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ABSTRACT

The first step following implantation of biomaterials is adsorption of proteins to the
surface. Subsequent steps in the biological reaction to the implant depend on the details
of the initial protein layer. Thus, characterization of the interactions of proteins with the
surfaces of candidate biomaterials may be helpful in understanding and optimizing
biocompatibility.

Spatially resolved near-edge X-ray absorption fine structure (NEXAFS) spectra
obtained via an X-ray photoemission electron microscope (X-PEEM) is used to study the
spatial distribution of adsorbed proteins on chemically heterogeneous surfaces. X-PEEM
is surface sensitive and can probe the top 10 nm of the surface with a lateral spatial
resolution of ~ 80 nm.

Polystyrene (PS) was blended with a variety of polymers including the
biodegradable polylactide (PLA), biocompatible polyethylene oxide (PEO), and
poly(methyl methacrylate)-b-polyacrylic acid (PMMA-PAA) which is negatively charged
under neutral aqueous conditions. Human serum albumin (HSA) adsorption to these
surfaces was examined with respect to surface rugosity and ionic strength (PS-PLA
blends), protein repellency (PS-PEO blends), and electrostatic interactions (PS/PMMA-
PAA blends).

It was found that X-PEEM has excellent capabilities for simultaneously
interrogating both the adsorbed protein and surface of the polymeric films, obtaining both

the topography and chemistry at the surface with high sensitivity.
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Chapter 7

Fig. 7.1 C 1s X-ray absorption spectra of polystyrene (PS, red), 114
poly(methyl methacrylate) (PMMA, green), human serum
albumin (HSA) (blue) and a cationinc peptide (SUB-6, pink),
recorded in STXM. The spectra are plotted on an absolute
linear absorbance scale with offsets.

Fig. 7.2 a) Sample X-PEEM color coded composite map (absolute) 116
derived from a singular value decomposition (SVD) analysis,
using the PS, PMMA and HSA reference spectra (Fig. 1), of a
C 1s image sequence (23 energies) recorded from a
PS/PMMA-b-PAA 60:40 blend thin film spun-cast from a
dichloromethane solution with a total loading of 1 wt%
polymer with 0.005 mg/mL adsorbed HSA. b) Mask used to
extract spectra of specific regions. Red denotes PS-rich
regions, green denotes PMMA-b-PAA-rich regions, defined by
threshold masking the PS and PMMA-PAA component maps.
The remaining blue pixels define areas at the interface between
the PS-rich and PMMA-PAA-rich domains. c) Curve fit of the
average C 1s spectra of the PS-rich region (data, dots; fit,
black line; components, colored lines) d) Curve fit of the
average C 1s spectra of the PMMA-b-PAA-rich region (same
color coding) e) Curve fit of the average C 1s spectra of the
interface region (same color coding).

Fig. 7.3 AFM phase mode images of PS/PMMA-b-PAA thin film 118
blends spun cast from a 1 wt% dichloromethane solution
loaded with a) 40:60 and c¢) 60:40 PS/PMMA-b-PAA ratio.
AFM height mode images b) 40:60 ratio and d) 60:40 ratio.
AFM images are 10 um x 10 um. X-PEEM color coded
composite maps of PS:PMMA-PAA e) 40:60 and f) 60:40. PS
is coded red, PMMA-PAA is coded green.

Fig. 7.4 Optical images of PMMA and PS/PMMA-b-PAA 60:40 121
exposed to polylysine-fluorescence. (top) reflection images
and (bottom) fluorescence images. Images obtained for
1000ms, gain 5.

Fig. 7.5 X-PEEM color coded composite maps of PS/PMMA-b-PAA 122
60:40 with 0.005 mg/mL HSA a) rescaled, b) absolute, and
0.005 mg/mL SUB-6 c) rescaled, d) absolute. PS is coded red,
PMMA-b-PAA is coded green and HSA/SUB-6 is coded blue.

XiX



Fig. 7.6

Fig. 7.7

Chapter 8

Fig. 8.1

Fig. 8.2

Fig. 8.3

Fig. 8.4

X-PEEM color coded composite maps of PS/PMMA-b-PAA
60:40 with 0.05 mg/mL HSA at pH 2.0 a) rescaled, b)
absolute, pH 4.0 c) rescaled, d) absolute, and pH 8.6 €)
rescaled, f) absolute. PS is coded red, PMMA-PAA is coded
green and HSA is coded blue.

(top) **I radiolabeling derived HSA coverage compared to
(bottom) X-PEEM detected thicknesses. Pink denotes HSA
thickness observed on PS region, teal denotes HSA thickness
observed on PMMA-b-PAA region, and blue denotes HSA
thickness observed at the interface.

Composite maps for PS, PMMA-PAA and chitosan for a
chitosan grafted PS/PMMA-PAA surface. PS is color coded as
red, PMMA-PAA is color coded as green and chitosan is color
coded as blue.

Composite maps for an ion beam patterned azobenzene and
C12 alkane self assembled monolayer (SAM) surface.
Azobenzene is color coded as red, C12 alkane is color coded
as green.

Proposed thiolene click reaction between 1,2 polybutadiene
and cysteamine.

UV photolithography. 1,2 polybutadiene is exposed to
thioglycerol and a photoinitiator. The surface is covered by a
mask and exposed to UV light. The free thioglycerol is
removed and a second thiol (B) is spun cast to the surface and
exposed to UV light. Following washing, the surface is
patterned by two different thiols.

126

129

136

139

140

141

XX



Chapter 1

Table 1.1

Chapter 3

Table 3.1

Chapter 4

Table 4.1

Table 4.2

Table 4.3

Chapter 5

Table 5.1

LIST OF TABLES

Common microscopy methods for characterizing protein
adsorption to surfaces.

Composition of PS and PLA (%/pixel) in the PS-rich and
PLA-rich regions of PS:PLA blends with respect to polymer
ratios, total polymer concentration and annealing (uncertainty
5%).

Thickness (nm) of PS, PLA and HSA in the PS, PLA and
interface from PS/PLA 40:60 (0.7 wt%) films.

Thickness (nm) of PS, PLA and HSA in the PS, PLA and
interface from PS/PLA 40:60 (0.7 wt%) films.

123 radiolabeling experiments.

Thickness (nm) of PEO, PETA, and HSA in PEO-rich and
PETA-rich areas for 1 wt% PEO samples with 1.5, 5 and 10
wt-% PETA concentration. These films were exposed to 0.005
mg/mL HSA in DDI water. Uncertainty 0.5 nm.

16

64

73

74

74

86

XXi



Chapter 6

Table 6.1

Table 6.2

Table 6.3

Chapter 7

Table 7.1

Table 7.2

Table 7.3

Table 7.4

Composition of PS and PEO (%/pixel) in the PS-rich and
PEO-rich regions of PS:PEO blends with respect to polymer
ratios, total polymer concentration and annealing. Uncertainty
+0.5 nm.

Thickness (hm) of PS, PEO, and HSA in the PS, PEO and
interface regions from PS:PEO 60:40 (0.5 wt%) films exposed
to 0.05, 0.01, and 0.005 mg/mL HSA from DDI water.
Uncertainty: £0.5 nm.

Thickness (nm) of PS, PEO and HSA in the PS, PEO and
interface regions of a non-crosslinked PS:PEO 60:40 (0.5wt%)
film exposed to 0.005 mg/mL HSA from DDI water.
Uncertainty: £0.5 nm.

Composition of PS and PMMA-PAA (%/pixel) in the PS-rich
and PMMA-b-PAA-rich regions of PS/PMMA-b-PAA blends
with respect to polymer ratios. Uncertainty £5 nm.

Thickness (nm) of PS, PMMA-b-PAA, and HSA/SUB-6 in the
PS, PMMA-b-PAA and interface regions from PS/PMMA-b-
PAA 60:40 (1 wt%) films exposed to 0.005 mg/mL HSA or
SUB-6 from DDI water. Uncertainty: £0.5 nm.

Thickness (nm) of PS, PMMA-b-PAA, and HSA in the PS,
PMMA-b-PAA and interface regions from PS/PMMA-b-PAA
60:40 (1 wt%) films exposed to 0.05 mg/mL HSA at pH 2.0,
4.0 and 8.6. Uncertainty: +0.5 nm.

HSA coverage determined by '#°I Radiolabeling experiments.

102

106

109

120

123

128

129

XXii



LIST OF ABBREVIATIONS AND SYMBOLS

1-D One dimensional

A Angstrom

Ao Area exposed to beam
A.D. Anno domini

AEY Auger electron yield
AFM Atomic force microscopy
ALS Advanced Light Source
AOI Area of interest

b Block

BSA Bovine serum albumin

c Speed of light

°C Degree Celcius

C-AFM Contact mode atomic force microscopy
CCD Charged Coupled Device
CH,CI, Dichloromethane

CLS Canadian Light Source
cm Centimetre

ConA Concavalin A

) Polydispersity

Da Dalton

xXXxiii



DDl

DSC

ECM
EELS
ESR
eV

EXAFS

Fg
FDA
FTIR

FWHM

Gel

GeV

HCI

HSA

Distilled deionized

Differential scanning calorimetry
Energy

Extracellular matrix

Electron energy loss spectroscopy
Electron spin resonance

Electron volt

Extended X-ray absorption fine structure
VVolume fraction

Human fibrinogen

Food and Drug Administration
Fourier transformed infrared

Full width at half maximum
Gamma

Grams

Gibbs free energy

Electrical Gibbs free energy
Giga electron volts

Enthalpy

Hour

Hydrochloric acid

Human Serum Albumin

XXIV



keV

kDa

LcH

linac

MB

MeV

mg

min

mL

mM

MW

NaOH

Hertz

Incident intensity

Transmitted intensity

Insertion device
lonization potential
Infrared

Thousand

kilo electron volt
Kilodalton

Lectin

Linear accelerator
Million

Atomic number
Megabite

Mega electron volts
Miligram

Minute

Mililitre

Milimolar
Molecular weight
Viscosity

Sodium hydroxide

XXV



NC-AFM
NEXAFS
nm
NSERC
Ny

OWLS

p

PAA
PAS

PBS

PEG
PEO

PET
PETA
PLA
PMMA
PMMA-PAA
PS

PSA

pSf

QCM

Non-contact mode atomic force microscopy
Near-edge X-ray absorption fine structure

Nanometer

National Sciences and Engineering Council of Canada

VVolume density

Optical wave guide lightmode spectroscopy
Atomic area density

Polyacrylic acid

Photoacoustic spectroscopy

Phosphate buffered saline

Polyethylene glycol

Polyethylene oxide

Polyethylene terephthalate

Pentaerythritol triacrylate

Polylactide

Poly(methyl methacrylate)

poly(methyl methacrylate)-block-polyacrylic acid
Polystyrene

Poly(sebacic anhydride)

Polysulfone

Quartz crystal microbalance

interfacial tension

XXVi



Gx(hv)
S

SAM
SDS-PAGE
SEM

Si

SPR

SR

SPEM
SPM

STM
STXM
SUB-6

SVvD

TEM

TEY

TGA
™

TOF-SIMS

1)

X-ray absorption cross section

Entropy

Self assembled monolayer

sodium dodecyl sulfate polyacrylamide gel electrophoresis
Scanning electron microscope

Silicon

Surface plasmon resonance

Synchrotron radiation

Scanning photoemission microscopy
Scanning probe microscopy

Scanning tunneling microscope
Scanning transmission X-ray microscope
RWWKIWVIRWWR-NH;

Singular value decomposition
Temperature

Transmission electron microscope

Total electron yield

Glass transition temperature

Thermal gravimetric analysis

Trade mark

Time of flight secondary ion mass spectrometry

Linear absorption coefficient

XXVii



um

uv

UV-VIS

WWII

XAS

X-PEEM

XPS

Micron

Ultraviolet

Ultraviolet-visible

Velocity

World war Il

X-ray absorption spectroscopy

X-ray photoemission electron microscope
X-ray photoelectron spectroscopy

Zeta potential

XXViii



Ph.D. Thesis — Bonnie O. Leung McMaster University
Department of Chemistry and Chemical Biology

CHAPTER 1: GENERAL INTRODUCTION

1.1 Introduction to Biomaterials

Biomaterials have been defined as any substance (synthetic or natural in origin)
other than a drug, which can be used for any period of time, as a whole or as part of a
system which treats, augments, or replaces any tissue, organ, or function of the body [1].
Each year, several hundred million medical devices are implanted in humans. However,
biocompatibility remains a critical problem, since the body reacts similarly to all
implanted materials by forming a 50-200 um thick collagen bag around the implant,
possibly interrupting the function of the device [2]. One hypothesis in the literature
suggests that current biomaterials turn off the normal healing process [2]. Since the first
step in wound healing occurs with the adsorption of a layer of proteins, understanding the
mechanisms of protein adsorption may provide insight into biocompatibility and further

enhancement of medical materials.

1.1.1 A Historical Perspective

Prior to 1950, the word “biomaterials” did not exist, yet rudimentary implants
have been used since the dawn of civilization [3]. Perhaps the earliest biomaterial may
have been the suture, used over 32,000 years ago [4]. The composition of early sutures
ranged from the use of linen by early Egyptians, catgut by Europeans in the Middle Ages,

to metallic sutures used by the early Greeks [4].
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Dental implants have also been fabricated by early cultures. The Mayan used
nacre from sea shells as teeth in 600 A.D. and a European corpse dated to 200 A.D. was
found with an iron dental implant [5,6]. In both examples, the implants revealed proper
bone integration, which is an impressive feat for these civilizations.

The wide-spread use of polymeric materials for medical purposes did not occur
until after World War I, when plastics emerged as a commercially available material,
rather than a wartime-restricted commodity [3]. Between the 1940s — 1960s some of the
most important medical implants were fabricated including hip and knee prostheses,
dental implants, the artificial kidney and heart, breast implants, vascular grafts,
pacemakers and stents [3].

One of the most important implants developed in the 1940s was perhaps the
intraocular lens by Sir Harold Ridley. Contrary to the viewpoint during that time period
which believed that foreign objects would be rejected by the human body, Sir Ridley
observed that plastic shards imbedded in the eyes of WWII aviators healed without
adverse reaction [7]. This observation may possibly be the first documented finding of a
biocompatible material [3]. The plastic shards were composed of poly(methyl
methacrylate) (PMMA) and Sir Ridley began to use this polymer to fabricate intraocular
lenses as replacements for cloudy or blinding cataracts. His first successful surgery was
performed on November 29, 1949. Currently, over 9,000,000 lenses are implanted in
humans each year [7].

Since the 1960s, a new biomaterials era has emerged, with biomaterials

specifically created to control biological reactions [3]. This development parallels the
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achievements of modern biology, since the principles of protein adsorption, healing and
foreign-body reaction, cell attachment, growth factors and gene expression became well-
understood [3]. Furthermore, novel ideas from materials science including phase
separation, self assembled monolayers (SAMs) and surface sensitive techniques fuelled
biomaterials development [3].

Some of the biomaterials developed include silicones, polyurethanes, Teflon™,
biodegradable poly(lactic-glycolic acid), and hydroxyapatite and bioglass™ used for
bone healing [3]. Perhaps one of the most important materials developed is the hydrogel
(soft, water-swollen, clear elastic gels), which revolutionized the soft contact lens
industry [3]. The most common hydrogel is poly(ethylene glycol) (PEG, or higher
molecular weight poly(ethylene oxide) (PEO)) which is a polymer that widely reduces
protein adsorption and increases biocompatibility. These materials provide the basis for

future biomaterials development.

1.1.2 Biocompatibility and the Foreign body Response

Most biological reactions occur at interfaces, for example, protein interactions
with cell membranes, extracellular matrix (ECM) interactions with the cell, or mineral
interactions with bone [2]. It has been proposed that surfaces provide a greater
accessibility for reactions with the low energy mobility barrier in the plane of the surface
facilitating complex reactions [2]. For biomedical devices, the biological reactions that
occur between a protein or cell with the implanted synthetic surface may give some

indication of the biocompatibility of the implant.
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However, the word “biocompatible” is currently poorly defined. Biocompatibility
has been linked to a low immune response to implanted materials, or to specific
properties of the materials themselves [2]. In 2003, Williams defined biocompatibility for
long-term implants as “the ability of the device to perform its intended function, with the
desired degree of incorporation in the host, without eliciting any undesirable local or
systemic effects in that host [8].” One example of an undesirable effect is the foreign

body response.

1. Surgeon implants biomaterial 2. The biomaterial adsorbs a 3. Cells (neutrophils and
layer of proteins macrophages) interrogate
the biomaterial

t=1 min.

