when Al is adsorbed onto PS than glass or TCPS, leading to
stronger angle dependence when Al is adsorbed onto glass. However, the NEXAFS signal is
also dependent on ordering [36,69], so there could be a contribution from protein
conformation.

Overall, the data support conformation differences in Al on the three surfaces, but we
cannot rule out that there are also orientation differences.
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The differences in surface structure of Al adsorbed on to the three surfaces tested
here resulted in differences in the shear-enhanced adhesion observed when platelets
interacted with Al on the surfaces. The A1-GP1ba bond has been demonstrated to undergo
shear-enhanced adhesion [105,295,102,314,106]. This has been proposed to be due to
changes in dissociation rate and bond lifetime with varying shear. One previous study
demonstrated that the A1-GP1ba dissociation rate constant K¢ varied exponentially (4.2 +/-
0.8 s to 7.3+/- 0.4 s as a function of the force applied to the bond (from 36 to 217 pN)
[105]. Dissociation rate constants were determined by pause time analysis of transient
capture/release events.

Bond lifetimes as a function of force have also been measured using AFM. Al-
GP1ba bond lifetime increased as force on the bond increased to a maximum of
approximately 20pN [107,102]. Type 2B mutation 11309V showed a maximum life time at
decreased force (approx. 10pN) and type 2B mutations R1306Q and R1450E showed
elimination of force-enhanced bond lifetime [102].

Previous studies suggest that the conformation of Al and its stability is important in
controlling GP1ba binding and regulating shear adhesion. Auton et al. have used urea
denaturation to demonstrate that A1 undergoes a transition in conformation to an
intermediate state in which it has a high affinity for GP1ba [107,330].

Disruption of the disulfide bond within Al is one way previous studies have probed
the effects of conformational changes within A1l. One previous showed less GP1ba binding
when the disulfide bond was present within Al than when it was reduced and alkylated
[331]. Another study demonstrated that reduction and alkylation of the disulfide bond within
the Al domain influenced shear enhanced adhesion. When binding to reduced and alkylated
A1, platelets showed stable adhesion at low shear (50s™), but eliminated binding at high
shear (1500s). A1 containing the intact disulfide bond showed shear enhanced adhesion,
with low binding at low shear (50s™), and higher binding as shear increased up to 1000s™
[295]. Auton, et al. used circular dichroism to determine that disruption of the disulfide bond
within Al by reduction and carboxyamidation resulted in ~10% loss of a-helical structure
compared to the native conformation. This loss of secondary structure resulted in an increase

of the GPIba binding affinity of the A1 domain ~20-fold relative to the native conformation,
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again suggesting that disrupting the native A1 conformation leads to increased A1-GPlba
interaction [330].

The structure of the A1 domain has also been disrupted using pH. A previous study
exposed the A1 domain to low pH between 2.5 and 3.5 to disrupt the protein secondary
structure, then increased the pH to induce refolding. When the pH was increased quickly,
Al1-GP1ba binding was higher than when the A1 pH was increased slowly, which would
presumably allow better refolding into the native state [331]. This suggests that denaturing
Al using low pH, then quickly increasing the pH causes a transition into a high-affinity
conformation.

Mutations within Al also point to the importance of A1 conformation in controlling
GP1ba—A1l binding. A class of mutations within the A1 domain, termed type 2B mutations,
result in the reduction or elimination of a shear threshold for A1- GP1ba binding [106].
Type 2B mutations are not located within the A1- GPlba binding site, but are clustered near
the disulfide linkage within Al [332,285]. These mutations can introduce conformational
changes within the A1 domain. Previous studies used x-ray crystallography to show
differences in conformation between wildtype Al and a 1546V (type 2B) mutant [311,312].
In flow chamber studies, the 1546V mutant exhibited enhanced platelet binding, with platelet
adhesion at a shear rate of 0.1dyne/cm?, while the wildtype Al only exhibited platelet
binding above 1dyne/cm?[312]. Auton, et al. also showed that type 2B mutations R1306Q
and 11309V were stabilized in an intermediate state between native and denatured compared
to wildtype Al by urea denaturation [330,107]. Type 2B mutation 11309V showed a
maximum life time at decreased force (approx. 10pN) and type 2B mutations R1306Q and
R1450E showed elimination of force-enhanced bond lifetime [102].

In the studies presented here, platelets exhibited strong shear-enhanced behavior
when binding to Al adsorbed onto PS. A previous study using AFM has also demonstrated
increased bond lifetime with increasing force when Al was adsorbed onto PS [102].
Although there could be differences in orientation between Al on the different surfaces, here
we will focus on hypotheses for differences in A1 conformation, due to its likely importance
in Al function. When Al was adsorbed onto PS, it is likely not in a conformation similar to
the conformation induced by type 2B mutations, since type 2B mutations weaken or

eliminate the shear-enhanced response as described above. Previous studies have
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demonstrated binding of antibodies of CR1 and 5D2 binding is dependent on the presence of
an intact disulfide bond within A1 [96]. Since the antibodies showed low binding to Al
adsorbed onto PS, this suggests that the disulfide bond may be disrupted within Al.
However, previous studies have shown that reduction and alkylation of the disulfide bond
results in stable adhesion at low shear, but eliminated binding at high shear [295], which is
not consistent with the function of Al adsorbed onto PS. Al adsorbed onto PS also showed
relatively lower ToF-SIMS Cys intensity than Al adsorbed onto the other two surfaces,
which is consistent with a higher degree of disulfide bonding [320], although the Cys
intensity will also be influenced by the solution exposure of the amino acid.

Therefore the low binding of antibodies CR1 and 5D2 suggests a conformational
change within A1 when adsorbed onto PS that is distinct from disruption of the disulfide
bond. The functional studies are consistent with Al on the PS surface stabilized in a native
conformation compared to the conformation on the glass and TCPS surface. Platelet rolling
on Al adsorbed onto PS is also consistent with A1 stabilized in the native conformation, as
compared to type 2B mutations which exhibit stationary adhesion at low shear [102].

When Al was adsorbed onto the glass surface, shear-enhanced adhesion was not
observed in the studies performed here. Platelets showed stationary adhesion at low shear
rates on Al adsorbed onto glass, and detached at high shear. One hypothesis is that platelets
detach from Al adsorbed onto a glass surface because Al is totally denatured and not
functional. However, platelet binding at low and intermediate shear demonstrate that the
protein is still functional. Therefore, it is likely that A1 conformation on glass is stabilized in
a high affinity conformation. This could be similar to the conformation induced by type 2B
mutations, which results in elimination of shear-enhanced adhesion and reduced binding at
high shear as described above. Type 2B mutations also result in near-stationary adhesion at
low shear with little rolling [102,105,106], as also observed when Al was adsorbed onto
glass surfaces. Al function on glass was also consistent with an A1 conformation in which
the disulfide bond is disrupted. The high Cys signal in ToF-SIMS when A1l is adsorbed onto
the glass surface is also consistent with loss of disulfide bonding [320], although the ToF-
SIMS signal is also influenced by the solution exposure of the amino acid. However,
relatively high binding of antibodies CR1 and 5D2 to Al adsorbed onto glass suggest that the

disulfide bond is intact when Al is adsorbed onto glass. It is also possible that A1 adopts a
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conformation when adsorbed onto glass that is different from the conformation induced by
type 2B mutations, but is still high affinity, potentially analogous to the high affinity Al
intermediate structures described by Auton, et al. [107].