4. Cells fuse to form giant cells 5. In response to the cytokines, [5.The biomateria 15 encapsulatec
and secrete rotein signaling fibrobasts arrive and begin in an acellular. mllaqenous ba.
agents ( nes) “Eirrgeion synthesizing collagen 120 g

t=1 day to 5 days t=5 days to 14 days -

Figure 1.1: The foreign body response. 1. A biomaterial is implanted; 2. A layer of
proteins immediately adsorb; 3. Neutrophils and macrophage try to ingest the
biomaterial; 4. If the material is too large, the cells fuse and release signaling agents; 5.
Fibroblasts arrive and begin synthesizing collagen; and 6. After 3 weeks, a collagen bag
encapsulates the biomaterial [2]. Reprinted from Castner, D. T., Ratner, B. D. Surface
Science, 500, 28-60, 2002, with permission from Elsevier.
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After a biomaterial is implanted, a monolayer of proteins immediately adsorbs to
the surface within a second (Figure 1.1) [2]. Protein adsorption is the initial event in the
biological cascade, and cells such as neutrophils or macrophages that arrive at the surface
within a day via diffusive, convective or active mechanisms see primarily adsorbed
protein. Since cells can respond specifically to the adsorbed protein layer, it is possible
that subsequent biological reactions to the implant may be controlled at this step.

Next, the cells interact with the proteins on the implant surface as they attempt to
remove the invading material. If the surface is indigestible, the macrophages fuse
together into giant cells and try to engulf the object. If the biomaterial is too large to
ingest, chemical messengers (cytokines) signal to fibroblasts to start the synthesis of
collagen, which is used to encase or wall-off the implant. One major disadvantage is that

the presence of this collagen sac may impede the performance of the medical device [2].

1.1.3 Protein Adsorption to Surfaces

The shape and surface of a biomaterial can influence the foreign body response.
Flat, smooth surfaces typically exhibit a foreign body response in which 1-2 layers of
macrophages form around the implant while rough surfaces show a foreign body
response in which a combination of macrophages and foreign-body giant cells are formed
[3]. The basis of this difference in immune response arises from the adsorption of
adhesion proteins to the surface which can interact with integrin receptors on cell
surfaces. Thus, these adsorbed proteins play a key role in mediating the biological

response seen upon implantation of a biomaterial.
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When a biomaterial is implanted in vivo, protein adsorption to the surface of the
biomaterial transforms the interface between the implant and body. For example, a water
drop placed on a polystyrene Petri dish beads up since the surface of the dish is
hydrophobic. However, if a drop of protein solution was added to the surface and then
extensively rinsed, the water droplet completely spreads out over the adsorbed protein
surface [3]. Similar to the water droplet, cells or other biocomponents that encounter the
surface “see” mainly the adsorbed protein not the polystyrene dish [3]. Nonetheless, this
is a very complex process since the composition of the adsorbed proteins varies
depending on different surfaces [3].

Kinetically, all proteins adsorb rapidly to surfaces, and these proteins mediate the
interaction of subsequent cells that may ultimately lead to an immune response. Thus, the
intrinsic properties of both the surface and the adsorbed proteins determine the biological
response. The relevant spatial scale involved in the adsorption chemistry studied in this
thesis is difficult to specify precisely. It may be anywhere from several nm up to a
hundred nm, depending on the system. In addition to variability of the porosity and
rugosity of the polymer blend surface, the adsorption will depend on the size and shape of
the protein, as well as the details of the electrical double layer in the solution above the
polymer surface. The specific issue of possible dependence on the thickness of the
polymer blend film could be examined by spin coating different thickness of polymer to
the Si support and examining whether protein adsorption was affected by substrate

thickness.
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1.2 Driving Forces for Protein Adsorption

Both kinetics and thermodynamics may play roles in proten adsorption. Protein
adsorption is thermodynamically allowed when AG,qs = AHags — TASags < 0, where G, H,
S and T are the Gibbs free energy, enthalpy, entropy and temperature, respectively.
According to Malmsten, there are four main driving forces for protein adsorption [9]:
1.2.1. Hydrophobic Interactions

The hydrophobic effect stems from the insolubility of hydrocarbons in water and
is a basic driving force for the formation of lipids into bilayers [3]. In fact, hydrocarbons
are less soluble in water due to the self-association of water [10].

The structure of ice obtained from X-ray and neutron diffraction is an
approximate tetrahedral configuration with ~27.6 pm between each oxygen atom [10].
The nearest non-hydrogen bonded oxygen atom is ~45 pm away, resulting in a more
porous structure which is the main reason why less dense ice floats on water [10].

At 4 °C, X-ray diffraction of liquid water reveals the average distance between
oxygen atoms to be 28.2 pm and the oxygen atoms are even farther apart compared to ice,
even though liquid water is denser [11]. The peak distribution function derived from X-
ray diffraction shows 4.4 nearest neighbor molecules, which indicates short-range local
order and an approximate tetrahedral structure. At separations above 80 pm, water
molecules are randomized even at 4 °C [11].

Hydrophobic substances readily dissolve in many non polar solvents but only
sparingly in water [10]. The hydrophobic effect stems from the strong attractive forces

between water molecules which are disrupted when any solute is dissolved in water.
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When an ionic or polar molecule is added to water, it can form strong bonds to water,
lowering the AG, which compensates for the disruption of pure water. Thus, ionic and
polar molecules easily dissolve [10]. However, non polar molecules do not have such
compensation.

Protein molecules are highly inhomogeneous, with both polar and non-polar
patches. For globular proteins in water, the non-polar residues are generally found in the
interior of the protein and are shielded from contact with water [9]. However, some of the
non-polar parts are exposed to water. For small proteins with a mass below 15000 Da, the
non-polar areas of the protein contribute approximately 40-50% of the surface exposed to
water [9]. For larger proteins, the non-polar areas are slightly lower [9].

It is often observed that a greater amount of protein adsorbs onto neutral
hydrophobic surfaces [12]. This has led to the hypothesis that the main driving force for
protein adsorption to surfaces is dehydration of a hydrophobic surface or dehydration of
water from protein functional groups. In terms of protein adsorption to surfaces, the
hydrophobic interaction is defined as the strong attractive force between non-polar
species interacting in aqueous solution [13]. This occurs since the hydrogen bonding
network (or structured water) is greater surrounding nonpolar molecules incapable of
hydrogen bonding with water, and when two non-polar surfaces surrounded by structured
water come into contact, the structured water is eliminated, resulting in a large entropic
gain [13].

Surprisingly, temperature does not play a large role in the hydrophobic effect [3].

Increasing the temperature results in an expanded self-associated water network which
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allows more space for hydrophobic solutes which increases AS (and makes —TAS more
negative) while non-bonding repulsive contacts between water molecules increase with
the increase in temperature which causes AH to become more positive [3]. Thus, the
entropic and enthalpic contributions with respect to temperature are nearly equal and

balance each other.

1.2.2. Electrostatic Interactions

In aqueous solution, proteins are usually charged, arising from the association/
dissociation of protons from acidic or basic amino acids. The surface may also be
charged (ie. carboxylated or aminated polymers) or neutral (ie. polyethylene oxide or
Teflon™). Often, the surfaces of formally neutral polymers become charged in ionic
media such as buffers. This potential may be measured as a zeta potential, . A
comprehensive review of zeta potentials for common polymers has been compiled by
Kirby et al [14]. However, there is difficulty obtaining accurate measurements of zeta
potentials since results are often reported using large differences in the concentration of
the counter ion. The zeta potential is affected by pH, counter ion concentration, counter
ion type and valency, ionic strength, ionic and nonionic surfactants [14]. The zeta
potential for polystyrene, poly(methyl methacrylate) and polylactide in the presence of
buffer are all { ~ -10 — -30 mV [15]. It is important to note that most of our experiments
are carried out in deionized distilled water and that the zeta potential for most of the
polymers studied in this thesis are comparable and would have a similar potential at the

surface regardless of polymer type. In buffer, some counter-ions surround the protein and
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the substrate surface with the remaining ions diffuse through the solution [9]. The
electrical double layer comprises both the charge on the surface and its compensating
surrounding charge [9].

When a protein approaches the surface, their electrical double layers begin to
overlap with a resulting change in the electrical Gibbs free energy (AGei, ags) €qual to the
difference between the electrical Gibbs free energy (Ge) before and after adsorption. The
most favorable outcome is charge neutralization. Remaining net charges in the contact
zone between the adsorbed protein and the surface form an unfavorable electrostatic
potential [9].

In fact, it is possible for a protein to adjust its own charge for optimal adsorption
to a surface. For example, an investigation of a-lactalaloumin in free solution, adsorbed
to a positively or negatively charged polystyrene surface at an ionic strength of 0.05M
revealed significant differences in the shape of the proton titration curves for sampled
pHs of 3 — 7 [9]. At pH 4.0, a-lactalalbumin on the positively charged surface had a net
charge of 0 while the protein adsorbed to the negatively charged surface had a charge of
+10 [9].

Furthermore, indirect incorporation of buffer electrolyte may also play a role in
the charge neutralization. Direct evidence has been obtained by tracing the inclusion of
radiolabelled ions such as ?Na* and ***Ba®*" into human serum albumin (HSA) via
electron spin resonance (ESR) [16]. The incorporation of ions into a protein has been

postulated to explain why proteins are repelled from a like-charged surface, since it is

10
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highly unfavorable for a protein to integrate enough oppositely charged counter ions to

neutralize the surface and protein charge [17].

1.2.3. Protein Structural Arrangements

Proteins adsorbed to solid surfaces can undergo conformational changes since
proteins have relatively low structural stability and can unfold to bond with the surface
[3]. However, globular proteins generally do not completely unfold and their adsorption
dimensions are similar to the native structure in solution, even if conformational changes
occur upon adsorption [18].

When a protein adsorbs to a surface, aqueous water is removed from one side of
the protein and the non-polar areas of the protein can become exposed to the surface
without contact with water [9]. Subsequently, the hydrogen-bonded a-helix or B-sheet
structure of the protein may become destabilized and the rotational mobility of the
peptide backbone may increase. Thus, the changes in the secondary structure of the

protein may result in an increase in conformational entropy.

1.2.4. London-dispersion Interactions

London dispersion forces originate from interactions between fixed and/or
induced dipoles. The London dispersion forces between a molecule and a surface under
water are attractive under most conditions. However, obtaining and isolating individual
protein interactions with a surface is not experimentally feasible [19]. Theoretically, the

London dispersion interaction energy is treated in a simple model by pair-wise

11
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summation of London dispersion energies between all molecules of the interacting
bodies. Since the attractive force occurs between a protein and a surface, the Gibbs free
energy of adsorption increases linearly with increasing dimensions of the protein
molecule and drops off exponentially with increasing separation between the protein and
surface [9]. Obtaining more accurate values is hampered by the irregular structure of the

protein, which is currently theoretically modeled as a sphere.

1.2.5 Characteristics of an Adsorption Process

In summary, far away from the surface, proteins exist in their native
conformation, surrounded by solvent. Any movement of the protein occurs via
convection or diffusion [9]. At approximately 10 nm from the surface, protein movement
is affected by interfacial forces, such as the hydrophobic effect [9]. At approximately 1
nm from the surface, the protein encounters electrostatic interactions and London
dispersion forces occur in the sub nanometer range [9]. Lastly, Born repulsion prevents
atoms of the protein and surface from fusing. After the protein adsorbs to the surface it

may 1) reversibly detach or 2) undergo conformational changes to form multiple bonding

[9].

1.3 Human Serum Albumin (HSA)
Human serum albumin (HSA) is the only protein used in this thesis for adsorption
studies because HSA is the most abundant protein in plasma, and is suitable for modeling

protein interactions to blood contact materials. Furthermore, since HSA is easily prepared

12
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in large quantities, it may be the most studied protein second only to insulin [20] and thus
its structure, amino-acid sequence and many solution properties are well-known.

HSA is a globular protein and a carrier of fatty acids, although it has no enzymatic
or hormonal activity [21]. HSA, with a molecular weight of 66.5 kDa, consists of 585
amino acids in a single polypeptide chain with 17 disulfide cysteine bridges and one free
cysteine thiol [22]. The crystal structure of HSA is heart shaped, with three homologous
domains. Each domain is made up of two subdomains A and B with 4 and 6 a-helices,
respectively (Figure 1.2a) [23]. The crystal structure shows HSA to have dimensions of
3 x 8 x 8 nm [24]. However, reports of the solution structure of HSA have been
inconsistent. At neutral pH HSA is reported to be a prolate ellipsoid with dimensions of
4 x 4 x 14 nm, based largely on hydrodynamic experiments [25,26,27], and low-angle X-
ray scattering [28]. However, Ferrer et al. [29] suggested that the albumin structure in
solution at neutral pH is similar to the crystal structure and that the proposed prolate

ellipsoid structure is incorrect.

13



Ph.D. Thesis — Bonnie O. Leung McMaster University
Department of Chemistry and Chemical Biology

L 'S | i
pH 18 A0 7.0 90 1.0
Exiension Flexion Contraction

Figure 1.2: a) Structure of HSA with domains 1, Il and 11l in purple, green and blue,
respectively. b) Conformational transitions of HSA as a function of pH [31]. Reprinted
from Qiu, W., et al. J. Phys. Chem B, 2006, 110, 10540-10549 with permission from
ACS publications.

In aqueous solution, HSA exists in five pH-dependent conformations: E, F, N, B,
and A (Figure 1.2b) [30]. At neutral pH, HSA exists in its most common norm (N) state.
This isomer exhibits a tertiary structure with mostly a-helices [31]. Below the isoelectric
point (4.7-5.4), HSA exists in an expanded fast migrating (F) form and below pH 2.7,
HSA becomes completely extended (E). In the E form, the a-helix content is even more
reduced with increasing B-sheet formation and the interdomain and inter-subdomain
contacts are disrupted [31]. Even at this low pH, dynamic light scattering showed no
protein aggregation [30]. Above pH 8.0, HSA changes to the basic (B) form and above
pH 10.0, the structure transitions to an aged (A) form. For the B form, there is a slight

reduction of a-helical content and an increase in 3-sheet formation.
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1.4 Techniques for Studying Protein Adsorption

Prior to the 1990s, bulk analytical techniques were mainly used to study
biomedical surfaces since many of the early biomaterials such as silicones, metallic
surfaces or polyurethanes were mostly homogeneous [2].

These bulk techniques include optical spectroscopies such as infrared
spectroscopy, which can give information on the conformation (a-helices, B-sheets,
turns, and random coil structures) of an adsorbed protein by analyzing the amide IR
bands [9]. Similarly, circular dichroism may also provide information on the
conformation of adsorbed protein [9]. Radiolabelled protein and quartz crystal
microbalance (QCM) provides excellent analytical sensitivity on the amount of adsorbed
protein on a surface. Ellipsometry, reflectometry and other optical wave guide
spectroscopies are particularly sensitive for studying interfaces, while XPS and mass
spectrometry techniques provide surface sensitivity [9].

Increasingly, spatially well-defined materials such as lithographic patterning,
spun-cast films, or microcapsules for drug delivery have been prepared as potential
biosensors or biomaterials. However, the distribution of the chemical components of the
substrate or selective adsorption of bio-components to the surface is not always at a size
scale which can be monitored by traditional microscopy or chemical analysis techniques.
For example, Fourier transform infrared spectroscopy (FTIR) [32], surface plasmon
resonance (SPR) [33,34,35], ellipsometry [36], quartz crystal microbalance (QCM) [37],
and radiolabeling [38] provide good analytical sensitivity with limited spatial resolution,

while atomic force microscopy (AFM) [39] and transmission electron microscopy (TEM)
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[40] offer sub-nm spatial resolution but limited chemical recognition. Table 1.1 contrasts

and compares some typical microscopy techniques used for studying protein adsorption.

Table 1.1: Common microscopy methods for characterizing protein adsorption to
surfaces.

Method Principle Depth | Lateral Quanti- | Ref
(nm) Resolution (nm) | tative

AFM Measure attractive and repulsive | 0.5 0.3 X 41
forces between tip and surface

Fluorescence | Label emits light when excited 5 20 v 42

(near field)

CLSM Optical microscopy that acquires | 2000 200 v 43
in-focus images at different
depths

SPR Optical method for measuring | 0.5 100 x 1000 v 44

the refractive index of very thin
layers of material adsorbed on a

metal

SEM Secondary emitted electrons | 0.5 10 X 45
from a focused beam

TEM Interactions between a beam of | <100 0.1 X 40
electrons and the sample

TOF-SIMS lon  bombardment releases | <1000 100 v 46
secondary ions

XPS X-rays cause emission of | <25 1000 v 47
electrons with known Kinetic
energy

STXM Focused X-ray beam transmitted | 1-200 40 v 50
through sample

X-PEEM Detect  emitted  secondary | 10 80 v 50

electrons with CCD

Synchrotron-based spectromicroscopy techniques such as X-ray photoemission
electron microscopy (X-PEEM) [48,49] and scanning transmission X-ray microscopy
(STXM) [50,51,52,53], which are both based on near-edge X-ray absorption fine
structure (NEXAFS) spectroscopy, afford a suitable balance of spatial resolution and

chemical sensitivity. At the C 1s edge, quantitative chemical characterization can be

16




Ph.D. Thesis — Bonnie O. Leung McMaster University
Department of Chemistry and Chemical Biology

achieved with detection limits in the part per thousand range with good spatial resolution
(80 nm X-PEEM, 30 nm STXM). The Hitchcock research group has been involved in
optimizing and developing STXM and PEEM microscopes for protein adsorption studies

to novel surfaces for over a decade [54-55, 58-61].

1.5 X-ray Spectromicroscopy Studies of Protein Adsorption

Previously, Cynthia Morin (2000-2004) [54] optimized a polystyrene-poly(methyl
methacrylate) (PS-PMMA) blend surface [58], forming hydrophobic and “hydrophilic”
domains for the study of human fibrinogen (Fg) adsorption to the surface [60], while Li
Li (2002-2006) [55] studied HSA adsorption to the PS-PMMA surface as a function of

concentration [61], exposure time and pH [59].

1.5.1 Optimization of a PS-PMMA blend surface

Since PS and PMMA are immiscible polymers, their blends phase segregate in the
bulk [56] and at the surface [57]. The resulting system of PS-rich and PMMA-rich
domains serve as a suitable model for a polymeric biomaterial with regions having
different surface polarities and hydrophobicities, which may drive selective protein
adsorption.

In 2001, X-PEEM imaging of a high molecular weight PS/PMMA 30/70 (PS =
1.07M, PMMA = 300K) film annealed at 160 °C (2h-18h) gave slightly different results
compared to STXM [58]. X-PEEM (Figure 1.3a), which samples the top 10 nm of the

film, showed the surface to be composed of PMMA domains (green) embedded within
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the PS matrix (red) while STXM, which operates in transmission mode, clearly showed
layers of PMMA domains at different depths (dark green and light green) within the PS
matrix (Figure 1.3b). Even after annealing, the PMMA domains and PS matrix do not
extend through the full thickness of the ~100 nm film, which adds greater complexity to
the STXM analysis. Thus, for the study of protein interactions with the PS/PMMA
surface, X-PEEM is a much more suitable and sensitive technique. In later STXM studies
with micron-scale phase segregating polymer blends, the films were made with
thicknesses in the 20-40 nm range. In such cases the individual components do in fact

span the full film thickness [59].

Figure 1.3: Comparison of (a) X-PEEM, (b) STXM imaging for PS/PMMA 30:70 w/w
[58]. Reprinted from Cynthia Morin et al. J. Electron Spec., 2001, 121, 203-224, with
permission from Elsevier.

Quantitative analysis obtained by fitting the experimental average NEXAFS
spectrum with PS and PMMA reference spectra revealed the surface to be composed of
62(5)/38(5) area/area for the PS/IPMMA 30/70 film. Strikingly, although the surface was
dominated by PS, PMMA was the major component (70 w/w) in the starting solution.

This system thus reveals significant differences between the surface and the bulk. STXM
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imaging through the entire film thickness showed that a larger amount of PMMA was
present below the 10 nm depth, and in the bulk PMMA likely forms the continuous

phase.

1.5.2 Fibrinogen (Fg) Adsorption to PS-PMMA

Fg (0.05 mg/mL) was adsorbed from phosphate buffer (10 mM) to PS/PMMA.
Figure 1.4a shows the absolute qualitative mapping of this system with PS, PMMA and
Fg color coded in red, green and blue, respectively [60]. The PS continuous phase is
strongly pink, arising from the combination of “red” PS and “blue” Fg. In contrast, the
domains of PMMA are almost pure green. Thus there is a greater thickness of Fg
adsorbed on the PS domains. The quantitative analysis of region-selected spectra support
these qualitative observations with 19(5)% and 9(5)% Fg detected on the PS-rich and
PMMA-rich regions, respectively.

In comparison, the absolute qualitative mapping of Fg adsorbed from 0.05 mg/mL
from doubly distilled deionized (DDI) water to PS/PMMA showed the PS domains to be
essentially red (Figure 1.4b). The quantitative analysis showed 0(5)% Fg adsorbed to PS
and 19(5)% adsorbed to PMMA, essentially a reversal compared to the buffered system.
As the qualitative maps show, in each case, the protein prefers to adsorb to the interface
between the PS and PMMA domains. These results were supported by *?°I radiolabelling
data of Fg adsorption to pure PS, pure PMMA and the PS/PMMA blend. For the buffer
system, at almost all Fg concentrations sampled (0.0 — 1.0 mg/mL Fg), adsorption to PS

was about 2-fold greater than on PMMA. For adsorption from DDI water, very similar

19



Ph.D. Thesis — Bonnie O. Leung McMaster University
Department of Chemistry and Chemical Biology

adsorption isotherms were seen over the range of 0.0 — 0.5 mg/mL and almost no

preference was observed [60].

0 ®

m—— 2 M

Figure 1.4: Color coded rescaled component maps of 0.05 mg/mL Fg adsorbed to
PS/PMMA from (a) buffer and (b) water. PS = red, PMMA = green, Fg = blue [60].
Reprinted from Cynthia Morin et al. J. Electron Spec., 2004, 137-140, 785-794, with
permission from Elsevier.

1.5.3 HSA adsorption to PS-PMMA

The surface of a 30:70 PS/PMMA blend was exposed to HSA at concentrations of
0.005, 0.01 and 0.05 mg/mL for 20 min from DDI water [61]. The absolute X-PEEM
color-coded images are presented in Figure 1.5a-c. At low HSA concentrations (0.005
mg/mL), the PS and PMMA domains are red and green, respectively; however, at higher
HSA concentrations (0.05 mg/mL), the PS and PMMA regions are pink and teal,
signifying that more HSA adsorbs to the surface as the protein concentration increases.

The quantitative results clearly show that adsorption increases from interface (2.5-
2.8 nm of adsorbed HSA) > PS (2.1-2.6 nm of adsorbed HSA) > PMMA (1.3-2.1 nm of
adsorbed HSA). This trend is slightly different compared to the one observed for Fg
adsorption to PS/PMMA, where Fg prefers the less hydrophobic surface of PMMA when

adsorbed from DDI. Since the physiological ionic strength of plasma is ~150 mM [62],
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we suggest the preference of Fg for PMMA under zero ionic strength may result from
adsorption via a non-native protein conformation, where the more polar amino acid

residues may preferentially adsorb to the polar PMMA domains.

a) 0.005 mgimL
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Figure 1.5: X-PEEM color coded composite maps of HSA adsorbed to PS/PMMA films
with HSA concentrations of: (a) 0.005 mg/mL, (b) 0.01 mg/mL, (c) 0.05 mg/mL; and
0.05 mg/mL HSA adsorbed to PS/PMMA for: (d) 5 min, (e) 20 min, (f) 60 min. PS = red,
PMMA = green, HSA = blue [61]. Reprinted from Li, L., et al. J. Phys. Chem B, 2006,
110, 16763-16773 with permission from ACS publications.
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HSA adsorption to PS/PMMA was also studied with respect to exposure time.
HSA (at 0.01 mg/mL concentration) was adsorbed to PS/PMMA for 5, 20 and 60 min.
The rescaled color-coded maps show that HSA adsorption to the surface is varied,
depending on exposure times. With a 5 min exposure, the PS and PMMA domains are
more red and green, respectively, and become pinker and more teal as time increases to
20 and 60 min exposures (Figure 1.5d-e).

Clearly, this study showed that at low HSA concentration and short exposure
times, HSA prefers the interdomain regions between PS and PMMA. At longer exposure
times, there is evidence of redistribution of protein towards mainly the PMMA region and
to some extent, the PS region. Since HSA is a globular protein with both exposed
hydrophobic and hydrophilic domains, it is suggested that the hydrophobic areas bind
more tightly to PS (contact angle of 97+5°) and the hydrophilic regions prefer PMMA
(contact angle 76x5° [63]). Moreover, since the PS matrix is favored initially over
PMMA, hydrophobic interactions are certainly involved in the adsorption process.

Furthermore, 0.05 mg/mL HSA was adsorbed to the PS/PMMA surface at pH 2.0,
4.0, 7.0, 8.6 and 10.0 [59]. Figure 1.6 shows the rescaled color-coded maps of HSA
adsorbed to PS/PMMA with PS, PMMA and HSA shown in red, green and blue,
respectively. The wide variation in color reveals differences in the adsorption distribution
with respect to pH and protein conformation. The blue color corresponding to HSA is
consistently strongest at the PS/PMMA interface regardless of pH. At extremely alkaline

pH, similar amounts of HSA are adsorbed to the PS and PMMA domains. However, at
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pH 4, close to the isoelectric point, there is a preference for PMMA over PS, while at pH

8.6 there is a preference for PS over PMMA.

d) pH 8.6

¢) pH 7.0

3

Figure 1.6: Rescaled color coded images of HSA adsorbed to PS/PMMA at the C 1s
edge at five different pH. PS = red, PMMA = green and HSA = blue [59]. Reprinted from
Li, L., et al. J. Phys. Chem B, 2008, 112, 2150-2158 with permission from ACS
publications.
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Since the HSA conformation varies depending on pH, it is possible to
qualitatively interpret the amount of protein adsorbed to different areas of the surface
derived from the X-PEEM data in terms of the relative amounts of hydrophobic and
hydrophilic regions present at the protein surface at different pH. For instance, at pH 8.6,
as the conformation of HSA contracts, more hydrophobic residues may be present at the
surface, thus resulting in an adsorption preference for hydrophobic PS. In contrast, as the
conformation of HSA expands at pH 4, possibly more hydrophilic residues are present,

giving rise to a greater amount of protein adsorbed to the polar PMMA region.

1.6 Objectives

While Morin and Li did an outstanding job of optimizing the PS-PMMA
substrate, followed by detailed Fg and HSA protein adsorption studies, there are other
more biologically-relevant systems in the vast biomaterials area that are of interest. There
are two main goals for my Ph.D thesis:

1. Develop and optimize novel candidate biomaterial polymeric blends,
particularly those more closely connected to current medical usage.

2. Study protein adsorption to these new surfaces to obtain insights into
biocompatibility.

In this thesis, | explore blends of PS with the biodegradable polymer polylactide
(PLA), which is a polymer FDA-approved for biodegradable sutures. This blend system

was optimized to obtain micron-sized phase segregation, which is a suitable platform to
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study the effect of ionic strength and surface rugosity on protein adsorption (chapters
4&5).

Furthermore, since only hydrophobic polymers were examined previously, |
blended PS with polyethylene oxide (PEO) a hydrophilic polymer commonly used to
increase the biocompatibility of biomaterials and to decrease protein adsorption.
However, since this system is hydrophilic, the PEO polymer strands must be crosslinked
to prevent dissolution upon protein adsorption. | studied the effect of the crosslinker
pentaerythritol triacrylate (PETA) on protein adsorption (chapter 6) followed by HSA
adsorption at varying concentrations (0.05 — 0.005 mg/mL) to blends of PS-PEO to
examine the adsorption to hydrophobic vs. hydrophilic surfaces (chapter 7).

Finally, since the previous systems examined were composed of neutral polymers,
I developed and optimized PS blended with poly(methyl methacrylate)-b-polyacrylic acid
(PMMA-PAA) to examine the electrostatic effect, since polyacrylic acid is negatively
charged at neutral pH. In this study, | investigated negatively charged protein vs.
positively charged peptide adsorption to the surface and the effect of pH, which varies the

charges of both the HSA protein and the surface (chapter 8).
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CHAPTER 2: METHODS

2.1 X-ray Spectromicroscopy
2.1.1 X-rays from Synchrotron Sources

In the 1950s, the first particle accelerators were built for high-energy physics
research for the study of particle physics via electron-positron collisions [64]. As the
charged particles were accelerated, an unwanted energy loss was observed. This radiation
by-product was named synchrotron radiation (SR). By the 1960s, scientists realized that
synchrotron radiation contained several unique properties, which could not be generated
by conventional sources [64].

The first experiments conducted with synchrotron radiation were performed in a
parasitic mode, tapping off radiation from high-energy physics accelerators [64]. As the
importance and versatility of synchrotron radiation was recognized, many facilities were
shared or rededicated to the synchrotron radiation community. These facilities, known as
first generation sources, used bending magnets to force electrons into a curved path to
generate synchrotron radiation [64]. However, these rings were not fully optimized for
maximum beam brightness.

Second generation sources were built exclusively for synchrotron radiation
research in the mid 1970s, still using primarily bending magnets [64]. These facilities
operated in the MeV — low-GeV range. However, the introduction of insertion devices

(also known as wigglers and undulators) into storage rings further improved the spectral

26



Ph.D. Thesis — Bonnie O. Leung McMaster University
Department of Chemistry and Chemical Biology

properties of synchrotron radiation, and resulted in the development of third generation
storage rings in the late 1980s (operating at the GeV range) [64].

Presently, over sixty synchrotron facilities are in operation or are being built
around the world, including Canada’s first synchrotron facility, the Canadian Light
Source in Saskatoon [65]. Synchrotron radiation is electromagnetic energy, ranging from
infrared to hard X-rays, released as electrons traveling at near light speeds undergo
acceleration through a curved trajectory at fixed speed. The radiation from a synchrotron
facility contains approximately five orders of magnitude more flux (photons/s/mrad/unit
bandwidth) and ten orders of magnitude higher brightness (photons/s/unit solid angle/unit
source area/unit bandwidth) than traditional UV lamps or X-ray tubes [64]. Only lasers
operating in the IR and visible region have higher flux and brightness parameters than

SR; in the vacuum UV, soft and hard X-ray regions, SR is the premier light source.
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Figure 2.1: Schematic of the Advanced Light Source synchrotron facility [66].Reprinted
with permission from the ALS users office.
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There are four main components to a synchrotron facility: electron gun, linear
accelerator, booster, and storage ring (Figure 2.1). An electron gun is used to create a
stream of electrons. Just before the electrons reach the linear accelerator (linac), a
klystron or a microwave amplifier interacts with the electrons, breaking the continuous
stream into bunches of electrons [67]. These electrons are transferred into the linac where
their velocity is increased to near light speeds. The electrons are transferred to a booster
ring where the speed of the electrons is increased in a true synchrotron device. After the
booster has accelerated the electrons their speed is given by:

E = ymoc? (eq 1)
where E is the total energy, y = 1/N(1-v/c?), mo is the mass, v is the velocity and c is the
speed of light.

For example, the Advanced Light Source (ALS) is a 1.9 GeV device. After
boosting, the electrons in the storage ring have a speed which is 99.999994% of the speed
of light. Finally, the electrons are injected into the storage ring where they circulate
emitting SR, with lifetimes ranging from a few hours to a few days. The most advanced
3" generation SR facilities are operated in so-called ‘top-off’ mode, whereby there is a
regular injection of a very small additional current (typically 0.1-2 mA, at 1-2 minute
intervals). In this mode the user sees a nearly constant light output which is ideal for
experimentation, not just because it is convenient, but also because the accelerator and
beamline optics operate with much greater stability, and this reduces systematic noise.
For the first 2.5 years of this thesis the ALS was operated with re-injection every 6-8

hours, while the ALS has operated in top-off mode since Feb 2009.
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Typically SR storage rings are filled with ~10' electrons that are circling at
essentially the speed of light under vacuum. The ring usually contains four main types of
equipment [68]. 1) The bending magnets force the electrons into a curved trajectory and
synchrotron radiation is released tangential to the curve. 2) Insertion devices (IDs) supply
a very large increase in the beam intensity and brightness, relative to bending magnet
emission. There are two classes of IDs, wigglers which shift the continuous spectrum to
higher X-ray energy and can increase hard X-ray flux by several orders of magnitude,
and undulators, which emit a quasi-discrete spectrum where, in the undulator peaks
there is typically 100-fold increase in beam intensity and 10° — 10® increased brightness.
Wigglers and undulators, which are located in straight sections of the ring between the
bend magnets, contain complex high field magnet structures that cause the electron beam
to undulate (many small excursions) or wiggle (relatively few large excursions). It is the
reinforcement of the SR emission process at successive accelerations along the 1D that
modifies the emission spectral properties [68]. 3) The energy lost in the SR emission
process is replenished by electromagnetic fields oscillating at radio frequency (rf cavities)

[64]. 4) Vacuum pumps maintain the vacuum within the ring itself [68].

2.1.2 The Photoelectric Effect
An X-ray beam can excite an absorbing atom in a sample when the energy of the
incident beam is greater than the binding energy of the core electron. Excitation of a 1s

(K-shell) or 2p (L»3 sub-shell) electron, etc., can be used for X-ray absorption
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spectroscopy (XAS). When a core electron absorbs energy it is excited into higher
unoccupied orbitals or into the continuum as a photoelectron.

The core levels of each element in the periodic table have specific binding
energies between 50 eV and 80 keV [69]. Therefore, by tuning the energy of the incident
X-ray beam to the appropriate value, element specific investigations can be made. After
excitation or ionization of the core electron, the core hole that is created is refilled by an
electron from a less tightly bound orbital, thereby either emitting an X-ray fluorescent
photon in a radiative decay process, or by emitting one or more Auger electron in a non-

radiative decay process (Figure 2.2).
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Figure 2.2: The photoabsorption process.
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2.1.3 X-ray Absorption Spectroscopy (XAS)

The first X-ray absorption spectrum was collected in 1913 by Maurice de Broglie,
who was experimenting with a rotating clockwork mechanism for detecting single crystal
X-ray diffraction. As the crystal was rotated, he recorded the angles between the incident

beam and the diffraction planes (ie. all X-ray energies) on a photographic plate and

30



Ph.D. Thesis — Bonnie O. Leung McMaster University
Department of Chemistry and Chemical Biology

discovered two sharp lines corresponding to the 1s (K-shell) X-ray absorption bands of
Ag and Br in the photographic emulsion [70].