When Al was adsorbed onto TCPS, it exhibited intermediate behavior compared to
the other two surfaces. Shear-enhanced adhesion was observed when Al was adsorbed onto
TCPS, but platelet adhesion was higher than PS at low shear and higher than glass at high
shear. The high binding of antibodies CR1 and 5D2 suggest that the disulfide bond in still
intact within Al. ToF-SIMS Cys intensity was intermediate between the other two surfaces,
which could suggest that A1 adsorbed onto TCPS has a higher degree of intact disulfide
bonds than Al adsorbed onto glass. The presence of shear-enhanced adhesion is consistent
with a conformation of Al adsorbed onto TCPS in which the Al is not fully stabilized in a
high affinity state, as observed on glass, but it stabilized in an intermediate state that is able
to bind GP1ba. at lower shears than when adsorbed onto PS.

The differences in Al function on the different surfaces are likely influenced by
surface chemistry, as well as the surface charge. PS is neutral, while glass and TCPS are
negatively charged. Charge is asymmetrically distributed across the A1 domain, with an area
of positive electrostatic potential on the face interacting with GP1ba and an area of negative
electrostatic potential on the face opposite the binding site [285]. The Al-surface interaction
could be influenced by the presence of charge, resulting conformational differences in the
adsorbed proteins leading to the functional differences observed in these studies. Few rolling
platelets were observed on Al adsorbed onto both negatively charged surfaces. So itis
possible that the presence of a negatively charged surface induces a high affinity
conformation that mediates stationary binding, not a rolling interaction. This could be
similar to the conformation induced by type 2B mutation R1450E, which exhibited nearly
stationary adhesion at low shear and showed elimination of the force-enhanced lifetime of
the A1-GP1ba bond [102].

5.6 Conclusions

These studies demonstrate that the surface to which Al is adsorbed has an impact on

protein adsorption and platelet binding and should be an important consideration when
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designing in vitro experiments. Since Al function is surface-dependent, this could also be a
design consideration for biomaterials used in blood contacting implants in high shear regions.

Studies of full-length VWF did not demonstrate strong differences in function when
adsorbed to the three surfaces tested here. ToF-SIMS studies also supported that adsorbed
VWE did not have significantly different surface structure on the different surfaces. That
does not necessarily mean that VWF function is always the same on all surfaces. It is
possible that differences would be observed at lower surface coverage, where the proteins
would not be as tightly packed together on the surface. Due to differences in adsorption
conditions between Al and full-length VWF (lower A1 solution concentration than VWF) it
is difficult to directly compare the function of the two proteins. Therefore, these studies do
not necessarily indicate that the behavior of the isolated Al is different from the behavior of
full-length VWF.
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5.7 Tables for Chapter 5

Table 5.1 Peaks used for ToF-SIMS analysis

Positive ion Amino Acid Mass

CzHgN Ala 44.0492
CzHsS Cys 58.9941
C,HeNO Ser 60.0448
C2HgNO Met 61.0095
C4HsN Pro 68.0530
C4HsO Thr 69.0381
CsH4sNO Asn 70.0331
C4H1oN Pro 70.0704
C4HpoN Val 72.0862
C3H;NO Arg 73.0527
C3HgNO Thr 74.0660
C4HsN, His 81.0383
C4HsN2 His 82.0527
CsH,0 Val 83.0526
C4sHeNO Gln, Glu 84.0474
CsH1oN Lys 84.0855
CsHoN Iso, Leu 86.0982
CsH/N,O Asn 87.0576
CsHsNO, Asp, Asn 88.0297
C4H4NO, Asn 98.0144
C4H10N3 Arg 100.0795
C4H11N3 Arg 101.0963
CsHgN3 His 110.0759
CsH10N3 Arg 112.0870
CgHioN Phe 120.0874
CeH11N20 Arg 127.0868
CgH10NO Tyr 136.0831
Ci10H1uN2 Trp 159.0897
C11HgNO Trp 170.0666
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Table 5.2 XPS determined elemental compositions of adsorbed Al

Al Solution
concentration
(mg/ml) % C % O % N % Si
0 Glass 25.4 (4.4) 53.2 (3.6) 0.1(0.2) 21.7 (1.1)
TCPS | 86.3(1.1) 13.7 (1.1) ND ND
PS 97.0 (0.2) 3.0(0.2) ND ND
0.01 Glass 24.9 (3.6) 52.7 (3.6) 0.5(0.1) 21.9 (0.6)
TCPS 87.3 (2.6) 12.9 (2.9) 0.1(0.2) ND
PS 97.3 (1.0) 2.4 (0.6) 0.4 (0.5) ND
0.1 Glass 25.8 (3.9) 52.1 (2.8) 0.9 (0.2) 21.2 (1.4)
TCPS 85.6 (0.4) 13.5 (0.5) 1.0 (0.2) ND
PS 95.6 (1.5) 3.6 (1.0) 0.8 (0.6) ND
1 Glass 35.1 (1.5) 43.1 (2.2) 5.5 (0.6) 16.3 (1.8)
TCPS 80.2 (1.9) 13.9 (1.8) 5.8 (0.6) ND
PS 83.4 (1.6) 10.3 (1.8) 6.4 (0.2) ND
10 Glass 40.2 (2.4) 38.0(1.9) 7.5 (0.6) 14.3 (1.2)
TCPS 72.1 (1.3) 17.1 (0.6) 10.8 (1.4) ND
PS 79.2 (1.3) 12.9 (1.5) 7.8 (0.6) ND
100 Glass 50.5 (6.0) 29.2 (4.9) 11.5 (1.7) 8.8 (2.8)
TCPS 69.6 (0.9) 17.6 (0.8) 12.8 (1.1) ND
PS 74.6 (1.6) 15.3 (1.8) 9.7 (0.4) ND

Mean of 6 measurements on 2 samples. Standard deviation in parentheses. ND: Not

detected
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Table 5.3 XPS determined elemental compositions of adsorbed VWF

VWF
Solution
concentration

(UM) % C % O % N % Si

0 Glass 25.4 (4.4) 53.2 (3.6) 0.1 (0.2) 21.7 (1.1)
TCPS 86.3 (1.1) 13.7 (1.1) ND ND
PS 97.0 (0.2) 3.0 (0.2) ND ND

114 Glass 51.7 (7.1) 30.2 (4.2) 9.5 (0.8) 8.7 (2.7)
TCPS 70.7 (0.9) 19.7 (0.7) 9.6 (0.5) ND
PS 72.9 (2.2) 18.3 (1.5) 8.8 (1.2) ND

Mean of 6 measurements on 2 samples. Standard deviation in parentheses. ND: Not
detected
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Chapter 6 Creating defined collagen substrates

6.1 Abstract

Collagen is commonly used as an in vitro substrate due to its important role in many
biological functions. However, as with any biological material, it can be challenging create a
collagen substrate that has well-defined characteristics.

Here, we examined collagen substrates created using protein from two different
manufacturers. X-ray photoelectron spectroscopy and time-of-flight secondary ion mass
spectrometry (ToF-SIMS) to measure the amount of collagen adsorbed. More collagen
adsorbed onto a tissue culture polystyrene (TCPS) surface from one source than the other
source. ToF-SIMS was used to identify differences in the behavior of the A1 domain of von
Willebrand Factor interacting with the different collagen substrates adsorbed onto TCPS.
Using collagen from one source, the collagen + Al substrates were more similar to Al-only
substrates, as measured by PCA scores. Using collagen from the other source, collagen + Al
substrates were more similar to the collagen-only substrates. This could be due to adsorption
of Al onto the underlying TCPS substrate.