X-ray absorption spectroscopy is the measurement of changes in the linear
absorption coefficient w(E) as a function of energy (E). For transmission experiments, the
absorption is described as:

l1=lpe ™) (eq 2)
where 1y is the intensity of the beam transmitted through the sample, Iy is the incident X-
ray intensity, t is the sample thickness (cm), and u(E) is the linear absorption coefficient.

Plotting the change in absorption (log lo/l = p(E)t (transmission) or le/ly oc p(E)
(total electron yield)) as a function of energy (eV) results in an XAS spectrum similar to
the one shown in Figure 2.3 [71]. The spectrum is classified into three sections. The
region where the incident energy of the X-rays is lower than the ionization threshold is
known as the pre-edge region [71]. As the incident energy of the X-ray equals the binding
energy, the core electron is excited to higher unoccupied valence orbitals and results in a
sharp rise known as the absorption edge which corresponds to the 1s — np (intense and
allowed) transition [72]. The region between 10 eV below the edge and 30 eV above the
edge is the near-edge X-ray absorption fine structure (NEXAFS) region. Since this region
consists mainly of excitations of the core electron into higher unoccupied orbitals (or
conduction band states in a solid state picture), the NEXAFS region is a direct probe of
the electronic structure of the molecule, rich in information on oxidation state and

geometry [72].
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Figure 2.3: A typical X-ray absorption spectrum. Inset shows the k*-weighted extracted
EXAFS oscillation.

The region 30 to 1000 eV above the edge is the extended X-ray absorption fine
structure (EXAFS) region [71]. The core electron has been ejected as a photoelectron
from the atom and encounters neighboring atoms. The photoelectron is scattered back
towards the originating atom, forming an interference pattern with the outgoing wave.
From this interference pattern, structural information such as bond distances and

coordination numbers of near atom neighbors can be obtained [71].

2.1.4 Electron Yield Detection for NEXAFS spectroscopy

Synchrotron-based NEXAFS spectroscopy is particularly well-suited for studying
a single adsorbed or chemisorbed monolayer on a surface. Typically ~10° photons are
required to detect a monolayer of 10" molecules/cm? [73]. Given that the region of the

surface sampled by the total electron yield technique (~10nm) is much less than the
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photon penetration depth (~0.5 — 1 um, for the photon energies used), the number of
photons absorbed by a monolayer of adsorbed protein can be derived from the Beer-
Lambert law | = 1,67 to be:
Nabs = loAo(1-e %) = lpAgoypt (eq 3)

where 1o [photons/(s cm?)] is the incident photon flux density, A, [cm?] is the area
exposed to the beam, p [atoms/cm?] is the areal density, o [cm*/atom] is the photon-
energy dependent X-ray absorption cross-section, and t [cm] is the thickness of the
protein layer. The number of created core holes,, and thus number of photoelectrons,
Auger electrons and X-ray fluorescence photons produced are each proportional to the X-
ray absorption cross-section [73]. However, measuring photoelectron yield alone is not a
viable means of obtaining a NEXAFS spectrum since all the transitions below the
ionization potential (IP), which are the bound state excitations, would not be recorded
(Figure 2.4). Thus, only core hole annihilation processes such as Auger electrons or
fluorescence should be used to obtain NEXAFS spectra [73]. For low-Z atoms, the 1s
Auger decay is much more probable than fluorescence decay and dominates the
secondary de-excitation process. For the C, N, O 1s edges used in this work, the Auger
electron yield is more than two orders of magnitude higher than the fluorescence yield

[73].

33



Ph.D. Thesis — Bonnie O. Leung McMaster University
Department of Chemistry and Chemical Biology

Rydberg
transitions

Absorption Probability

[8
lanization potential

Photon Energy (eV)

Figure 2.4: (left) Absorption probability from a typical diatomic molecule.

As the photon energy increases from below the absorption threshold (hv < Ep) to
just above the absorption threshold (hv > Ep), an Auger peak is observed in the
photoemission spectrum [73]. At this energy, the photoelectron cannot leave the sample
because the kinetic energy is not high enough to exceed the work function. As the photon
energy increases even further, then the photoelectron peak emerges. Since the Auger
electron peak remains at a fixed Kinetic energy, a window selected around the Auger
electron peak in the electron energy analyzer can be used to obtain a NEXAFS spectrum
via Auger electron yield (AEY) [73].

A NEXAFS spectrum can also be obtained from total electron yield (TEY)
detection where all the electrons are collected for each photon energy step. The TEY
signal is composed mostly of low energy electrons with kinetic energy below 20 eV, also
known as the “inelastic tail” [73]. A percentage of this tail is composed of the
inelastically scattered Auger electrons from the monolayer and gives rise to the NEXAFS

spectrum [73].
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Suppose we have a monolayer (A) adsorbed to a substrate (B). Then the depth
that the photons can penetrate into the substrate composed of B atoms is limited by the
photon mean free path (ux(hv)):

px(hv) = nyox(hv) (eq. 4)
where n, is the volume density and oy(hv) is the X-ray absorption cross section [73].
From known tabulated results [74], the photon mean free path in many solids is typically

1 um per keV of photon energy.
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Figure 2.5: X-ray penetration depth and electron escape depth for total electron yield
(TEY) detection.

After penetration in the substrate (B) and absorption of X-rays, the resulting
photoelectrons and Auger electrons traveling toward the surface are scattered inelastically
by electron-electron, electron-plasmon and electron-photon interactions [73]. These

inelastically scattered electrons start a cascade of secondary electrons (Figure 2.5). This
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leads to TEY being a surface sensitive detection technique since only the electrons with
sufficient energy to overcome the surface potential barrier will be able to escape [73]. For
samples measured at the carbon K-edge with the 10-12 keV/mm extraction fields and
microscope column transmission properties of PEEM-2, the integrated sampling depth
for a polystyrene thin film has been measured to be approximately 10 nm [75]. A similar
sampling depth was reported by Gilbert et al for a different (Elmitec) PEEM from a metal
sample at the Mn L, 3 edge [76]. This suggests that the X-PEEM technique in the soft X-
ray region samples the outer 5-20 nm of most samples. For this work | have used a 10 nm
sampling depth as part of the quantization procedure. This is a reasonable assumption
since electron propagation and band gaps are similar for most of the polymers | have

studied.

2.1.5 Chemical Sensitivity of NEXAFS Spectroscopy

NEXAFS spectroscopy probes the empty unoccupied electronic states near the
ionization threshold of a compound, which provides information on the molecular
bonding and chemical structure [48]. C 1s NEXAFS spectroscopy is very sensitive to the

functional groups incorporated within a molecule or (bio)polymer.
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Figure 2.6: a) C 1s NEXAFS spectra and chemical structure of several polymers.
b) Plot of the energy of the C 1s — x* transition in various types of carbonyl containing
functional groups [77].
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Figure 2.6a showcases the rich variations in NEXAFS spectra of different
polymers containing a variety of functional groups [50]. Molecules with C=C double
bonds such as polystyrene (PS) exhibit a characteristic transition around 285 eV
corresponding to the Cls — z*c=c transition while carbonyl-rich molecules such as
polyethylene terephthalate (PET) reveals an additional feature at 288.5 eV which arises
from the Cls — n*c-o transition. In fact, the phenomenological correlation diagram
(Figure 2.6b) shows that the z*c-o transitions seen in C 1s NEXAFS spectroscopy
depend strongly on the charge withdrawing and electronegativity of the functional groups
found in the material [50].

Figure 2.7 shows the NEXAFS spectra of all the polymers and molecules studied
in this thesis: polystyrene (PS), polylactide (PLA), polyethylene oxide (PEO), UV-
initiated crosslinker pentaerythritol triacrylate (PETA), block copolymer of poly(methyl
methacrylate)-b-polyacrylic acid (PMMA-PAA), human serum albumin (HSA) and a
cationic antimicrobial peptide, SUB-6.

PS is characterized by a C 1s — z*c=c transition at 285.15(3) eV. PLA and
PMMA-PAA exhibit strong C 1s — z*c=o transitions at ~288.53(3) while HSA reveals a
transition at 288.20(6) eV. The carbonyl transition for HSA is at a slightly lower energy
than that in PLA since the amide functional group (R-CONH) is a less electronegative
environment than the ester group (R-COOR’). The C 1s spectrum of SUB-6 also exhibits
a strong C 1s — n*co at 288.20(3) eV, and it has an additional C 1s — ©*c-y transition
at 289.37(3) eV and significant intensity in the 286 — 287 eV region from the C 1s(C-R)

— T*c=c transitions.
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Figure 2.7: Cls NEXAFS spectra and chemical structures of the polymers, protein,
peptide, and crosslinkers studied in this thesis. *This is the PMMA spectrum, used in
place of PMMA-PAA since the NEXAFS spectra of the two are virtually identical.

In contrast, the PEO spectrum is dominated by C 1s — c*c.y and C 1s — c*c.o
transitions at 289.0 and 289.8 eV [78]. PETA is characterized by two main transitions at
284.45 and 288.6 eV corresponding to C 1s — n*c-c and C 1s — n*¢-o transitions. The

C=C =n* transition at 284.45 eV is 0.7 eV lower than the transition obtained for
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polystyrene which reflects conjugation of double bonds in the PETA structure. Thus,
blends of PS with PLA, PEO or PMMA-PAA and HSA/SUB-6 adsorption can be easily

distinguished via NEXAFS chemical contrast.

2.1.6 X-ray Photoemission Electron Microscopy

Spatially resolved NEXAFS spectroscopy can be obtained via TEY using an X-
ray photoemission electron microscope (X-PEEM) (Figure 2.8). For X-PEEM, the
surface is illuminated by X-rays and within the microscope field of view, the spatial
distribution of the electrons that escape the surface is strongly magnified, transported
through a suitable electrostatic or magnetic lens system, and recorded photographically or

with a video camera [79]. The schematics of the X-PEEM optics are shown in Figure 2.9.

wn
1]
o

X.slage micromels Sample

Figure 2.8: a) Photo of the X-PEEM2 microscope at the Advanced Light Source.
b) Window into the X-PEEM manipulator. c) Sample position within the microscope.
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Figure 2.9: Schematic of perfectly normal to the optics to ensure that the accelerating
the X-PEEM optics.

field is cylindrically symmetric, otherwise, images are
distorted [79]. An advantage of this set up is that accelerating the electrons reduces the
angular spread, which decreases the changes in the electron trajectories induced by
optical imperfections of the lens [79].

If the electrons emitted from the same place on the surface have different Kinetic
energies, chromatic aberrations of the microscope lenses cause the electron trajectories to
fan out and blur the resulting image [79]. Similarly, electrons emitted at different angles
follow slightly different trajectories through the microscope optics due to spherical
aberration. To reduce image smearing from both spherical and chromatic aberrations, a
contrast aperture is located near the back of the objective lens which allows only
electrons with a well defined kinetic energy and angular range to pass. While a small

aperture size improves the lateral spatial resolution, it reduces the total signal such that

longer acquisition times are required to achieve a similar signal-to-noise ratio. Since the
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incident photon flux is the same for both large and small contrast apertures in the PEEM
column, use of the higher spatial resolution small contrast apertures typically leads to
increased radiation damage [79]. For our experiments, we use the largest aperture
available (50 um), short dwell times (1s or less) and shuttering between images to obtain
data with the lowest achievable radiation damage, even at the expense of spatial
resolution and spectral density.

The remainder of the optics consists of a transfer lens, which produces a 1:1
image and two intermediate and projector lenses, which magnifies the image onto a
phosphor screen [79]. The screen converts the electrons into a light image which is
captured by a charge coupled device (CCD) camera.

For all of the X-PEEM work reported in this thesis, | used the PEEM-2
microscope located at bending magnet beamline 7.3.1 at the Advanced Light Source
(ALS) in Berkeley, CA (Figure 2.10). A spherical grating monochromator supplies
radiation from 175-1300 eV [81]. The vertical size of the X-ray source is approximately
30 um, while the horizontal size of the source is about 300 um full width at half
maximum (FWHM) and a 10:1 horizontal demagnification is used to obtain a 30x30 um
field of view [81]. A mask upstream from the monochromator can be used to select left
circularly (above plane), linear (in plane), or right circularly (below plane) polarized
light. Typically, for our X-PEEM experiments we use right circularly polarized light,
which provides slightly better energy resolution than linear or left circularly polarized

light since some areas of the monochromator have contamination problems.
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Figure 2.10: Beamline 7.3.1 set up at the Advanced Light Source.

A 100 nm-thick titanium filter is inserted before the exit slit for C 1s and N 1s
experiments. The Ti filter removes second order light and thus spectral contributions
from O 1s absorption, which occurs at ~260-275 eV in the apparent first order spectrum.
For O 1s experiments, the Ti filter must be removed since the Ti 2p absorption edge

occurs at 450 eV, below the O 1s edge (~540 eV).

2.1.7 Data Acquisition

One begins by inserting a sample, via a load-lock, into the PEEM manipulator,
positioning it at the focal point of the PEEM column, aligning the tilt of the manipulator
to achieve an exactly orthogonal orientation relative to the microscope axis, and then
adjusting lens currents to achieve the desired magnification and best focus. At this point,

an area of interest is selected, and images at a full field of view (typically 30x30 um) are
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recorded using photon energies with the strongest chemical contrast. For example, for
PS-PLA thin films, an image is taken at 285.15 eV, where the domains of PS exhibit the
greatest brightness (Figure 2.11). Typically, the dwell time of these images are

approximately 2-5 s long to obtain a high signal to noise ratio.

Figure 2.11: (left) Image (30 x 30 um) of
a PS-PLA 40:60 film annealed 6 h at 70
°C. Bright areas correspond to pixels

“©1 high in PS content. Pink box denotes the
area of interest selected.

Next, an area of interest (AOI) rectangle is defined within the 30x30 um image.
This rectangle determines the area where a stack is recorded. A stack is composed of
images collected in the same AOI at varying photon energies. For the C 1s edge, typically
22 images are collected ranging from 282 — 292 eV with a 1-2 second duration (Figure
2.12). A fast shutter (0.1s) blocks the X-rays during the photon energy step to minimize
radiation damage. Although a stack can be collected at the full field of view (30x30 um),
this resulting stack is very large (~100MB). Thus, smaller stacks of ~ 5x5 um are
collected instead, although the full field of view is illuminated (and damaged) during the

stack collection.
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282.82 eV
Figure 2.12: Forming a stack: images are taken at several photon energies and combined.

For this first stack, the intensity is averaged for each image collected at the
different energies to obtain a 1-dimension NEXAFS spectrum (ie. graph of average
intensity vs. photon energy). This spectrum is useful for obtaining the energy calibration.
Since the X-PEEM energy scale changes depending on the type of polarized light or the
position of the sample relative to the “exit slit”, the instrumental energy scale was usually
in error. Thus the experimental spectra were calibrated by assigning the C 1s — n*c=c
transition of PS to 285.15 eV.

The sample stage is mounted on two x and y micrometers (Figure 2.8), and to
move the sample position for the next image/stack pair, the sample is physically moved
200 um away from a damaged area. This procedure is repeated to obtain 5-8 stacks at the

C 1s edge.
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Since protein is the only species in this thesis which contains nitrogen, the N 1s
edge is the most sensitive edge for mapping protein. However, the phase segregated
polymer does not show any chemical contrast since neither PS nor PLA contains

nitrogen. Thus, combining C 1s and N 1s stacks

—FPS

—lo collected in the same area allows for detection of
both the substrate as well as the adsorbing protein
(see chapter 4).

J Finally, C 1s and N 1s stacks were

obtained from a piece of clean, HF-etched silicon

Relative Intensity

to obtain an external ly. The Iy spectrum typically

exhibits a dip in the C 1s spectrum around ~285

282 284 286 288 200 202 eV which arises from carbon contamination of

Photon energy (eV)

Figure 2.13: C 1s spectrum of PS the beamline optical components (e.g. gratings)

(red) compared to the Iy (purple)
obtained from a clean HF-etched
silicon chip.

(Figure 2.13) [82]. Division of the stack by the Iy
removes both the substrate and carbon dip
contribution from the collected stack. In addition, a correction is made for the
spectroscopic response of the phosphor which converts X-rays to visible light. The
detection is a bolometric effect so that the detection sensitivity varies linearly with

photon energy.
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2.1.8 Data Processing
A flowchart summarizing the data processing steps is shown in Figure 2.14. All

data processing was performed with the aXis2000 software package [83].

[ Obtain reference spectra |

l

| Create lo from HF-etched Si(111) |

l

‘ Read in stack (in Axis binary) l

!
T T

[ Divide stack by lo |~—- Read aln file

|

TEY-ON and energy calibration |

|

| SVD maps to obtain component maps |

|

| llwmination correction

l

| Generate masks |

!

| Obtain NEXAFS spectrum for each region of interest |

Figure 2.14: Flow chart for X-PEEM2 data analysis.

Step 1: Ensure that all reference NEXAFS spectra have been collected and normalized to
the theoretical intensity expected for 1 nm at bulk density.
Step 2: For the C1s stack collected for the clean HF-etched silicon chip, the data from the

X-PEEM microscope is read into the aXis2000 program. Depending on the field of view,
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usually 20 nm/pixels are defined with a bin of 2. Extract the average NEXAFS spectrum
from the stack. This spectrum is then corrected for the photoabsorption cross section of
silicon and the bolometric response of the detector. This is saved as the 1o spectrum.

Step 3: A data stack (ie. HSA/PS-PLA) from the ALS is converted in aXis2000, with 20
nm/pixels and a bin of 2. This stack is read into the Zimba program of aXis2000 and is
automatically aligned. The amount of shifting of each pixel during alignment is saved as
an “.aln” file.

Step 4: The converted stack and alignment shifts are read into the aXis stack processing
widget. The stack is then divided by the Iy spectrum obtained from Step 2. The “total
electron yield” button must be clicked for the X-PEEM data. And at this point, the energy
scale can be calibrated by assigning the C 1s — n*c=c transition of PS to 285.15 eV.

Step 5: Each pixel of the stack is fit to reference spectra (e.g. PS, PLA and HSA) using

singular value decomposition (SVD) to obtain component maps for each species. (Figure

2.15).
AT: 5, ¢ o
Figure 2.15: Component maps of The areas that are high in intensity

correspond to that particular component.

Step 6: Often the illumination of the stack obtained from X-PEEM is skewed. To fix this

problem, the three component maps and the residual are summed together and then
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heavily smoothed to obtain an image without spatial features but retains the illumination
(Figure 2.16). Then each component map is divided by the skewed illumination image.

Step 7: A color-coded composite image to visualize spatial correlations is generated
using red, green or blue for each component. These maps can be displayed in two ways:
(1) absolute, which preserves the thickness information and (2) rescaled, where the
intensity of each component is mapped to the full 0-256 color range, which is useful for

localizing each component (Figure 2.17).

Tum Tum

Figure 2.16: lllumination ~ Figure 2.17: Rescaled and absolute images of PS-
correction image. PLA 40:60 films annealed 6h at 70 °C.

Step 8: A threshold mask is applied to each component map to obtain region of interest
(ROI) pixels corresponding to the two polymer regions or the interface (Figure 2.18). In
this thesis, the interface is defined as the boundary between the two blend components
where intermixing of the two polymers is greatest. At the interface, there may also be
some changes in topography (ie, step height in PS-PMMA ~ 4nm, PS-PLA ~ 35-90 nm).
As defined by the masking process, this “interface” region occupies a 100-200 nm band

at the phase boundary.
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PLA HSA

Figure 2.18: Region of interest masks obtained for the PS region, PLA reigon, and
interface region.

Step 9: The stack is read into aXis binary and the entire stack divided by the illumination
image. Next the masked ROI images are read in to aXis binary to generate 1-dimensional
NEXAFS spectra that correspond to PS-rich, PLA-rich or interface regions (Figure 2.19).
Step 10: These 1-D NEXAFS spectra often have pre-edges that are not at zero, which
may cause fitting errors. The pre-edges of all the extracted NEXAFS spectra and the
reference spectra are set to zero prior to fitting. Next, the extracted NEXAFS spectra
corresponding to PS-rich, PLA-rich or interface areas are fitted with the reference spectra

to obtain quantitative results (Figure 2.19b).
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a) Extracted NEXAFS Spectra b) Fit with ref spectra
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Figure 2.19: a) Extracted NEXAFS spectra from the PS-rich, PLA-rich and interface
regions. b) Quantitative results obtained from fitting of the PS, PLA and HSA reference

spectra to the extracted NEXAFS spectra from each of the three regions. Solid line —
extracted spectrum, dots — fit, PS is red, PLA is green and HSA is blue.

Step 11: Steps 3-10 are repeated for all other C 1s stacks and then the quantitative results

are averaged to obtain higher statistical precision and an estimate of the uncertainty. For
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N 1s stacks, reference spectra and I, must be generated for the first stack, but then steps

3-10 can be repeated for all other N 1s stacks.

2.2 Atomic Force Microscopy (AFM)

The research group of Binnig at IBM Zurich Research Laboratory developed the
scanning tunneling microscope (STM) in 1980-1981 [84]. This was the first microscope
in the scanning probe microscopy (SPM) family which allowed atomic scale imaging.
While the STM technique is limited to conducting samples, this type of microscopy led to
the development of other tip-to-sample interrogation techniques including the most
commonly used SPM imaging system, the atomic force microscope (AFM) in 1986 [84].
One major advantage of AFM is that it can be used to probe both insulating and
conducting materials. AFM is sensitive to the attractive and repulsive forces between the
tip and the surface, which result in measurable changes in the position of the cantilever
[84].

Figure 2.20 shows the schematic of a typical AFM. A sharp tip attached to a
flexible cantilever is used to scan over the surface of a sample. A piezoelectric scanner
moves the sample with sub-nanometer movements in three dimensions when a voltage is
applied [84]. The tip is brought into contact with the surface and then raster scanned. The
surface topography causes the cantilever to deflect, and by using a laser light reflected off
the back of the cantilever onto a position-sensitive photodiode detector, a line-by-line

image of the deflection is obtained [84].
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Figure 2.20: left) Photo of the Quesant 250 AFM in ABB-332. right) Schematic of a
typical AFM.

There are several AFM modes of operation. The most common method is contact
mode (C-AFM), where the AFM tip is in constant repulsive contact with the surface [84].
In constant-height mode contact mode, the deflection of the cantilever is recorded during
raster scanning with an open feedback loop, thus, the deflection is proportional to
changes in the surface topography. In this mode, the tip deflection is caused by repulsive
forces between overlapping electron orbitals of the tip atoms with the surface atoms [84].

The AFM can also operate under non-contact mode (NC-AFM). In NC-AFM, the
oscillating tip is never in contact with the surface, with the gap between the tip and
surface ~ 10-100 A and an oscillation amplitude ~ 50 A [84]. In NC-AFM, the cantilever
is sinusoidally excited close to its main resonant frequency. Thus, only long-range

attractive forces change the amplitude, frequency or phase of the cantilever. These
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changes are monitored by the feedback loop and give rise to topographical or chemical
sensitive phase images [84].

In this thesis, all AFM images were collected with a Quesant Q-scope 250
(Quesant Instruments, Ambios Technology, Santa Cruz, CA), operated in non-contact
mode. Standard non-contact silicon cantilevers from Quesant were used. Phase and
height mode images were collected simultaneously at a scan rate of 1.8-2.0 hertz under

ambient conditions.

2.3 %] Radiolabeling

A label may be any substance which can be uniquely identified by simple, direct
methods from the background substrate, with the most common label being a radioactive
isotope [85]. The nucleus of any atom holds both protons and neutrons with the number
of protons determining the atomic number. However, the number of neutrons can change,
which gives rise to variations of atomic mass. Isotopes consist of atoms with the same
number of protons, but different neutrons [85].

The nucleus of many isotopes is unstable and can spontaneously decay to more
stable states, releasing energy, particles, or non-particulate electromagnetic vibrations.
For example, *°I decays as y-rays (35 keV) and X-rays (4 or 28 keV) [86]. The rate of
decay is measured by the half-life, or the time it takes for 50% of the radioisotope to
decay, and for '?°1, it is 60 days.

The addition of iodine to certain amino acid residues has been known since the

1940s [87]. Under mild conditions, the amino acids tyrosine, cysteine and histidine are
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reactive with iodine, although under harsh conditions, tryptophan and methionine can
also react with iodine [87]. The most common method of preparing **I radiolabeled
protein is by the chloramine-T method [87]. Dilute solutions of protein at pH 7.0
spontaneously react with I,. Sodium metabisulfite is added immediately after 15 seconds
to quench the reaction. lodinated protein deteriorates rapidly and should be used within
24h of synthesis [87].

For our radiolabelling experiments, we use the *“lodogen” technique where a
sparingly soluble oxidizing agent such as 1,3,4,6-tetrachloro-3a,6a-diphenyl-glycouril is
evaporated to the reaction vessel wall via methylene chloride [85]. Then the protein and
25| (ICN Biomedicals) is added. The reaction is terminated upon removal from the
reaction vessel and does not require a reducing agent. The radiolabelling experiments
conducted in this thesis were performed by Rena Cornelius. The author of this thesis was
not present during the experiments since she was not properly trained to handle
radioactive materials. For more details on the **I radiolabelling procedure, please see
reference [88].

The detection and quantification of a radioactive isotope is typically obtained via
a scintillation counter [85]. When ionizing radiation (such as a y-ray) strikes the
scintillator, it emits a flash of light directly proportional to the energy of the radiation
[85]. The light is detected by a photomultiplier tube which converts the energy to
electrical pulses. The electrical pulse can be used to count the isotope with minimum

interference from the background [85].
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2.4 Sample Preparation
2.4.1 Materials

Polystyrene (MW = 104K, & 1.05), polylactide (MW 30K, & 1.33), and
poly(methyl methacrylate) —b— polyacrylic acid (MW = 41-b-10 K, & 1.2) were obtained
from Polymer Source Inc. (5 is polydispersity defined as a measure of the distribution of

molecular mass in a given polymer sample). Polyethylene oxide (MW 600K) and

pentaerythritol triacrylate were purchased from Sigma Aldrich. All polymers and PETA
were used as received.

The polydispersity of PEO was not stated on the sample from Sigma Aldrich. We
are in the process of determining polydispersity. For high MW polymer strands, the
polydispersity should not impact the films since they are ultimately crosslinked. The
presence of lower MW polymer strands may reduce protein adsorption by having greater
flexibility and thus extending more loops into solution to prevent protein adsorption.

Human serum albumin (HSA) was purchased from Behringwerke AG, Marburg,
Germany, and found to be homogeneous as judged by sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE). Protein solutions were prepared from
DDI water or buffer, and the pH was adjusted with HCI or NaOH for pH studies. The
SUB-6 peptide (RWWKIWVIRWWR-NH,), a gift from Professor R. Hancock (UBC)
was prepared with 9-fluorenylmethyl carbamate solid-phase synthesis and purified using
high-performance liquid chromatography and mass spectrometry. The impurity level in

the SUB-6 sample is unknown.
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2.4.2 Substrate Preparation

The silicon (111) substrate was purchased from Wafer World Inc. The substrate
comes as a large 10cm x 10cm disk and must be cut with a diamond knife to 8mm x 8mm
squares for X-PEEM analysis (Figure 2.21). During the cutting procedure, some silicon
dust can get onto the surface, which causes charging effects in the X-PEEM. Thus
minimizing the dust by blowing compressed air on the surface prior and after cutting with

the diamond knife is a key step in preparing a clean substrate.

Figure 2.21: (left) Cutting a 10 cm x 10 cm silicon (111) wafer into 0.8 x 0.8 cm chips.

However, organic material from the compressed air causes a noticeable
contamination in the NEXAFS spectrum at the C 1s edge. Thus the silicon chips must be
cleaned by sonication with trichloroethylene, acetone and methanol, followed by
extensive rinsing with doubly deionized water (DDI). Furthermore, each silicon chip
must be further examined under the microscope after drying to ensure that there are no
dust particles left on the surface.

Polystyrene and either PLA, PEO (with PETA), or PMMA-PAA, (or PEO and

PETA — see chapter 5) were dissolved in dichloromethane at varying mass ratios at
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different wt% and spun cast at 4000 rpm for 4 s onto the cleaned silicon chips. For the
PEO-containing samples, the chips were exposed to a 365 nm UV lamp under flowing
nitrogen for 40 min to crosslink the PEO (Figure 2.22 a-b). The UV reactor consists of
five RPR Rayonet photochemical reaction lamps positioned ~ 5 cm above the samples.
The samples were vacuum annealed at a pressure of ~10™ torr at varying temperatures

(Figure 2.22c¢).

vacuum

thermometer

hotplate

Figure 2.22: a) Dr. Stéver’s UV lamp. b) Sample positioned under the UV tubes. A N,
line is used to cool the sample during crosslinking. ¢) Photo of the vacuum annealer in
ABB-332.

2.4.3 Protein Adsorption
The substrate was placed in a 50 mL beaker and covered with 5 mL of protein or
peptide solution. After 20 minutes, the solutions were diluted with at least 50 mL of DDI

water (or buffer), vigorously rinsed and the substrate was carefully dried by touching the
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edge of the Si wafer with lens paper. The thickness of the spun cast films were measured
with AFM via non-contact mode along a scratch made by tweezers.

Most of the protein adsorption experiments performed in this thesis was from DDI
water rather than buffer. While it is recognized that buffer is an important component for
mimicking in vivo conditions and maintaining the native conformation of the protein, the
high salt content from buffer often salts out of the sample and for X-PEEM, can cause
charging effects. HSA is one of the few proteins that can be dissolved in DDI water

without protein aggregation.
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CHAPTER 3: PHASE SEGREGATON IN POLYSTYRENE-POLYLACTIDE
BLENDS

The following chapter presents the X-PEEM and AFM characterization of
polystyrene-polylactide blend films with respect to mass ratios, polymer weight
concentrations and temperature annealing. It was found that for most of the films
sampled, PLA segregated to the substrate-air interface. However, phase segregation
improved upon annealing. Furthermore, annealing above the glass transition
temperature of PLA resulted in a phase inversion where PLA became the continuous

phase with PS discrete domains.
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ABSTRACT: Spun-cast films of polystyrene (PS) blended with polylactide (PLA) wene visualized and chamcterined
usimg atomic foree microscopy (AFM) and synchrotron-based X-ray photoemission electron microscopy (X-PEEM),
The composition of the two polymers in these systems was determined by quantitative chemical analysis of near-cdge
X-ray absorption signals recorded with X-PFEEM. The surface morphology depends on the mtio of the two componends,
the total polymer concentration, and the temperature of vacuum anncaling. For most of the blends examined, PS is the
continuous phase with PLA existing in discrete domains or segregated to the air—polymer interface. Phase segregation
was improved with funther annealing. A phase inversion occurmed when films of a Jic6l PS:PLA blend (017 vt &
loading) were annealed above the glass transition temperature (7,0 of PLA.

1. Introduciion

Polylactide (PLA) or poly{lactic acid) iz studied extenzively
sinee il is valuable in biomedical and pharmaceutical applica-
tions due to its biedegradable and biocompatible nature,"”
However, the brittlencess nr PLA impedes its development fior
large-scale commercial use.® Thus, PLA Ims been hlended wﬂh
a variety of materials such as natural fibers,” plaql:cj?m and
synthetic, nonbicdedgradable polymers o enhance physical
properties such as elasticity® and tensile strength.” In particular,
PLA combined with polysiyrenc (P5) has been investigated as
a polential bioblend with proposed applications in materials
packaging and tissue engincering.

P5—PLA block copolymers have recently been found to
exhibit a rich variety of nanopattems such as L'ylindun:1 " and
cocontinuous structures' which form during phase segregation
of PS5 and PLA and arisc from the immiscibility of the two
polymers." Selective removal of either component gives rise
o ordered nanochanncls suitable as catalytic supports or
sealTolds in lissue engincering. Improving the physical properices
of these materials depends on control of the interface between
the two polymers which controls s microstructure.™ Thus,
characterization of the morphology of PS-B-PLA block copoly-
mers, as well as PS—PLA blends, remains key in the develop-
ment of novel, high-performance, PS—PLA-based materials,

We are using sofl X-ray spectromicroscopy 1o study phase
segregation in spun-cast thin films of PS—PLA blends. Our
technigues provide gquantitalive infommation on the composition
of these polymers. Several studies have wilized near-edge X-ray
absorption fine structure (MNEXAFS) spectra obtained in an X-ray
photocmission clectron microscope (X-PEEM) or scanning
transmission X-ray microscope (STXM) to characterize im-
miscible polymer blends, 72 Owr pesearch group hoas previously
used X-PEEM 1o characterize spun-cast films of phase-
segregated polystyrene (PS)— polyimethy] methacrylaie) (PMMA)
wilh respect o polymer molecular weights and annealing times
and temperatures.”” The chemical sensitivity, particularly at the
C 15 edge, combined with the near-surfaee sensitivity of
X-PEEM, provides quantitative characterization of the composi-
tion and morphology in the outermost ~ 10 nm of the film.
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Thee aim of this work is W visualize and quantitatively analyee
different morphologies produced at the surfaces of PS=PLA
film= by varying mass ratio, ttal polymer concentration, and
annealing times. This study is part of an effort o develop phase-
sepregated PS—PLA films with surface microstructure in the
submicron range as candidate semibiodegradable biomaterials.
A subsequent paper will report our investigations of Emlem
adsorption on the more promising P5S—FLA substrales.”