Sum frequency generation vibrational spectroscopy was used to characterize the
surface structure of collagen adsorbed at two different pH values. Collagen adsorbed from
even a modestly acidic pH (6.5) solution showed markedly less ordering of the protein amide
backbone than collagen adsorbed from solution at pH 8.0. This ordering difference could
affect collagen function, since its helical structure is important for the recognition of
collagen-binding proteins.

These results demonstrate that experimental conditions can greatly affect creation of
collagen substrates, and thorough characterization is necessary to create a defined collagen
substrate.

6.2 Introduction

Collagen is an important extracellular matrix (ECM) protein in the body, making up

25-35% of the body’s total protein [161]. There are over 20 types of collagen that have been
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identified to date, with type | being the most prevalent [333]. The collagen types are encoded
by different genes and vary in their amino acid structure and location within the body.

In vivo, several collagen types (including types I, I, and I11) form a hierarchical fibril
structure. Collagen can also form a hexagonal network (including type X) or a fibril
associated structure with interruptions in triple helix (including type 1X and XII) [163]. To
form fibrils, the smallest unit is the peptide chain, containing a high concentration of glycine,
proline, and hydroxyproline amino acids. Three peptide chains come together to form a left-
handed helix approximately 300nm long and 1.5nm wide, making it more elongated than an
a-helix. The presence of the rigid proline residues in the helix prevent the formation of a-
helices [161]. Then three of these helices join together in a right-handed helix to form a
microfibril. These microfibrils can then form larger fibrillar bundles.

In addition to its structural and mechanical properties, collagen interacts with other
ECM molecules, clotting proteins, cell adhesion proteins, and growth factors [162].
Different types of collagen can interact with different cell integrins, affecting cell function
[333]. Collagen is also important for tissue engineering applications, where it can provide
structural stability, support cell attachment and signaling, and promote angiogenesis [168-
170].

Since collagen plays such an important biological role, it is commonly used as a
substrate for in vitro assays [171]. However, previous studies have shown that differences in
preparation of the collagen substrate can affect cell function [172,173,169]. Several groups
have attempted to produce defined collagen substrates [334,171,172], but it is challenging
due to the heterogeneity of the extent of fibril formation in the protein. Further
characterization is needed to understand how variations in the experimental conditions and
sample preparation methods affect the final structure and composition of the collagen
substrates. This information is needed so well-defined collagen substrates can be designed
and fabricated for specific biological applications.

This study analyzes collagen substrates created using protein from two different
manufacturers, quantifying the amount of protein contained within the substrate. We also
examine the interaction of von Willebrand Factor (VWF) Al domain with substrates

produced from these two collagen sources. VWF is a collagen-binding clotting protein
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[148]. We characterize collagen adsorbed at different pH values to determine the effect of
acidity on collagen structure. These studies allow us to gain a deeper understanding of
collagen substrates which will lead to better defined in vitro systems that are more easily

related to in vivo function.
6.3 Methods
6.3.1 Materials

Human placenta type 111 collagen was purchased from Sigma (Source 1) and Abcam
(Source 2) and used without further purification. The Al domain of von Willebrand Factor
(VWF) was produced in E. coli containing residues 1238-1472 of mature VWF with 12
residues at the N terminus from the expression vector (MRGSHHHHHHGS) [174]. The
protein was generously provided by Miguel Cruz. Unless otherwise noted, substrates were

tissue culture treated polystyrene dishes (Corning).
6.3.2 Protein adsorption for XPS and ToF-SIMS analysis

TCPS substrates were allowed to equilibrate overnight at room temperature with
degassed phosphate buffered saline (PBS) (137mM NaCl, 2.7mM KCI, 10mM phosphate) at
pH 6.5 or 8.0, depending on the experiment. Experiments comparing collagen from Source 1
to Source 2 were performed at pH 6.5. All experiments comparing pH conditions used
collagen obtained from Source 2. Then collagen solutions at the desired pH were incubated
with substrates for 2h at 37°C. Following adsorption, substrates were rinsed in PBS to
remove loosely bound protein, then water to remove buffer salts. Samples were dried with a
stream of nitrogen, then stored under inert nitrogen atmosphere until analysis. Samples were

analyzed within two weeks.
6.3.3 XPS

XPS data were collected on a Surface Science Instruments S-Probe instrument with a
monochromatized aluminum Ko x-ray source and electron flood gun for charge

neutralization. Survey and detail scans were acquired at a pass energy of 150eV and a
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takeoff angle of 55°. The take-off angle is defined as the angle between the sample surface
normal and the axis of the analyzer lens. For each concentration, two samples were analyzed
and three spectra were collected on each sample. Spectra were analyzed using the Service
Physics ESCA 2000A analysis software.

6.3.4 ToF-SIMS

ToF-SIMS data were acquired on an ION-TOF 5-100 instrument (ION_TOF GmbH,
Miinster, Germany) using a Biz* primary ion source under static conditions (primary ion dose
<10" ions/cm?). Spectra were obtained from 100 um x 100 pum areas and five positive ion
spectra were collected from each sample. One to two samples were analyzed per condition.
A low-energy electron beam was used for charge compensation. Mass resolution (m/Am) of
the positive ion spectra was typically between 5500-7000 for the m/z = 27 peak. Mass scales
of each spectrum were calibrated to the CHs*, C,Hs", and CsHs" peaks before further
analysis.

Peaks were identified which corresponded to unique amino acid peaks. Amino acid
peaks that overlapped with substrate peaks were eliminated using the following criteria. If
the normalized intensity of a peak on the bare substrate was greater than 25% of the protein
normalized peak intensity, that peak was assumed to have a significant contribution from the
substrate and was not included in the amino acid peak list used for analysis. Peaks used for
analysis are listed in the appendix in Table 6.2, along with the corresponding amino acid
associated with each peak.

PCA processing of ToF-SIMS data from adsorbed proteins has been described
extensively elsewhere [78,83,79]. Prior to PCA processing, peaks were mean centered and
normalized to the sum of the selected peaks. Analysis was performed using a series of
MATLAB (MathWorks, Inc., Natick, MA) scripts written by NESAC/BIO (see
http://mvsa.nb.uw.edu).

6.3.5 SFG

The SFG vibrational spectra were obtained with an EKSPLA SFG system by

overlapping visible and tunable IR laser pulses (25 ps and 30ps, respectively) in time and
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space. The visible beam with a wavelength of 532 nm was delivered by an EKSPLA
Nd:YAG laser operating at 50 Hz with 3 outputs, one at 1064 nm and 2 at 532 nm generated
with second-harmonic crystals. One of the 532 nm beams is used for SFG, the other one
together with the 1064 nm are pumping an EKSPLA optical parametric
generation/amplification and difference frequency unit to obtain tunable IR laser radiation
from 1000 to 4000 cm™. The bandwidth was 1 cm™ for the visible pump pulses and 1-6 cm™
for the IR laser radiation (1 cm™ for 2750-3000 cm™ and 6 cm™ for higher and lower
wavenumbers). Both beams were unfocused and had a diameter of approximately 3 mm at
the sample. The energy for both beams was 190-240 pJ per pulse.

An equilateral CaF; prism was spin-coated on one side with deuterated polystyrene.
Following annealing overnight at 80°C in air, the polystyrene film was exposed to UV light
for at least 1h to introduce oxygen groups to the surface to mimic the TCPS substrate. The
prism was then brought into contact with PBS at the desired pH as described above, then
collagen was introduced to the solution. After allowing 2h for adsorption at room
temperature, the spectra were collected with the pump beams going through the backside of
the prism. The input angles of the visible and IR pump beams inside the prism were 55° and
62°, respectively, versus the surface normal of the UV-treated polystyrene surface.

The SFG signal generated at the sample and emitted from the backside of the prism
was analyzed by filters and a monochromator, then detected with a gated photomultiplier
tube. The spectra were collected with 300-400 shots per data point in 2 cm™ increments.
Spectra were recorded in the ppp and ssp (sum, visible, and infrared) polarization
combinations. The SFG spectra were normalized by the product of the intensities of the IR

and visible spectra.
6.4 Results and discussion
6.4.1 Characterizing collagen from different sources

There are several considerations when trying to create a defined protein substrate.
One consideration is the source of protein used for preparing the substrate.
Some proteins can be produced through recombinant expression in bacteria or

eukaryotic cells. For some larger proteins, such as collagen, it is possible to isolate the intact
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protein from an animal or human source. In the first part of this study we used intact isolated
protein and examined the difference in adsorption behavior between protein obtained from

two different commercial sources.
6.4.1.1 Amount adsorbed - XPS

When trying to create a defined biological substrate, such as a collagen substrate, it is
important to know how much protein is on the surface. XPS was used to characterize the
amount of collagen adsorbed onto the surface (Fig. 6.1). Table 6.1 lists the full XPS
determined elemental compositions for all the samples.

Although both collagen samples were adsorbed using the same experimental
(100pg/ml solution concentration, pH 6.5, TCPS substrate), a higher nitrogen signal was
detected when collagen from source 2 was used. Adsorption from source 2 resulted in a
nitrogen signal of approximately 11%, while adsorption from source 1 resulted in a nitrogen
signal of approximately 7%. This indicates that more collagen adsorbed to the surface from
the source 2 sample than source 1. The difference in adsorption amount could be due to
differing levels of solubility of the collagen at pH 6.5

An XPS nitrogen content of 11% approaches what would be expected from a
monolayer of protein adsorbed onto a surface [335]. An XPS nitrogen content of 7 atomic %
suggests submonolayer coverage or a very thin layer of collagen on the surface. XPS by
itself cannot distinguish between a thin layer that fully covers a surface and a thicker layer

with partial surface coverage.
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Fig. 6.1 XPS atomic percent nitrogen for collagen adsorbed at 100.g/ml (pH 6.5) onto
TCPS surfaces. Mean +/- SD. Source 1 represents mean of 9 spots on 3 samples. Source 2
represents mean of 6 spots on 2 samples. The atomic percent nitrogen are significantly
different (p < 0.01) on the two surfaces.

6.4.1.2 Amount adsorbed - ToF-SIMS

ToF-SIMS can also provide semiquantitative insight into the amount of protein on a
surface, by comparing the total amino acid signal on each surface. Examining the sum of
intensities from all amino acid peaks normalized to the total secondary ion intensity (amino
acid plus substrate peaks), we again see that the amount of protein on the surface is higher
when Source 2 collagen is used (Fig. 6.2). Consistent with the amino acid peak intensities,
the intensities of peaks associated with the TCPS substrate are attenuated more by adsorption
of Source 2 collagen than the Source 1 substrates (Fig. 6.3a) when adsorbed collagen is
present. The higher nitrogen signal observed with XPS for the Source 2 samples compared
to the Source 1 samples, could be due to either an increased thickness or surface coverage of
the collagen layer. Figure 6.2 shows that subsequent adsorption of Al onto the Source 1
collagen surfaces further attenuates the TCPS substrate signal (see Table 6.3 for a list of

characteristic polystyrene peaks characteristic used to track the attenuation of the TCPS
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signals). In contrast, adsorption of collagen from Source 2 almost completely attenuates the
substrate signal, and subsequent A1 adsorption does not significantly reduce the signal
further (Fig. 6.3b).

Attenuation of substrate signal is affected by both overlayer coverage and thickness.
However, ToF-SIMS has a shallower sampling depth than XPS (~2nm vs 5nm for the
experimental conditions used in these studies), so adsorption of even a thin protein layer
would be expected to greatly attenuate the ToF-SIMS substrate signal. Therefore the
presence of a relatively high ToF-SIMS substrate signal intensity following adsorption of
collagen from Source 1 is consistent with formation of a patchy or sub-monolayer collagen
layer containing exposed regions of the TCPS substrate. The further reduction of the TCPS
signals following adsorption of Al onto the Source 1 collagen surface suggests Al is
adsorbing onto exposed TCPS regions. Thus, the XPS and ToF-SIMS results suggest the
difference between the two collagen surfaces is primarily due to a difference in surface

coverage and not thickness of the fibrils.
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Fig. 6.2 ToF-SIMS amino acid intensity of adsorbed collagen. The sum of
intensities from all amino acid positive secondary ion peaks normalized by the total positive
secondary ion intensity. Mean +/- SD. Source 1 represents the mean of 5 spots on 1 sample.
Source 2 represents the mean of 15 spots on 3 samples.
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Fig. 6.3 ToF-SIMS peak intensity of TCPS substrate. Sum of polystyrene peaks
normalized to the total counts for each respective spectrum. (a.) For Source 1 collagen,
values represent mean +/- SD of 5 spots on 1 sample. (b.) For bare TCPS and Source 2
collagen, values represent mean +/- SD of 10 spots on 2 samples.
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Hydroxyproline, proline, and glycine are amino acids prevalent in the amino acid
structure of collagen. We can calculate the proportion of the amino acid signal that can be
assigned to each amino acid, which provides information about the amino acid content of the
collagen samples from the different suppliers.

Collagen from both sources showed similar amino acid content of the three major
amino acids in collagen (Fig. 6.4). Normalized hydroxyproline intensity (m/z 86.0672) was
higher in Source 1 collagen (p < 0.05); normalized proline intensity (m/z 68.0530 + 70.0704)
was higher for Source 2 collagen (p < 0.05); normalized glycine intensity (m/z 30.0346) was
higher in Source | collagen (p < 0.05). The CH4N (m/z 30.0346) peak could originate from
any of the amino acids, but it is the fragment generated from glycine amino acids. The
amino acid intensities calculated here as a percentage of the total amino acid signal are
similar to the ratios of amino acids in the primary sequence of type I1I collagen [336,337].
Although we cannot assume that all amino acids have the same secondary ionization
probability, as a first approximation this demonstrates that the collagens have similar
composition to what would be expected based on the primary amino acid sequence.
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Fig. 6.4 Amino acid content of collagen adsorbed onto TCPS. Hydroxyproline
intensity (m/z 86.0672), proline intensity (m/z 68.0530 + 70.0704), and glycine (m/z 30.0346)
normalized to the sum of intensity of all amino acid peaks. Mean +/- SD. Source 1
represents the mean of 5 spots on 1 sample. Source 2 represents the mean of 15 spots on 3
samples. *p < 0.05.
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6.4.1.3 Differences in Al interaction with collagen and TCPS

Many proteins interact with collagen to play roles in ECM assembly, cell adhesion,
and blood clotting [162,338], including the clotting protein VWF [164,165]. During the
normal thrombosis process that occurs in vivo, VWF interacts with collagen to facilitate
initial platelet tethering and the beginning of clot formation [279]. Previous studies have
demonstrated that the platelet-binding domain of VWF, the A1 domain, interacts with
collagen [288,339].