2. Materials and Methods

2.1, Materials. Polystyrene (MW = 14K, & = 1.05) and
polvlactide (MW = 33K, 4 = 1.33) were obtained from Polymer
Source Inc. and used as received. The samples were of high purity,
as confirmed by proton MMR. Varying ratios of the two polymers
were spun-cast (MK rpm, 40 5) from 1.0, 0.7, and 0.4 wi %
dichloromethane solutions onto clean 1 = 1 cm native oxide silicon
wafers (Wafer World, Inc.) and degreased with trichloroethylens,
acetone, and methanol, followed by rinsing with doubly deionized
witer. The PS—PLA substrates were annealed at 45 °C (1 and & h)
and 70 *C {1 h) in a vacuum oven at a pressure ~10 * Torr,
achicved with a cryo-trapped turbo pumgp.

2.2, Aomic Force Microscopy (AFM). AFM images were
collactad with a Quesant Qescope 2500 (Quesant Instruments,
Ambios Technology, Samta Cruz, CA), operated in noncontact
made, Standard noncontact silicon cantilevers from Quesant were
used, Phase and height mode images (10 2 10 gm) were collected
simultancously al a scan rate of 1.8=2.0 Hr under ambient
conditions.

2.3 STXM. A scannming transmission X-ray microscope (STXM)
wik used o collect high-quality reference spectra of PS and PLA.
The STXM operates in transmission mode and offers slightly better
energy resolution (0.1=02 eV) compared 1o X-PEEM (0.4=0.3
eV ) however, similar NEXAFS line shapes are oblained [rom both
methods. The STXM data were collected on beamling 5.3.2 at the
Advanced Light Source (ALS) in Berkeley, CAYY* Typically,
solvent-cast samples with thickness below 100 nm were analyzed
by collecting micrometer-sived stacks. Image sequences™” were used
in homogensous arcas to minimize radiation damage. An image at
a damage-sensitive energy (2885 eV)*" was recorded afier each
spectral measurement to monitor damage. Only results from
measurements with negligible (=< 10%) damage were used analyti-
cally.

2{4. X-PEEM. All X-PEEM measurements were performed at
the ALS on the PEEM-2 instrument on beamline 7.3.1 using
elliptical right circularly polarized light (70-80%). Detailed
accounts of the experimemal apparatus, beamline setup, amd
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Figore 1. C 1s X.my absorption spectra of polysiyrene (P35, red) amd
polylactide (LA, green. as reconded in STXM. The spectra are plotied
on i absolote linear absorbance woale. after subtraction of a linear
background b solate only the © 15 signal.

instrument oplics have been presonfed previously.®™ In short,
photoelectrons amd secondary electrons gjected by absorption of
the moenochromitic X-rays are accelersted into an electrostatic
imaging column, whene the spatial distribution is magnified and
detectied by g CCD camera. X-PEEM @5 o surface-sensitive
technigue with o sampling depth (1/e) of 4 nm for polymers.™ with
the imegrated signal sampling the wop 10 am ol the sample,

A 100 nm thick Ti fodl was wsed as o second-ocder light filter.
To minimize mdiation damage. a fast shutter (0,1 5) wos used, This
reduced the X-ray exposure by S0FF by blocking the beam during
the time required (o wmnsfer images from the CCD camera and 1o
step the photon energy. The incident Aux wos reduced o abot
1% of the full intensity by masking the beam upstremm of the
manochromiter. A mited number of energies (23 in € |s)and a
short exposure time (1 s) per image were used as other ways 1o
minimize radiation diomage. The feld of view wis approximately
20 = 20 gom,

L5 X-PEEM Chemical Mapping and Quantitative Ana-
Iysis. The reference © 1« spectm for PS and FLA are presented in
Figure | on a quantitative linear absorbance scale. The two specics
are easily differentiable, PS is charcterized by an intense C Is—
¥ e transition at 2851503 eV while PLA exhihiis a strong C 1=
— 1%y Iramsilion at 2B8.53(3) eV,

All quantitative analyses were performed with the aXis2000
software package.’” The C Is image saquances were aligned (if
needed). normalited w the dng curment. and divided by the 1,
spectrum oblned from a clean HF-elched Sill 11y chip. Nexi. the
spectrum wies corrected for the absorption of 5i with o linear cnerpy
term representing the bolometric response of PEEM detection. Each
stock wits colibrated by assigning (he peak of the C s — 3%c=c
transition of PS5 1o 285,15 oV,

The spectrim gt cach pixel was 11 e lineir combinatsons of e
PS5 ond PLA referepce spectea using singular value decomposition
(SY D, which provides an eptimal solution for the analysis of highly
overdetermined dwta sets " The i coellicients at each pixel
provide component maps which are the spatial distribution of each
compenent (Figure 21, Nonuniform illumination was corrected by
dividing each componemt map by a heavily smoothed version of
the sum of all component maps. Since X-PEEM samples =10 am
into the surface, the intensity scale of the sum of the componen
maps was ¢4 to 10 in order 1o give estimates of the thickness in
nancmeters of ench companent in the sampled region.™

MNexl a (hreshold mask was applied o e PS and PLA
component maps 10 identify those pixels corresponding to PS-rich
or PLA-rich areas (Figure 3a.h). Threshold levels were adjusted
manually 10 3 value which isolated only the domains of common
speciral characteristics as dedermined by the coloc-coded compesite
maps. The aversge spectra extracted from the PS-rich and PLA-
rich regions were further modified by sening the pre-edge negion
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Figure 2, (left) Component maps of {ob PS and (b) PLA, denived from
C I= image sequences measured from an as-span $0:60 PSIPLA (1 wt
) film (grmy scale is thickness in nanometers), (¢) Rescaled color
composive map (red = PS5, green = FLA). (righth Componen maps of
) PS and (e} PLA. denved from © 15 image sequences measured
from 4060 PSPLA (0.7 wi %) film anncaled 1 ha 70 C, (f) Rescaled
color ;:nmr-mih: mag. I dch and (£}, the relative contributian from red
has been increased by 0% and that of green has been docreased by
2O i order o visualiee morg c!n:rl}' the contumeows dounain, which

15 PS-rich in {e) and PLA-rich in (1),

1o pero intensity, followed by least-squares fie o e same PS5 and
PLA reference spectra used (o genembe the component mags (Figure
ey, Several stacks were obtained for exch sample and the
cermpositional resuls from these independent repeat measurements
were averaged o vield the fomad quantiiative resulis. The uncertain-
ties cited in Table 1 are the Sandand deviations from these mubiple
determinalions,

3. Hesults

L 1. Optimization of a PS—PLA Blend Systens 200, Poly-
nrer Weight Raties. Four solutions with PS:PLA wiw ratioz of
2080, k6l 6020, and B0 (1% total polyvmer weight ) were
dis=olved in dichloromethane and spun-cast on Si(111). The
AFM phase mode micrographs of these samples are displayed
in Figure 4a—d. AFM pevealed interesting variations in the
microstructure at the surface. particularly for the 40:60 and 60:
40 PSPLA ratios. Allhough AFM provides excellent height
resolution al the surface (<1 mm), il does nol have any intrinsic
chemical sensitivity, and domain composition cannol be deter-
mined without film destruction, Typically, AFM studies of
by or temury polymer systems use either a complementary
technique with chemical sensitivily (e, XPS, TOF-5IMS) or
the selective removal of one component via washing with an
appropriste solvent.™ ** Thus, chemical chamcierization of
these phase-segregated films required an additional wechnigue,
in this case X-PEEM.

The eolor-coded compositc maps of the 40:60 and 6040 PS:
PLA ratie films derived [rom the X-PEEM C 15 data (Figure
de—=h) are a green color, indicating that for both ratios the
surfage i dominated by PLA. Although the AFM micrographs
strongly suppested morphologies indicative of phase segregation,
X-PEEM unambiguously reveals that there is u large excess of
PLA in the near-surface region sampled (10 nm) relative to
the solution compositon.

The spectra Tor e PS-rich and PLA-rich regions were
extracted from the image sequences for 060 and 6040
PS—PLA films using threshold masking,” and thesc specima
were then analyzed o gquantily the composition of the discrete
amd continwous domains {Table 1) The PS region was compiled
from the pixels with the mast red eolor and is considered “PS-
rich” relative to the PLA region. For the 40060 PS:PLA ratio,
the PLA-rich region has 9 composition of f605) vol % PLA
and 14(5) vol % PS. In contrast. the PS-rich region consists of
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Figure X (ai Sample X-PEEM color-coded composite map (nonres-
caled) derived from o singular value decomposition (5% nnolysis,
using the PS gnd PLA reference specirn (Figure 1) of a © 15 image
sequence (23 energies ) reconded from a PS—FPLA blend thin film span-
cast Trom a dichloromcthane solution with o totad kading of 0.7 wi %5
polymer in a 40:60 PS:PLA rtio, and anncaled 6 b at 45 C. (b) Mask
used 1o extract spectra of specific regions, Fed denotes PS-rich regions.
green denedes PLA-nch regions, defined by threshaold masking the PS
und PLA companent maps. The remaining blue pixels represent areas
with imtermediale compositions which were not included in the
yuanbitative .'m:|.|}-5|\. 1) Curve 1 of the AVETNET C s spoctra of the
Fi-rich !'I:'Eil:lrl [clata, dtxg fin, hlack line; ORI OenEs, cobored [ines).
(ely Curve fit of the average C 1s specira of the PLA-rich region (same
calor coding .

anly 4005y vol %0 PS with PLA contributing over 60(5) vol %
of the signal. Analysis of the PS:PLA 60:40 blend shows even
more enomalows results with an 805 vol 9% of PLA found
in both the PS and PLA regions. The large percentage of PLA
in the near surface reglon may indicate e presence of
relatively thick (8.5} nm} layer of PLA at the substrale
surface.

PLA has also been found 1o scgregate at the nir—pnl;.;m{:r
interface in polyischacic anhydride) (P5A)—PLA blends”” In
that case. the segregation wius attribuied to differences in the
surface free energics of the polymer componcnts, with the lower
surface frec encrgy polymer scgregating to the surface.”’
However, the surface free energies of PS and PLA are very
similar (ppy = 40.2 mim? and ypg = 41,0 mdm?* ™), Thus,
it is more likely that the presence of excess PLA at the surface
15 dhuet 1a the higher solubility of PLA in dichloromethane, such
that the PLA stayed dissolved longer in the liquid phase and
hence developed an overcoal layer. "

A 0.2 Tomal Polvmer Concentration Dependence. The 20060
PS:PLA composition was selected for dilution cxperiments since
less PLA was detected in the X-PEEM smdy. The toal
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percentage of polvmer relative to the solvent was decreased from
1w 0.7 we G and then o 04 wa %, while maintaining the
composition ot the 40060 ratio, AFM images (Figure Sa—c) show
that the fitm cast from o 0.7 wi % solution exhibits a classic
dispersed droplet morphology. Further dilution to 04 wt 4
prosduced o film with “blotchy™ spots, likely comesponding 1o
the saime domains found for the 0.7 wt % film (Figune 5c).

The X-ray speciromicroscopy analysis of the 0.7 w1 % PS:
PLA 406l film reveals that phaze segregation is incomplete,
Although the PLA-nch region contains over S80{3) vol % PLA,
PLA iz also the dominant componemt in the PS region,
contributing 6055 of the wial signal (Figure 5d—1) In
contrast, X-PEEM imaging of the (.4 wi 5 40060 PS:PLA film
shows aomuch more “red” color, corresponding o an increased
signal from PS. The boundaries of the domains of PLA (green)
are not sharp, which suggests that the PLA domains may be
quite thin, as expected from the very dilute concentration of
the polymer solution.

The 40:60 PS:PLA film showed negligible change in the P'S
fraction af the surface upon dilution from 1.0 10 0.7 wt % {Table
1} In fact, a fairly large fraction of PLA =till existx in both the
F5 and PLA regions. In the FLA region, the PS fraction was
I403)% in the 10 wi % o 19(5)% in the 0.7 wi % polymer
solutions, which are the same values within experimental error,
Upan funher dilution of the solution to 0.4 wt 5, the PS-rich
regions now conlain a stronger PS signal (T5(50% ) while the
PLA-rich region also shows a strong PS signal. Interestingly,
the gquantitative analysis of the three polymer concentritions
i1, 0.7, ond 0.4 wi %) indicates that the PS fraction increases
upon dilution. Chne possible explanation may be that X-PEEM
is detecting a layer of PS that exists under the PLA domains,
leading o a more “red™ color. Still, the quantitative X-PEEM
resulls: show  that PS and PLA are nol completely phase
segregated,

J A3 Effect of Temperature. The morphology of a polymer
blend ean change significantly afer annealing. For films with
dispersad droplet structure, coarsening of the droplets is expecied
to ocewr from coalescence. Anncaling also provides a means
for driving the system toward its thermodynamic eguilibrium,
which in this casc should be compleie phase scgregation of the
PS5 and PLA, However, as we have annealed our films relatively
gently it is likely that the observed changes in spatial distribu.
tions are primarly o resull of kinetic factors. Typically,
distributionz in the unequilibrated as-coated system can be
strongly affected by different solubilitics or substrate affinitics,
These initial distributions can then be altered by annealing at
temperatures in excess of the glass wransition (7,) temperature
(1, = 60 *C for FLA), where thene is ereater polvmer :1:|1Jl'!i]i|1.:."rI
Samples of the 40060 PS:PLA (0.7 wit %) film were annealed
at 45 °C for 1 and 6 hand at 70°C for 1 h. AFM micrographs
of the annealed films demonstrale a progressive coarsening effect
with increasing tempermture, with the domains growing larger
Faterally and also in beight (the surface cormugation increased
from 35 nm in the wnannealed film o 95 nm in the 70 °C
anmealed 1ilm) (Figure &),

The X-FEEM results are consistent with the morphoelogy
determined by AFM. After annealing for | h at 43 *C, the PLA
domains have begun o coalesce, which is funher enhanced after
annealing for & b An additional 5 h of annealing ot 45 °C led
to further phase scgregation of the tao polymer components,
with the green color of PLA becoming much more pure (Figure
62). Aflter annealing for | hoat 70 °C, the domain size coarsens
significantly and X-PEEM apectromicroscopy reveals that the
discrete domains ane now PS-rich (Figure 6), as opposed to
the we-cast and 45 °C annealed films in which the discreic
domains are PLA-rich. Figure 2 compares the results from the
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Tabde 1. Composition of PS5 oand PLA %5 fpiseld in the PS-Rich and PLA-Rich Regions of PS:PLA Blends with Respect 1o Polymer
Ratios, Total Polymer Concentration, and Annealing (Uncertainty 5% )

pelymier ratios FE:PLA

cone dependence PS:PLA A0ka0

:ulnu:llillg PE:PLA 46D (0L T9%)

region component 4060 &0:40 1% 0.7% A% 1 boat 45 °C G hat 45 °C 1 oot 700°C
s 23 17 i a7 i0 T4 i L1 o0
PLA 63 1] 63 L M ki) 14 1]
PLA P3 14 ] 14 19 54 k] 24 1
PLA 6 o 26 8l 2 4 16 Ek
Alm thickpess" (<5 am) (i) 17 1 300 ] A B 03 [[ED

T Total film thickness (nm) as measured h}' AR [':lL'n:rl:LinI}- extimaled from repaal measurenenls over a seralch mae wath a i'l:ll:!ll P rer Ii|:l.

Figure 4. {upper four images) AFM phase mode images of PS:PLA
thin film blends spun-cast from a 1wt % dichloromethane solution
lossled with PS:PLA in (ap 20c80 ratao, (b) 00600 ratios, () &0:300 ralio,
and (d) B0: 30 ratio, Al AFM images are 10 gm = 10 um. (lower four
images] X-FEEM color-coded composite map (rescaled) of (¢) 4060
PS:PLA ratio and (0 60c40 PS:FLA rstio; the relative comributeon from
red has been increased 0%, and that of green hos been decreased by
20FE in order 1o visualize more ¢learly which is the continuous domaing
(nonrescaled) of (g) PS:PLA 4060 ratio and (h) PS:PLA 60040 ratio.
P5 is coded red, and PLA is coded green.

1 pm

Figure &, (upper row) AFM phase mode images of 4060 PS:PLA films
spunscast from dichloromethance solutions with total polymer loading
of (a) 10, (b L7, aned (e} 004 wi % ALl AFM images are 10 gm = 10
o, | lower row ] X-PEEM color-cocded r_'|1m|:l|1'\.il|.- e {nonrescaled)
of 4060 PSPLA flms ody 1.0, de) 0.7, and (0 0.4 wr 5. PS s coded
red. and PLA i coded green.

as-cast and most strongly annealed samples o emphasize this
interesting phasc-inversion result.

To verify the phase inversion indicated by X-PEEM, unan-
nealed and 70 °C annealed PS—PLA films were washed with

Figure 6. AFM height mode images of 40060 PS:PLA thin films cast
from a T wi % solution: (a) as-cast, maximum height 35 nm, (b)
wnmeled 1 h oot 43 °C, maximuam heiglu 45 nm, (e) annealed 1 kot 7O
“C, maximum height %0 nm. Al AFM images are 10 gm = 10 gm.
X-PEEM color-coded composite maps {nonrescaled) of 40060 P5:PLA
thin films cast from a 0.7 wt % films which were (d) annealed 1 h at
45 “C, {¢y anncaled & h o 45 “C. and (f) annealed 1 b at T0 *C. PS is
coded red. and PLA is coded green.

cyclohexane 1o selectively remove the PS component and re-
cxamined with AFM (Figure 7). Analysis of the unanncaled
film after the wash showed very similar surface morphology
compared to the unwashed film (Figure Tab). In contrast. AFM
micrographs of cyclohexane-washed 70 *C annealed films
(Figure Tc.d) revealed pitted circular holes consistent with the
merphology and siee of the discrete domains of FS prior o
the cyelohexane wash, Thus, bodh X-PEEM and AFM of the
solvent-modified sample consistemly indicate that a phase
inversion occurs when the as-cast films are anncaled above the
T, of PLA.

4. Discussion

Phas¢ inversion caused by anncaling has also been detected
n PS=PMMA films spun-cast from loluene or THFE. Afller
annealing for 3 min above the T; of both PS and PMMA (190
“C), a phase inversion was detecied®' An present, we do not
Tully understand why the phase inversion in the FS=FLA thin
film occurs below the T, of PS. Phase inverzion is known 1o be
affected by velume fraction (¢) and structural parameters of
the: two polymers such as interfacial tension (), viscosity (g,
and shear stress and strain (or clasticity 12 In our case, the
volume fraction remains unchanged. no shear stress 1s added,
and the interfacial tensions of PS5 and PLA are very similar.
We suggest that, although we are heating below the T, of PS5,
there could be changes in the vizscosity of the two polymers
upon heating, leading to the phase inversion. This may be
anzlogous o previously examined PMMA and polviethvlene-
all-propylene) eryogenic mechanical alloying (CMA) * Ae-
cording o the Utracki model, adding one polymer 1o another
poelymer in either order causes an increase in the viscosily of
the mixwres ™ In order for a phase inversion to occur, the
increasing viscositics must reach the same value. Thus, we
speculate that by increasing our annealing lemperature 1w 70
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Figure 7, AFM height mode images of 40:60 PSPLA thin films cast
Trom a 0,7 wi % solution which were (a) ns-cuast, (h) as-cast, followed
by wash with cyclohexane; (¢) annealed 1 h at 70 *C. (d) annealked.
Taallovsed hj- wish with 1.'!.'I:|I:l|'|.l!k-'.|l1.l’.‘. All iII'IEIEE'\. are 10 Hm [[}] .

AC, the viscositics of PLA and PS may be similar coough to
resull in o phose inversion.

The quantitative X-FEEM analyscs show there is o consider-
able increase in the degree of phase separation with anncaling,
as indicated by greater punty of the discrele and continuous
domains. Further enhancement is seen with longer anncaling
time, especially in the PLA-rich region. However, although
higher tempenture dramatically wmpacts the morphology, it does
nl resull in complele phase segregation (Table 1), In the PS-
rich region there still remains =106 of PLA, while in the PLA-
rich region there is 20 30% of PS5,

For complete phaze segregation. annealing at temperaturas
in excess of the T8 of both PS and PLA is required. For
example, in the case of PS=PMMA thin ilms which were
annealed an 142 “C for 42 b and 170 “C for 8 days, it was found
that the morphology obtained an the lower temperature was a
transient state which only approached equilibrivm upon anneal-
ing at higher temperature.®” In the case of PS—PLA. annzaling
at a temperatung of ~ 170 °C js impossible due to the low melting
point (750 of PLA, which is 145=200 °C depending on MW
and 145 *C at a MW of 33000 g/mol** ™ Clearly. our
P5=PLA films ure not fully equilibroted. Yet, even in the case
of PS—PMMA, anncaling for 3 days a1 170 °C did not result in
a fully equilibrated surnple.""' Furthermore, since the surface
tensions of PS and PLA are very similor, the calculnted
parameters controlling FS spreading on PLA (55 = $s =
7Ps = ¥rspLa) and vice versa (Spa = ¥ps = 1A = FramL) are
both pegative, meaning neither polvmer can wet the other,*
Thass, if the sumple is termally equilibrated, PS and PLA should
be fully phase segregated in both the bulk and o the surface,

Literature reports of bulk PS—=FLA blends exomined by
differentinl =canning calorimetry {DSC) and thermal gravimetric
analyzis (TGA)Y reveal that the miscibility of the two polymers
is highly dependent on polymer composition, with some data
sets showing miscibility while others suggesting immiscibility."”
A Fourier transform infrared photoscoustic spectroscopy {FTIR-
PAS) study has detected the formation of n—x bonds between
the carboxyl groups of PLA and the beneyl rings of PS, possibly
cantributing 1o the incomplete phase segregation. " Nonetheless,
it is muech more likely that small trapped microdomains of the
opposite polymer exist at or below the spatial resolution of
the X-PEEM. hence giving rise (o measurable amounts of the
minority component in the quantititive analysis. The existence
of small microdomains is evident in the PLA region in the AFM
microgrphs (Figure Go).

Polystyrene=Polylactide Blendx 1653

5 Conclusions

The chemical punty of domains ol the surface of a partially
phase-segregated PS=FLA blend hos been oplimized by inves-
tigating the merphological and chemical dependence of the thin
films with respect (o polvmer ratio, todal polymer concentrition,
ind annealing profocol (lime and tempertune). While annealing
o 70 °C gave a significant improvement in the extent of phase
segregation. further oplimication of the annealing process is
needed in order W achieve 100% phase segregition and
eliminate the microdomains, [ntercstingly, a phase inversion was
scen when the films were anncaled at wemperatures above the
T, of PLA. We interpret this as the result of thermal evolution
of the viscosity, Our X-PEEM results show that, in this case,
the surface composition suggested by AFM did not cormespond
1o the aciual chemical composition, emphasizing the value of
an independent verification by a chemically sensitive analyzis
stch as XPEEM or by chemically removing one component
from the sysiem.

Thi annealed PS=PLA blends exhibit a structured surface
morphology with distinct surface energies and (unctional groups.
This iz required for preferential domain interctions with specific
hiomacromolecules, a property which might be desired for
cenain biomaterials applications. In a companion publicution
we will report our X-PEEM studies of preferentizl proein
midzorpgion on the best chemically segregated PS—FLA surface.
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CHAPTER 4: X-RAY SPECTROMICROSCOPY STUDY OF PROTEIN
ADSORPTION TO A POLYSTYRENE-POLYLACTIDE BLEND

The following chapter presents the X-PEEM characterization of human serum
albumin (HSA) adsorbed to polystyrene-polylactide (PS-PLA) blend surfaces with respect
to surface rugosity in the 35 — 90 nm range and ionic strength. It was found that the
topography changes did not affect protein adsorption. X-PEEM revealed that the
conformation of HSA increases with increasing ionic strength. These ionic strength

experiments were supported by data from **I-radiolabeling experiments.
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Synchrotron-based X-my photoemission electron microzcopy (X-PEEM) waz uged to study the adzorption aof
human serum albumin (HSA) to polystyrene-polylactide (40060 PS-PLA, 0.7 wi %) thin films, annealed wnder
varions conditbons. The mgosity of the substrate varied from 35 10 90 nm, depending on the annealing conditions,
However, the charactenstics of the protein adsorption (amounts and phase preference) were nol affected by the
changes in lopogruphy. The adserption was also nol changed by the phase mversion which occured when the
PS-PLA substrate was annealed above T, of the PLA. The amount of protein adsorbed depended on whether
acdsorption 1ok place [rom distilbed water or phosphate buffered safine solution. These differences are imerpreted
as o resull of jonic strength indvced changes in the protein conformation in solution,

1. Introduction

Polylactide (PLA), synthesized by ring-opening polymeriza.
tion of lactide, is a hiocompatible and biodegradable synthetic
poelyester commonly used in tissue enginecring and as drug
delivery velucles. For scalfold engineenng and drug microcap-
sules, the mte of degradation and controlled releaze, respectively,
can be grealy impacted by combining a nonbiodegradable
polymer such as polystyrene (PS)' or polyethylene glycol
{PEGY with a biodegradable material, The comhination of
biodegradable and nonbicsdegradable polyimers 15 known as a
bicblend.” Bioblends can be a simple, cost-elTective means of
obaining o composite with wnable physical or chemical
propenizs.t

Protein adscrption to biomaterials is important for the
biocompatibility of a material. because it is the firs evem that
occirs alter implantation of a medical deviee.” PLA s often
blended with PEG o produce surface-PEGylated micelles
gapable of drag delivery.” " Protein sdsorption (o these micro-
particles shows g consistent tremd of decreased adsorplion with
increased PEG @ the surface. ™™ Moreover, surface character-
ization of PLA-PEG spun cast films by X-rav photeclectron
spectrscopy [ NPS) reveals less protein adsamtion comparei
10 pure PLA. M However, a major limitation of these studics s
the lack of information reganding the spatial distribution of the
adsorbed protein relative o the individual componemnts of the
dual-polymer substrate.

We uze soft X-my spectronucroscopy techmgques such as
surface-sensitive synchrotron-based X-ray photoemission elec-
tran microzcopy | X-PEEM ) fo vizualize and quantitatively map
bivmolecules adsorbed 1w candidate biomaterials. Previously,
our systematic X-PEEM studies of humin serum albumin (HSA)
or fibrinogen (Fgi'? adsorption 1o phnse-segregated PS-poly-
{methy] methacrylate ) (PMMAY thin Alms with varying protein
concentration,” CXpOSUre time, pll.” amd  protein—peptide

* !._imtpuml,linu o, E-muail: qungbul.if'lm.'m;nrer.l.:z
" BIMER.

! Sehood of Blomedigal Engineering.

¥ Advanced Light Source,

10102/ bma0zGds CCC: 34075

competitive adsorpiion’” demonstrated that adsorprion 10 PS-
PMMA blend surfaces is controlled mainly by hydrophobic
elfects.

Recently. atomic force mecroscopy (AFM) and X-ray spec-
tromicroscopy were weed 10 charsclerize the morphology and
phase segregation of o spun-cast PS-FLA bioblend.'® I was
Townid tha the surface morphilogy depended on mass Gitio, tdal
polymer concentration, anncaling time, and temperature. Phase
segregation improved significantly when the film was heated
abwowe the glass ransition temperature (T,) of PLA. This also
resulted in a ztriking phase inversion where the discrete domnins
became PS.rich rather than PLA-rich, "

Here we report studies of the ad=orption of HSA 1o this PS.
PLA plutform. In sddition w investigating the effect of the phase
iversion on prodein adsorplion, we examined the effect of
topography since the migosity of our polymer surface changed
from o mean value of 35 w %0 nm s upen annealing, while
retuining similar chemical properies. Alse. the elfect of iohic
strength was investigated by comparing the adsorption of HSA
from distilled deionized (D) water and phosphate-huffered

‘saling (PRS) solutions, This study is pant of an ongoing ¢ffon

o provide insight imo the interaction of blood and blood
components with phase-segregated and patterned  polymer
materials by mapping and quantifving the adsorption of the
mijor blood protcins 1o candidate biomaterinfs. These results
are intended 1o contnbule to a better understanding of prolein
adsorplion phenemen, which may lead (o the development of
tis=ue vontacting medical devices of improved biocompatibility.

2. Adaterials and MVethods

L1 Materinls. Polystyrene (MW = 104 K, & = 105 and
polylactide (MW = 33 K, & = 1.33) were obtained from: Polymer
Source lng, and vsed as recerved. PSPLA 2060, 0,7 wi & fillms were
spun cast (4000 rpm. 40 <) from dichloromethane onto a clean 1 = |
em native oxide silicon waler (Waler World, Inc.), degreascd with
trichlorocthylens, acetone, and methanol, follewed by Ansing with DDL

H5A wir ohimaned Trom HIﬂBiIIHWL‘I‘kE AL [‘i-‘lll'"lllH, Licrllum_l,l, aniel
found to be homogeneous as judged by sodium dodecyl sulfate
polvacrylamide gel electrophoresis (5D5-PAGE) Protein solutions for

& 2006 Amastican Chamical Society
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eaposure were prepared with DD water or PBS wsang HSA concentn-
tions of 003, 0.01, and 0.005 mgml_

2.2, Substrates and Prodein Exposore. Pure PS5 or FLA were
dissolved in toluene or dichloromethane, respectively, and blends of
PS with PLA (40:60 ratic) were dissolved in dichloromethane, The
solutions were spun cast onto a cleancd native oxide silicon wafer.
The PSPLA substrofes were annealed at 45 (1 b, 6 b oand 70 “C (1 h)
ar A Vacuum oven i a prossine -- 1] 3 Torr, achicved with a Ry
trapped turbo pump. The morphology of these substrates and miscibality
of the two components were previoasly chumctonzed by atomae force
micromeopy (AFM) and X-ray qml!mllﬂcrus.unp}-.""

The filns were annealed just prior to protein adsorption studies, The
pure P53, pure PLA, or PS/PLA substrute was ploced in o beaker, coverad
with & ml of .05, (01, or 0005 mgdml. prodein soludion for 200 mim
and then diluled three ames with ai least 50 mL of DRI or PBS bulfcr.
The subwtrte was removed aned \:iglﬂl‘l.‘u.lﬂ!' rinsed, The F|r|.1l.¢i:|1 nclssrhsed
sample was then carefully dreed by towching the edge of the 51 wafer
with lens paper.

L3 Beanming Transmission X-rimy Micrvsoopy (5 TRM. High
:lu:llit:.' nmr-ﬂl}_m X-n.l.y .u!w:lrp[im fine strocture (NEXAFS) relerence
spectra of P3. PLA. and H3A were collected with STXM on beamline
532 & the Advanced Light Source (ALS) in Berkeley. CA. using
X-rwys with B0 lincas polarization.”™ '™ The STXM operses in
tramsmibesion mode and offers slightly better energy resolution (1 1—002
V) compared 1o X-FEEM (04=0.5 ¢V} however. similar NEXAFS
line: shapes are obained from both methods. Typically, thin fillm campbes
with thickness below 100 am are produced by solvent casting onle an
X-ray transparcol silicon nitride window, Micrometer size homogencous
Areas Were mensured u:'mg image qsqu:m:ﬂw 16 iminimdee rmdiatbon
damage. An image &t a damage sensitive energy was recorded after
cach image soquence measurement e cnsure negligible damage. All
referénds spectm wend normalized so that the intensity scale of each
componem is sef 1o the si.gnpl ¢:|l;pm:h:d froom 1 o of the pul}-m:r o
prodein at ils bulk density.

24, X-PEEML Al X-PEEM mensurements were performed w ALS
ot bend maginet beaniline 7.3.1 (PEEM-2) Dewmiled accouwnts of the
experinental apparatus, beamling setup and instrament oplics have been
prezentad previously. " Brieily, photeelectrons and secondary electrons
l:jn:n.'bcd 11.'. ul'm.u]ﬂic’m of T=%0% riglﬂ l;irl.-uln.rl:,l FN:I|.|.|"I|I'\|.'I'J risiochne
matic Xerays are accelermed into an clectrostatic imaging column, where
the spatial distribwion is magnified and detecied by o OCD camgra,
Circularly polorized X-rays are vsed ot PEEM-2 due to slightly better
energy resolution compared to linear polarized X-ruys. This the results
arc e affected by possible  molccular u.iiglllllrrl'l ellects (linenr
dichroism), X-PEEM ks a pamial electron yield technique with a strong
emphasis on low kinetic cnergy sccondary electrons. Thus, X-PEEM
{s surfnes sensitive with o sampling depah (1) of 4 nm for palymers™'
aml an il'lll:El'.ﬂl.‘l,l \itlﬂi‘lliﬂﬂ_ |.1|:|1Ih of the ouler 10 mm of the u.'m‘lplc.

With PEEM-2. a 10} nm thick neonium filier was used 1o eliminae
segond-order light, To reduce radiation domage, o shubler with o 001 =
response time was implemented 1o Block the X-ray beam during the
e e ired Lo trunsfed b T froum the l.'h.l.l.q._l,: |..1:||.||1lm.| devce (O
camera and to step the photon energy. This pesulied in an exposure
reduction af 1%, The incident flux was reduced to abowt 10FF of the

Tull antemsity by masking upstrcam of the monochromeatos, and a limsted

number of energes (23 in C 15, 47 in W 1s) and a short exposure lne
per image (1 5) were used as other ways o minimize radiation damage.
The ficld of view wos approximately 200 gm.