To better understand the interaction of collagen with AL, it is useful to create a well-
defined, integrated collagen-Al protein system. ToF-SIMS is a tool that can be used to
characterize this binary-protein system. Although each protein contains the same amino
acids, ToF-SIMS/PCA can clearly distinguish between single protein films based on
differences in amino acid composition [78,79,340]. ToF-SIMS has also been used to
distinguish between proteins adsorbed in mixtures: binary and ternary mixtures
[78,341,342,81,179] and more complex protein systems including 5 protein mixtures [343]
and whole plasma [80,179].

ToF-SIMS and PCA have also been used to track the changes in a protein film when
one protein is layered on top of another [344]. Martin, et al. showed that PCA could
distinguish collagen samples from a layered system of collagen + osteopontin. PCA loadings
showed that the collagen-only samples loaded strongly with glycine and proline peaks, as
expected due to the high glycine and proline content of collagen.

Using ToF-SIMS/ PCA to compare Al adsorbed onto collagen surfaces from Source
1 and A1, PC1, which captures 72% of the variance in the dataset, clearly distinguishes the
collagen and Al single component films. The collagen surface has a negative PC1 score
while the Al surface has a positive PC1 score (Fig. 6.5a). The PC1 loadings (Fig. 6.5b)
show the amino acid fragments from glycine and hydroxyproline have strong negative
loadings, corresponding to the collagen samples as expected. The Val, Lys, and Leu/lle
peaks have strong positive loadings, corresponding to the A1 samples.

For samples that have been sequentially exposed to Source 1 collagen and then Al,

the scores are intermediate between the single component collagen and A1. When Al is
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immobilized at the lowest concentration (10ug/ml), the scores for PC1 are the lowest, and
closest to the collagen scores. As the Al concentration increases, the scores for PC1 increase
and approach the scores of the single component Al sample. This suggests that as the Al
concentration increases, the surface becomes more similar to the Al-only surface and the
collagen is less concentrated within the ToF-SIMS sampling depth. Even at the lowest Al
concentration, the scores are slightly closer to the Al-only surface than the collagen-only
surface, suggesting the surface is more similar to Al than collagen.

These results suggest that one could control the amount of Al on the surface by
varying the solution concentration of Al. This could be due to different amounts of Al
binding to collagen. Alternatively, the changes observed could be due to Al adsorbing to the
surface underlying the collagen that is exposed due to low collagen coverage. XPS and ToF-
SIMS indicate the TCPS surface is not completely covered by the Source 1 collagen, so at

least part of the Al adsorption is likely from binding to the exposed regions of the TCPS.
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Fig. 6.5 ToF-SIMS/PCA results for adsorbed collagen, Al and collagen + Al
samples prepared from varying Al solution concentrations. The collagen was from Source
1. PC1 scores (72% variance) clearly separate collagen from Al. The collagen + Al
samples have intermediate scores on PC1. Amino acids that are prevalent in collagen (Gly,
Hyp) load negatively, corresponding to the collagen samples. Scores represent mean +/- SD

of 5 spots on 1 sample. Error bars are present on all samples, but in some cases are smaller
than the size of the marker.
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Different results are observed, however, from ToF-SIMS/PCA processing of samples
prepared using Source 2 collagen (Fig. 6.6). PC1 (89% variance) again clearly separates the
single component collagen from Al. As with Source 1 collagen, the negative loadings
corresponding to the Source 2 collagen samples are dominated by peaks from Gly, Pro, and
Hyp (Fig. 6.6b). Val, Lys, Leu/lso, and Ala load strongly positively, corresponding to the
Al samples.

However, when Al is introduced to the Source 2 collagen substrate, the trends in the
scores are different from the Source 1 collagen samples. Varying Al solution concentration
results in samples with similar PC1 scores. The PC1 scores from theses mixed Al-collagen
samples are also closer to the collagen-only sample than the Al-only sample, in contrast with
the samples made with collagen from Source 1.

The similarity of the Al-collagen samples to the Source 2 collagen samples could be
due to several factors. The Source 2 collagen could have a lower Al binding capacity
compared to Source 1 collagen, with a saturation point for A1 binding onto Source 2 collagen
already reached at an Al solution concentration of 10ug/ml.

Alternatively, Al could be preferentially adsorbing to the underlying TCPS substrate.
Even though Al has been demonstrated to interact with collagen, it also adsorbs onto the
TCPS substrate as shown by the Al results in Figs. 6.5 and 6.6. Since the XPS and ToF-
SIMS results indicate Source 1 collagen covers a lower fraction of the TCPS surface,
significantly more of the underlying TCPS on Source 1 collagen samples would be available
for Al adsorption. This could result in increasing amounts of Al adsorption onto the
exposed TCPS regions as the Al solution concentration is increased. Since the Source 2
collagen covered more of the TCPS surface, this sample has significantly lower amounts of
exposed TCPS available for A1 adsorption, even at the highest Al solution concentration of
100pg/ml.
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Fig. 6.6 ToF-SIMS/PCA results for adsorbed collagen, Al and collagen + Al prepared
from varying Al solution concentrations. Collagen was from Source 2. PC1 scores (89%
variance) clearly separate collagen from Al. All collagen + Al samples have similar PC1
scores that are intermediate between the collagen and Al samples. Amino acids that are
prevalent in collagen (Gly, Pro, Hyp) load negatively, corresponding to the collagen
samples. Scores represent mean +/- SD of 10 spots on 2 samples.
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These results demonstrate that proteins from different suppliers that are identified as
the same material can exhibit differences in their adsorption behavior and interactions with
other proteins. This could be due to differing levels of solubility of the collagen from
different sources. This highlights that the source of materials is an important consideration,
especially in biological systems, and should be a consideration in experimental design. If it
IS necessary to switch commercial suppliers during an experiment, it is important to
characterize the material from the new source to ensure that the new material behaves in a

comparable manner to the previous material.
6.4.2 Characterizing collagen substrates formed at different pH

In vivo, collagen forms a fibrillar structure that is extremely well controlled [345]. In
vitro, the fibrillar structure can be strongly influenced by the experimental conditions. While
the process of self-assembly is not entirely understood, previous studies have demonstrated
that reducing the pH of collagen disrupts the fibrillar structure and denatures the collagen
molecules [346-349]. Raising the pH allows self-assembly of the fibrils [350-352] and
varying the pH can affect fibril size [353,354] and mechanical properties [354].

When collagen is denatured, its biological activity can be markedly different from
when it is in a fibrillar form. Previous studies have shown that fewer platelets adhere to heat-
denatured than collagen fibrils [355,356]. Studies of numerous cell types have demonstrated
that cells cultured on fibrillar collagen exhibit different behavior from cells cultured on
denatured collagen, including adhesion [357-364], morphology [173,365-367], proliferation
[368-371], differentiation [372,373], migration [371,374], protein expression [375].

The fibrillar state of collagen can also influence its ability to interact with other
proteins. For example, more fibronectin binds to denatured collagen than fibrillar collagen
[376,359].

When collagen is denatured, it is hypothesized that binding sites are exposed that are
cryptic in the native molecule [377]. Previous studies suggest that different integrin binding
sites are exposed when collagen is denatured than when it is in a helical conformation. Both
cell studies [378,379,367] and studies using soluble integrins [380] have shown that different
integrins bind to denatured collagen compared to fibrils.
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Also supporting the hypothesis that different integrins are involved in binding
denatured collagen and fibrils, several studies have shown that RGD was not involved in cell
adhesion to fibrillar collagen, but binding to denatured collagen is RGD-dependent [379,381-
384,358,357]. Since integrin signaling controls so many aspects of cell behavior, including
adhesion, migration, and survival [385], changes in integrin binding induced by denatured
collagen can have major impacts on cell behavior.

While collagen fibrils form in solution, it is possible that the fibril formation could be
influence by the presence of a surface. Elliott, et al. demonstrated that collagen fibrils
formed on SAMs terminated with CH3 groups than SAMs terminated with COOH, NH,, and
OH groups using AFM [386]. Zhu, et al. used AFM to demonstrate that fibrils of
immunoglobulin light chain formed at lower surface concentrations and faster on mica
surfaces than in solution [387].

The studies described above show the importance of the helical structure of collagen
in controlling the biological response. However, there are numerous studies in the literature
which use collagen in low pH solutions to create collagen substrates for in vitro testing [388-
390,339,288,391,392]. These low pH collagen substrates likely do not represent the fibrillar
collagen present in vivo. Several groups have attempted to produce defined collagen
substrates [334,171,172], but further characterization is needed to create a well-controlled
system.

The presence of fibrils is typically evaluated by microscopy, including TEM
[347,354,352], AFM [353,393], and SEM [394,395]. Several techniques have been used to
study the triple-helical structure of collagen, including x-ray diffraction [351,350,396,397],
NMR [398,167] and synchrotron radiation scattering studies [399]. Crystal structures of
some collagen molecules have also been elucidated [397,400,401].

In addition to these techniques, sum frequency generation has also been used to
examine the secondary structure of collagen fibrils [402]. Rocha-Mendoza, et al. [402] found
that the methylene groups within the pyrrolidine rings of proline and hydroxyproline are
tilted relative to the axis perpendicular to the main axis of the collagen fiber. They also
found a strong amide signal arising from the helical peptide backbone.

Here we use SFG to identify differences in the surface structure of collagen adsorbed

from solution at differing levels of acidity.
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6.4.2.1 Protein ordering - SFG

SFG clearly shows differences in the surface structure of collagen adsorbed from pH
6.5 versus pH 8.0 solutions. All collagen used for pH comparison experiments was obtained
from Source 2. In the CH region, differences are clearly observed between the spectra from
the two samples, suggesting different ordering of side chains. Collagen adsorbed at pH 8.0
shows a strong peak around 2940cm™ (Fig. 6.7), corresponding to the CHz Fermi resonance
[36]. The peak at 2910 cm™ corresponds to the asymmetric methylene stretch, with a
shoulder corresponding to the methylene Fermi resonance [36]. Collagen adsorbed at pH 6.5
also shows peaks at 2910 cm™ and 2940 cm™, but at much lower intensity.

Collagen adsorbed at pH 6.5 shows peaks at 2880 cm™ and 2850 cm™ that are not
observed when collagen is adsorbed at pH 8.0. These peaks correspond to the symmetric
stretches of the methylene side chains [402,403].

The amide I region of the SFG spectrum provides information about the peptide
backbone ordering. In this region, collagen adsorbed at pH 8.0 shows significantly higher
SFG signal than collagen adsorbed at pH 6.5 (Fig. 6.8). The peaks in the amide region arise
from the ordered helical structure of the amide bonds of the peptide backbone [402,115].

This demonstrates that collagen adsorbed from a solution of pH 6.5 contains little
helical content and is mostly disordered on the surface. In contrast, collagen adsorbed from
a solution of pH 8.0 has an ordered peptide backbone and retains helical structure on the
surface.

Reported SFG peaks for helical structures include 1650 cm™ for an a-helix [115,116]
and 1635 cm™ for a 3-10 helix [117]. The signal from a collagen helix would be expected to
be different from these two helices due to the differences in structure [115].

The presence of multiple amide peaks suggests that there are different secondary
structures within the adsorbed collagen. The peak at 1630 cm™ could arise from B-sheet
structures that form during the process of adsorption [118].

From these measurements, we can begin to understand the collagen secondary
structure on at the surface when exposed to each pH value. The SFG amide signals suggests
that at pH 6.5, the peptide backbone of the collagen molecules are almost totally disordered
on the surface. Even though the backbone is not ordered, there is some ordering of
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methylene groups in the amino acid side chains, likely from hydrophobic interactions with
the surface [36]. When collagen is adsorbed from a solution at pH 8.0, the amide backbone
of the collagen molecules exhibit significant ordering. Some of this ordering could arise
from B-sheet structures formed during the adsorption process, as suggested by a peak at 1630
cm. adsorption [118]. The collagen is not likely forming a-helical structures due to the
absence of a peak 1650cm™ [115,116]. The collagen helix is distinct in structure from the o-
helix, so it is not surprising that it would exhibit different SFG peaks. A recent paper also
identified three subbands within the amide spectrum (~1629-1635 cm™, ~1639-1645 cm™,
and ~1657-1675 cm™), which correspond to the peaks observed in Fig. 6.8. The authors
proposed that the three peaks represent the carbonyl groups in each peptide of the Gly-X-Y
tripeptide [404]. So the conformation of collagen on the surface could be such that the
carbonyl groups of the peptide are ordered. It can be challenging to make peak assignments
within the CH region to determine precise differences in side chain ordering. However, we
do observe that collagen adsorbed from solution of pH 8.0 shows different peaks from
collagen adsorbed at pH 6.5, indicating that the side chain molecules exhibit different
ordering. This could be due to constraints on the side chain introduced by the ordered
peptide backbone at pH 8.0 which are not present in the disordered peptide backbone at pH
6.5.
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normalized SFG intensity
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Fig. 6.7 SFG spectra in the CH region. Source 2 collagen was adsorbed at pH 6.5 and pH

8.0 onto UV-PS. The spectra were collected in the SSP polarization combination. Data at
each pH are an average of 3 spectra.
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normalized SFG intensity

1450 1500 1550 1600 1650 1700 1750 1800 1850
wavenumber

Fig. 6.8 SFG spectra in the Amide | region. Source 2 collagen was adsorbed at pH 6.5 and
pH 8.0 onto UV-PS. Spectra were collected in the PPP polarization combination. Data at
each pH are an average of 3 spectra.

6.4.2.2 Amount adsorbed - XPS

An SFG signal is only generated from ordered structures at interface where the
inversion symmetry is broken. The signal intensity also depends on the amount of ordered
species present. We used XPS to measure the amount of Source 2 collagen on the surface
when adsorbed from solutions of pH 6.5 and 8.0. Full atomic composition is listed in Table
6.1.

A higher XPS nitrogen signal (11 vs. 2 atomic %) was detected when collagen was
adsorbed from a pH 6.5 solution compared to a 8.0 solution (see Table 1). This indicates that
more collagen adsorbed to the surface from a solution of pH 6.5 compared pH 8.0. Thus, the
higher SFG signals observed from adsorption at pH 8.0 solution were not due to higher
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amounts of protein on the surface. Instead, the higher SFG signal observed when collagen
was adsorbed at pH 8.0 was due to increased ordering of the collagen on the surface.

The lower surface concentration of collagen at pH 8.0 than 6.5 can be explained by
the theory of random sequential adsorption of proteins. This model states that a single
molecule adsorbs to the surface and defines a zone to which no other particles arriving at
later times can adsorb [28]. For spheres, protein saturation would occur at 55% coverage
according to the model. For a particles with higher aspect ratios, saturation coverage would
be lower (eg. 40% for aspect ratio of 7.5). Although experimental evidence shows that
proteins can achieve higher coverage than predicted by the model [28], the model
demonstrates why a helical collagen molecule with a high aspect ratio (1.5nm height, 300nm
length [163]) would exhibit lower surface coverage than a denatured collagen molecule with
a much lower aspect ratio.

14

12 T

1
—

10

atomic % N

pH 6.5 pH 8.0
Fig. 6.9 XPS atomic percent nitrogen measured from collagen adsorbed onto TCPS
surfaces at pH 6.5 and 8.0 (100g/ml). Mean +/- SD. Mean of 6 spots on 2 samples.

Atomic percentage nitrogen is significantly different (p < 0.01) between the two pH
conditions.

6.5 Conclusions
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When creating a biological substrate, it is important to control the experimental
conditions under which the substrate is created. It is also important to fully characterize the
substrate to be able to interpret the behavior of the system.

Here, we examined collagen substrates created using protein from two different
manufacturers. We identified differences in their adsorption behavior and differences in the
way a collagen-binding protein interacted with the collagen substrate. More collagen
adsorbed onto a tissue culture polystyrene (TCPS) surface from one source than the other
source. ToF-SIMS was used to identify differences in the behavior of the A1 domain of von
Willebrand Factor interacting with the different collagen substrates adsorbed onto TCPS.
Using collagen from one source, the collagen + Al substrates were more similar to Al-only
substrates, as measured by PCA scores. Using collagen from the other source, collagen + Al
substrates were more similar to the collagen-only substrates. This could be due to adsorption
of Al onto the underlying TCPS substrate.

We also characterized collagen adsorbed at two different pH values. Collagen
adsorbed from even a modestly acidic pH (6.5) solution showed markedly less ordering of
the protein amide backbone than collagen adsorbed from a pH 8.0 solution. Since collagen’s
helical structure is important for the recognition of collagen-binding proteins, this suggests
that solubilizing collagen in acidic solutions should be used cautiously when creating in vitro

substrates to mimic in vivo protein-protein interactions.
6.6 Tables for Chapter 6

Table 6.1 XPS determined elemental compositions of collagen adsorbed onto TCPS at
100ug/ml

% C % O % N % Na
TCPS 87.2 (1.1) 12.8 (1.1) ND ND
Collagen Source 1pH 6.5 | 76.3 (0.5) 16.2(0.4) | 7.3(0.5) ND
Collagen Source 2 pH 6.5 | 69.6 (0.9) 19.2(0.9) | 11.2(1.0) ND
Collagen Source 2 pH 8.0 | 88.6 (0.5) 8.9 (0.5) 2.0 (0.7) 0.5 (0.7)

Mean of 6 measurements on 2 samples. Standard deviation in parentheses. ND: Not
detected
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Table 6.2 Positive ToF-SIMS amino acid ions used for PCA

Positive lon Amino Acid Mass
CHsN Gly 30.0346
CoHgN Ala 44.0492

CHS Cys 449772
C,HsS Cys 58.9941
C,HgNO Ser 60.0448
C,HsS Met 61.0095
C4HeN Pro 68.053
C3H4NO Asn 70.0331
C4HgN Pro 70.0704
C4HioN Val 72.0862
C3H/NO Arg 73.0527
C3HgNO Thr 74.066
C4HsN; His 81.0383
C4H6N2 His 82.0527
CsH;0 Val 83.0526
C4HgNO GIn/Glu 84.0474
CsHioN LyS 84.0855
C4HgNO Hyp 86.0672
CsHoN Iso/lle 86.0982
C3H7N,0 Asn 87.0576
C3HeNO, Asp/Asn 88.0297
C4H4sNO, Asn 98.0144
C4H1oN3 Arg 100.0795
C4H11N3 Arg 101.0963
CsHgN3 His 110.0759
CsH1oN3 Arg 112.087
CgHioN Phe 120.0874
CeH11N20 Arg 127.0868
CngoNO Tyr 136.0831
CioHuN2 Trp 159.0897
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Table 6.3 Polystyrene peaks used for ToF-SIMS analysis

Positive lon Mass
CsHs 65.0403
CsHs 77.0399
CsHs 78.044
CsH- 79.0539
Cs/H7 91.0557
C7/Hg 92.057
CgH~ 103.0564
CgHg 104.0625
CgHg 105.0744
CoH7 115.058
CoHg 116.0613
CoHy 117.0725

C10H; 127.0547
C10Hg 128.0588
C10Hg 129.0723
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Chapter 7 Overall Conclusions

7.1 Conclusions

Adsorption of proteins onto surfaces has been studied since at least the early 1960s
[405] and has remained an active area of research since that time [32,64,212]. This field has
continued to develop due to the importance of adsorbed proteins in controlling the biological
response to implanted materials. The composition and structure of the adsorbed protein layer
has been demonstrated to affect a variety of cell functions and other biological responses
[1,5,6].

In addition to implanted biomaterials, protein adsorption also has impacts in other
areas, including tissue engineering [406,244], sensors [2,3], and marine biofouling [4].
Another area where adsorbed proteins are important that perhaps does not receive as much
attention is the creation of model in vitro systems. Many types of scientific experiments are
conducted in vitro due to the relative ease of performing the experiment, cost, and the ability
to control variables in a manner that is not possible in vivo [407-410]. Adsorbed proteins are
used to create cell culture substrates [17,58], models of vascular injury [313,334], and
diagnostics [411-415].

A thorough characterization of the adsorbed protein layer is necessary to
understanding the biological response to an implanted material or creating a controlled,
reproducible in vitro system. Combining multiple analysis techniques is essential for
understanding how proteins interact with a surface.

In this thesis, a variety of techniques were used to characterize different aspects of
protein systems. The amount of protein adsorbed to surfaces was measured using XPS and
radiolabeled proteins. Protein conformation and orientation were probed using ToF-SIMS,
NEXAFS, SFG, and ELISA. Each of these techniques measures different aspects of the
adsorbed protein layer, and together they give a more complete understanding of the system.

BSA showed higher adsorption onto polystyrene than glass surfaces with calculations
showing submonolayer coverage on both surfaces. ToF-SIMS showed that there were
differences in protein structure on the two surfaces, but the surface structure of BSA did not

change on polystyrene surfaces across the solution concentrations measured.
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The Al domain of von Willebrand Factor adsorbed in similar amounts onto glass,
TCPS, and polystyrene surfaces. However, ToF-SIMS showed differences in solution
exposure of amino acids on the three surfaces and NEXAFS showed differences in ordering.
ELISA also measured differences in binding of an antibody recognizing a nonlinear epitope
within Al. Functional studies using a parallel plate flow chamber demonstrated different
platelet binding when Al was adsorbed onto the three surfaces. Further studies using full-
length VWF did not show strong differences in platelet binding or surface structure measured
by ToF-SIMS. However, it is possible that under different experimental conditions,
differences would be observed.

Protein adsorption was also different onto titanium oxide versus sulfonated
polystyrene surfaces. More protein adsorbed onto the sulfonated polystyrene surfaces than
titanium oxide surfaces, and ToF-SIMS demonstrated that fibronectin adopted a different
surface structure on the two surfaces.

Surface analysis was also useful for characterizing collagen substrates created under
different experimental conditions. Collagen obtained from different sources exhibited
different adsorption behavior, both in amount adsorbed and interaction with another protein.
SFG was also used to identify differences in ordering of collagen adsorbed from solutions at
different pH values.

These studies demonstrated that the surface type can have a large impact on adsorbed
proteins, both in amount adsorbed and surface structure. For adsorption of the A1 domain of
von Willebrand Factor, these studies demonstrated that the surface type has an effect on
protein function. These studies also showed that surface analysis is very useful in creating
defined in vitro protein substrates. In all cases, it was crucial to use multiple analysis

techniques to understand these systems.

7.2 Future Directions

There are many opportunities for additional studies to build on the work in this thesis.
In the study of Al on synthetic surfaces, we observed differences in protein function and
surface structure on surfaces commonly used as in vitro substrates. However, it is not
entirely clear which properties of the respective surfaces resulted in the differences in
behavior of adsorbed protein.
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To better understand the role of specific functional groups, adsorption could be
performed on surfaces consisting of more well-defined chemistry, such as alkanethiol self-
assembled monolayers (SAMs). SAMs are a widely used model system to determine
influence of various surface chemistries by varying the functional group to change
characteristics such as charge or hydrophobicity of the surface [126,416,417]. SAMS are
also able to be fabricated in a reproducible manner [418], again allowing for better control of
the system and clearer interpretation of differences in protein structure and function.

In addition to NEXAFS, circular dichroism (CD) could be a useful tool for
identifying and understanding conformational changes of Al upon adsorption to different
surfaces [8,293]. CD gives information about the secondary structure content of proteins,
both in solution and on a surface [419,420]. Sum frequency generation can also give
information about protein secondary structure on a surface [36,69], so that could be an
additional useful tool to examine protein conformational changes.

In chapter 4, ToF-SIMS clearly demonstrated that adsorbed fibronectin was different
on titanium oxide and sulfonated polystyrene surfaces. However, since fibronectin is such a
large molecule, it is difficult to interpret the amino acid peak loadings to identify what the
differences in surface structure are between the protein adsorbed onto the two surfaces.

Measuring binding of an antibody that recognizes cell-binding sites, either RGD or
the PHSRN synergy site [421], could be useful in providing additional information about the
differences in fibronectin surface structure between the two surfaces [17,58,142]. If cell
binding sites within fibronectin are differentially exposed on the two surfaces, that would
give further evidence that the adsorbed protein layer is responsible for the differences in cell
function observed in previous studies. This would also suggest that the sulfonated
polystyrene surface does not just increase cell function by allowing more protein to adsorb,
but causes proteins to adsorb in a different conformation.

Cell studies would also be useful in further understanding the differences in the
reaction to the adsorbed protein layer between the titanium oxide and sulfonated polystyrene
surfaces. Osteoblasts or another cell type could be cultured on adsorbed fibronectin surfaces.
Integrin-blocking antibodies could be applied to the cell culture system to prevent specific
integrin interaction with the protein substrate [17,58,18]. If the presence of an anti-integrin

antibody eliminated the differences in cell function on surfaces of fibronectin adsorbed onto
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titanium oxide and PSS, this would suggest that differential exposure of the integrin-binding
sites within fibronectin adsorbed onto the two surfaces did cause differences in cell function.
This experiment could be challenging if blocking the integrins prevented cell adhesion.

It is generally accepted that acidic conditions denature the collagen fibrils, but the
role of pH in the formation and denaturation of collagen fibrils is not well defined [346-349].
Studies in the literature routinely work at lower pH values [388,390,339,288]. In the studies
reported in this thesis, the presence of even a moderately acidic solution was sufficient to
eliminate most of the amide signal in the SFG measurements, suggesting that the peptide
backbone was disordered. It would be interesting to look at a series of pH values to
determine the point at which the collagen starts to denature and if the structure changes
further as the solution continues to become more acidic.

Creating a defined collagen substrate is challenging because, like many biological
substances, there can be high variability between material from different subjects and it is
sensitive to variations in experimental conditions [334,171,172]. If a defined, reproducible
collagen substrate were created, it would be a useful tool for studying many biological
systems. Since so many proteins bind to collagen [162], creating a defined collagen substrate
would allow easier in vitro testing of the protein-protein interactions that occur in vivo.
Cultured cells can also be impacted by differences in the underlying collagen layer [357-
364], so having a defined collagen substrate would allow better comparisons of cell behavior
during in vitro testing.

One potential tool to measure protein interactions with collagen is ToF-SIMS. ToF-
SIMS has been used previously to identify differences in multicomponent films [79-82]. It
can also identify differences in adsorbed protein structure based on orientation and
conformation [70-72,35,73,74]. It is possible that ToF-SIMS could identify differences in
the structure of different proteins interacting with collagen based on protein orientation
and/or conformation.

Some studies that were not included in this thesis attempted to identify differences
between the structure of wildtype Al and A1 mutant when interacting with collagen.
Previously published ELISA studies had shown differential antibody binding to the wildtype

Al versus Al mutant when immobilized onto collagen [288]. The ELISA results were
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reproduced in our lab, but ToF-SIMS did not identify differences between the wildtype Al
and A1 mutant when immobilized onto collagen.

These results demonstrate the difficulty of using ToF-SIMS to look for differences in
amino acid exposure against an amino acid background, in this case collagen. ToF-SIMS has
been used to identify differences in some very complicated systems, including full
extracellular matrix [422-424]. However, in this case we are trying to identify differences in
one protein layered on top of another. While the sampling depth of ToF-SIMS is small, it is
possible that in this case, it was not small enough to distinguish between small differences in
Al structure. In these studies, it also appeared that only a small amount of A1 was
immobilized onto the collagen substrate, effectively decreasing the signal to noise ratio in the
measurements.

Increasing the amount of Al in the system and decreasing the contribution of the
collagen signal would both be ways to improve the signal to noise ratio. For the ToF-SIMS
studies in this thesis, Biz" was used as the primary ion source. However, recently primary
ion sources have become commercially available that have even smaller sampling depths. Of
particular interest is using a large cluster of argon atoms as a primary ion source [425-427].
At a constant energy, as the cluster size of the primary ion increases, the amount of energy
per atom decreases. So using a large cluster, the energy is deposited closer to the surface
[428,429]. This results in material being sputtered from closer to the surface, and a shallower
sampling depth [76].

The use of a cluster argon primary ion beam in a system like a protein of interest
layered over collagen could give more information than a Bi primary ion beam about changes
in the structure of the overlayer protein.

More broadly in the field of protein adsorption research, tools continue should
continue to be developed and improved for the study of proteins on surfaces. ToF-SIMS has
proven to be a very useful tool in identifying differences between adsorbed proteins.
Developing a better understanding of the fragmentation and ionization process will allow
more accurate interpretation of ToF-SIMS analysis of proteins. Currently, it is not well
understood how the presence of different neighboring molecules influence protein
fragmentation and ionization [430]. Work has been performed to understand the collision

process [429,431,76], but more work to understand the high energy fragmentation and
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ionization process would allow further quantitation of ToF-SIMS data [432]. While it will
likely be difficult to fully quantify ToF-SIMS data due to the matrix effect [75],
interpretation could be enhanced.

Introduction of new primary ion sources with variable sampling depths as mentioned
above could also improve the utility of ToF-SIMS to study protein systems.

In addition to experimental techniques, computational modeling has the ability to help
us better understand the interactions between proteins and surfaces on a molecular level
[433,186,434,241]. Computational models can test many more parameters than would be
reasonable or possible to do in experiments and point toward experiments that will likely
yield the most useful results. In conjunction with experimental evidence to validate the
model, computational modeling can give detailed information that would be difficult to
obtain otherwise [433,435,436].

While the field of protein adsorption research has been active for several decades,
there are still many questions to be answered. Combining multiple analysis techniques will
allow the best understanding of protein behavior, allowing the design of new, more effective

biomaterials and better control of in vitro systems.
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