2.5, X-PEEM Dt Amnuslysis, The © 15 and N 15 eferense specin
lior PS, PLA, and HSA are |1]|.1|.I=d in I'isur: 1, Afthe © 1s EI'HE. ihe
spectri can he easily differentialed with F3 characterized by a C 1s =
¥ transition o 28515030 V. PLA ond HSA show strong C© [5 —
Yy tramsdions ol 288531 anad TBH2006) eV, respectively. The
carbonyl transithon in HSA b= at a slightly lower encrgy than that in
PLA since the amide functional group (R-CONH) i o less electroneg-
alive environment than the ester group (R-COOR'.'® A the N 1s edge.

Biomacromolecules, Vol 10, No. 7, 2009 1839

cls IR Ni1s ' - ps
Hx | — PLA
[h .

:‘,\_, :

1 i 1 " 1 A i L i L i

204 08 Fi v 400 410 AR
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Figure 1, C 15 X-ray abscrption spactra of FS (black), FLA (dark

gray), and HSA (light gray) as recordad in STEM. The spactra anre

piolted on an absolute Bnear absorbance scale, In the case of the C
15 signals, linear background was subiracted,

HEA i casily recogniced sinee il 15 the only component containing
ni!mgcn. PS and PLA are featureless in the M 1= che.

All data analyses were performed with the aXis2000 soltware
packnge.” C 15 and M 1s image sequences were aligned, if necessary,
normalized 1o the nng current, and divided by the 1, spectrum collectad
from & clean, HF-eiched Sicl11) chip. The L, spectrum itsell was
correeted for the adsorption of the wderying silicon, as well as with
a lincar encrgy ferm representing the bolemetne response of the PEEM
detection, All carbon slacks were calibrated by asigning the C s =
¥ pec transition of P5 10 28515 o¥. while the nitrogen siacks were
calibrated at the N 18 — 7* yuiue transition. which occurs at $01.20i5)
eV

The spectra at cach pixel of the C 15 image sequence were fit to PS.
PLA, and H5A reference spectra by means of singular value decom-
position (SWIN, an optimized method for least-squares analysis in highly
overdetermined datn sets,? ™ A the N is cdge. because ncither PS
nor PLA. show any transitions, only the specira of PS5 and HSA are
used in the fit, with wreas strong in PS thus mprosenting both PS5 amd
PLA. PS was included in the fit to gccount for a slightly downward
sboping background arising from the © 15 continuam. The fit cocfficients
gencrated from the SV analysis are presented as component mags,
which iure the I-J!J[i:ll disinbutions ol e=ach copmpsienl., Skewed
illumination was corrected by dividing the whobe stack with a heavily
smeothed version of the sum of all the component maps. Finally, the
intensitics were adjusted =0 03 to give quantitative results by dividing
the Irll,'.rl'\.'il;:.I ol each ||||:l|u,= in the nmge wquence |'l:|l i seile Tadtor,
whach mesulis in o tdal average thickness (ium ol all componenis) of
10 nm, the sampling depth of X-PEEM,

For coanbined C Fx and ™M 1s chemical |||.u[||:1i||u_. a M s siack wias
collected immedinely afier a ©© 1s stack with the same region of interest
specificutions withoul further alignment. Daly well-aligned stacks were
wsed to avoid further misalignment between the two stacks. Next, both
sticky were fit with the reference spectra using the SV method. The
C |s component images of PS5 and PLA were combined with the N 1s
componend oup ol HSA o _'!.-i:hl a mowre accurde amd detailed mup of
the protein. Although the combination of C 15 and N1« edges provides
a better qualitative analysis of protein localization, we are sull
investigating the optimization of mulnedge fitting for extracting
gumnditative informntion, Thus, oll funnlitative spectral onalysis reailis
presented in this paper are those derived from the © Is edge only.

Faor rrlarlliluliw znrl.!}'s.ix.. a threshold mosk wis npp!ied ta each
component map o isolate specific pinels comesponding o PS. PLA.
or the imerface (Figure 23, In this procedure. only pixels ohove a certain
defined value were inghuded, The average NEXAFS spoctrum found
for each of the three regions was further modified by setting the pre-
edge inensity 1o rero and then fiming the background subtmcicd
spectrum 2 the PS, PLA, ad H5A reference spectra, Severl stacks
obtuinesd from different regions of the same sample were mmalyred as
independent repeat measurements. and the results were averaged 1o
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Flgure 2. (a) Samplo X-PEEM color-coded composiio map {absolute)
darivad from SVD analysis, using tha PS, PLA, and HSA relarence
specira (Figure 1) of 8 & 1s image sequence (23 energles) recorded
from a FS/FLA blend thin fém spun-cast from a dichloromeathans
solution with a total loading of 0.7 wi % polymer in a 40:60 PS/PLA
ratio, and annealed 6 h at 45 “C. (b) Mask used to axdract spectra of
specilic regions. Red denotes PS-rich regions, green denoles PLA-
rich regiona, definad by threshold masking the PS and PLA compo-
nant maps, The remaining blue pioels define arsas al the interfacs
batwesn the PS-rich and PLA-rich domains. (o) Curve fit of the
average C 15 spectra of the PS-rich region (data, dots; fit, black line;
companants, solorad lnes), (d) Curve it ol the average C 15 spacira
of the PLA-rich region (same color coding). (2) Gurve fit of the average
C 1s spectra of the interface reglon (same color coding).

Leung at al,

Figure 3. Component maps measured from a 40060 PSPLA ratio
anngaled & b at 45 7C. Component mags of (a) PS, (b) PLA, () HSA,
derived from a © 15 image sequence (gray scale is thickness in nm),
(d) HSA componant map obiained from fit to the N 1s image sequence
of the same area. (o) Fescaled color composiie map based on
component maps derived from the C 15 image sequence (red = PS,

green = PLA, blue = HSA). () Rescaled color composite map
combining maps from C 15 and N 1s (red = FS [(C15), green = PLA
(C18), blua = HSA (M1s)).

obiain the final quantitative values. The uncenainties reponed are the
stamdard devistions from these multiple delerminations,

26, "FI-Radislabeling. HSA (Sigma Aldrich) was labeled with "]
(ICN Biomcdicals, Missassauga, ON, Canada) uing stamdand radio=
wdination methods with IODO-GEN (Pieree Chemical Company,
KHocklfond, 1LY, The labeled |:ln1I|:i:||. Wil :Ii:ll}'.rl:cl 1:rcrniy,l|l! :piml! XX
witer, Radielabeling experiments were performed with four repeats
hy |:1|:lm.'ing 1 mil. sedutions of (003, (L01, or 0005 JI1E,‘J'I:II|. HS5A from
DN water or PBS selution for 200 min followed by four siatic rinses
of 25 min durstion each. Adsorbed amounis were caleulated as
described carlier. ™

A Hesults and Discussion

AL Combined C 1s and N 1s Chemical Mapping. Figure
3 presents sample component maps obtained from SV fiing
of the reference spectra to representative stacks at the carbon
and nitrogen edge of 0.05 mgfml. HSA adsorbed to a PS/PLA
Sl (0.7 wi %) film anncaled for 6 hoat 45 °C. At the carbon
cdge, the use of three reference spectra (PS5, PLA, and HSA) in
the fit yields three component maps, The bright white pixels of
the PS (Figure 3a) and PLA (Figure 3b) maps indicate arcas of
P& and PLA, respectively. A close examination of the HSA
component map (Figure 3¢) reveals that the pixels indicative
of protcin are brightest at the interface between the P5S and PLA
continuous phases. As previously shown for bleod protcin
adzorption to PS/PMMA films, the interface is the area of lowest
free encrgy and thus the preferred site of adsorption. =™
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The nitrogen edge is very sensitive to protein as it is the only
nitrogen-containing specics in this system. As demonstrated by
the protein component map derived from the N 1s sequence
(Figure 3d), H5A adsorbs most extensively o the interface
between the PS and FLA cocontinuous domains (as determined
froom the © 15 analysis) but also has significant signal on the
PLA-rich domain. This is evident by the dark gray arcas
comresponding to continuous PS and also a darker area toward
the cemer of the domains comesponding 10 PLA. The incolor
coded composite component map based only on the C 15 image
sequence component maps (Figure 3e) reveals that the prodein
(eolor coded in blug) is strongest al the interface between FS
(red) and PLA (green). Because the carbon and nitrogen stacks
are collected at the exact same region, the component maps of
PS and PLA {which are casily distinguishable at the carbon
edge) can be combined with the HSA component map from
the N 1= edge. The resulting map (Figure 30) reveals the protein
distribution relative to the substrate components with much
greater precision than the analysis based solely on the C 1s
image sequence. The site of preferential HSA adsorption occurs
at the interface between the two polymer domains,

X-PEEM chemical mapping using combined carbon and
nitrogen Is edges provides a means for mapping HSA through
a combination of near edge and elemental discrimination.
Among the available species-specific microscopy techniques,
scanning X-ray photoemission microscope (SPEMP™ has similar
capabilities to X-FEEM. However, X-FEEM curmenily has better
spatial resolution (<30 nm) relative to SPEM (~ 150 nm) and
lower radiation damage rates, STXM is a complementary
lechnique 1o X-PEEM because X-rmays transmil through the
cntire palymer film; however, X-PEEM s more sensitive 1o
ad=orbed protein since it probes only the top 10 nm of the film
surface. Furthermore, some X-PEEM microscopes such as those
at Elettra and the Canadian Light Source (CLS) have energy
filters that allow for XPS imaging at slightly better spatial
resclution. Electron eneregy loss spectroscopy (EELS) in trans-
mission clectron microscopes (TEM) offers 5 nm {or lwer)
spatial resolution.”” However, this technique is very limited for
biomaterial applications duc to much higher rdiation dnmngl:m =4
and poorer energy resolution than X-ray lechnigues,

3.2, Effect of Topography. Previously, the miscibility and
morphology of three FSFLA 40060 (007 wi %) films wene
examined a5 a function of annealing times (1 h vs 6 h) and
temperatures (45 and 70 “C)" It was found that annealing at
45 °C for | and 6 h led to a progressive coarsening of the PLA
continuous domains, with the height of the domains increasing
by 10 nm, as judged by AFM. Annealing st 70 °C for 1 b, in
excess of the glass wransition emperature (Tg) of PLA (T, -~ 6}
“C), resulted in a phase inversion where the discrete domains
were composed of PS. The PS domains doubled in height (~%0
nm} at this temperature.

Swrikingly, although the morphology of the FS-FLA lilms
changed significantly with vacuum anncaling, the quantitative
results from X-PEEM' revealed the composition of the blends
Lo be similar, with the percentages of PS and PLA varving by
only 10 and 13% in the PS and PLA regions. respectively, for
the three films annealed for 1hat 43 °C. 6 hat 45 °C, and 1 h
at 70 °C. However, the migosity of these three films varied from
35 1w 90 am (rms fAuctuation). Thus, the three films provide
chemically similar platforms for protein adserption studies and
allow an investigation of the effect of wopography. independent
of surface chemistry.,

Figure da—c illustrates the rescaled X-ray spectromicroscopy
color-coded composite maps of the three films obiained afier
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cxposure to (KOS mg/mL solutions of HSA from DD water,
while Figure 4d=f prescnts rescaled X-ray spectromicroscopy
color-coded compaosile maps of the three Glms (dilTerent samples
of sam¢ history) prior 1o prodein adsorption. In comparison to
the P5-PLA films prior to protein adsorption, the X-FEEM
composite maps after HSA adsorption show a much more blue
color arsing from the adsorbed protein, The purely red (PS)
and green (FLA) regions in the native films are now “pink™
and “turguoise”, clearly indicating that HSA has adsorbed o
some extent across the entire surface. Similar to the results
obtained from H5A adsorption 1o PS/PMMA films." a thin band
of protein (blue) is seen W adsorb preferentially an the interface,
which we thus conclude is the area of lowest ree enerey.

Table 1 summarizaes the guantitative analysis of HSA thick-
nesses on the PS, PLA and imterfoce regions of these [ilms,
Companson of HSA adsorption o the PS, PLA, and interface
regions among the three films reveal markedly consistent
adsorplion thicknesses, with variations less than 005 nm, the
estimated uncertainly in the measurements, The dala analysis
gquantifies the preferential adsorption to the interface, with a
0.6=0.9 nm greater HSA thickness al the interface than on the
PS5 or PLA regions (Table 1). Funhermore, comparison of the
thicknesses of adsorbed H5A between the PS-FLA films and
PS-PMMA films shows clear similarities in the location of
preferential adsorplion and thickness values." Likely, this
similanty arises from the chemical similarity of the PS-PLA
and PS-PMMA systems, with PLA and PMMA polymers
composed of similar functional groups and, thus, the domains
having similar hydrophobicities. The quantitative analyzes show
a trend of slightly increasing adsorbed HSA thickness as the
domain height increases. However, the increase is willin the
limits of uncertainty.

The data obtained (Table 1) show that topographical variation
in the 3590 nm range does not significantly alter HSA
adsorption to PS/PLA. Further evidence is seen in the control
cxperiments where (L0535 mg/mL H5A was adsorbed to flat films
spun cast from only PS or FLA. Adsorption on both pure
substrates showed thickness of adsorbed HSA (1.4(5) nm on
pure PS; 1.7(5) nm on pure PLA) similar to that on the blended
films.

There are conflicting repors in the literature on the depen-
dence of protein adsorption on tepography. Small structures
below ~35 nm™ ™ appear 10 result in a higher amount of
adsorbed protein, whereas for some proteins, larger strectures
igreater than 10 am) do not affect the adsorbed quantity.™ It
has been postulated that larger struclures appear as smooth
surfaces for proteins, and the elfective surface area is increased
by only a small amount.™ Nonetheless, it is evident that this
behavior is highly protein specific. For example, a titanium
substrate patterned by local anodic oxidation to exhibit 1-2
am high or 3=4 nm high titanium lines (fwhm 40 nm) revealed
F-actin to preferentially adsorb to the 1—2 nm high structures,
while protein A (and subsequently IgG) showed no preference
to struciures of either height'' Also, it was shown that
increazing the root-mean-zquare roughness of evaporated tan-
talum Almz from 2 to 40 nm resulted in increased adsorption
of fibrinogen and conformational changes in adsorbed fibro-
nectin " More relevant to the present work, surface roughness
variations in titanium from 2 o 20 nm were reported not to
affect the amount of HSA adsorbed.™ Thus, the observation in
the present work that topography had no effect on albumin
adsorption o P5-PLA films may be due to the intrinsic nature
of HSA itsclf.

71



Ph.D. Thesis — Bonnie O. Leung

McMaster University

Department of Chemistry and Chemical Biology

1842 Biomacromaolaculas, Vol 10, No. 7, 2009

a)1h 45 °C

b) 6h 45 °C

c) 1h 70 °C

Laung at al,

d) Th45°C

e) 6h 45 °C

f) 1h 70 °C

Flgure 4. (Lefi) ¥-PEEM rescaled color-coded composite maps of 40060 PS/PLA filma (0.7 wt % loading) annealed at (a) 1 h at 45 “C, (k) & h
at 45 “C, (o) 1 h at 70 *C and exposad o 0.05 mg/mL solutions of HSA from DD waler. The maps were dedved from C 15 mage sequences.
PE is coded red, PLA is codad green, and HSA is codad blue. (Right) Color coded maps from C 18 image sequancas of PS/PLA spun casl films
(withoul adsorbed probein) vacuum annealed for {d} 1 b at 45 "C, (@) & h ot 45 °C, () 1 h at 70 "C.

3.2, Effect of Salts. Three concentrations of HSA (0,005,
0.0, and 0.05 mg/mL) in DDT water and PBS buffer were
exposed o the PS/PLA 40060 (0.7 wi %) film anncaled for
1 hoat 70 “C. Figure 3a=f and g=1 present the color-coded
composite maps obtained for the three Glms immersed in DD
water and PHS huffer protein solutions, respectively. For the
DD system, the rescaled images reveal that at the highest
protein concentration (0,05 mg/mL) HSA (bluc) preferentially

adsorbs to the interface between the PS5 and PLA domains,
as ecvidenced by a thin band of blue. As the protein
concentration decreases, the band disappears and the blue
color is more evenly spread across the surface. The color
composite map presented on an absolute scale for the 0L05
mgfml system (Figure 5h) shows more urquoise and pink
colors suggesting slightly higher protein adsorption, while
that for lower concentration (L0055 mg/ml, Figure 50)
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Table 1. Thickness (nm) of FS, FLA, and HSA in the FS, PLA,
and Imerace from PSPLA 40:80 (0.7 wi %) Films®

0.05 mg'mL H5A

compasite
region  thickness (nm) 1h 45°C 6h45°C 1h T0°C
P3 PS 6.3 7.0 81
PLA 21 k] 0.0
HESA i7 24 19
PLA PS a7 28 25
FLA 54 52 81
HEA 19 18 24
Int@rtasca [t 4.4 47 B85
PLA a3 25 a7
HEA 23 28 27

= Fibms wene annealed 1 h 8 45 *C, & h al 45 *C, and 1 h al 70 “C,
Uncértainty: £0.5 nm

exhibits many bright green pixels. implying less uniform
distribution of protein,

The rescaled images of the samples in the PBS buller svstem
(Figure 5eiK) demonstrate similar shades of tungquoise and pink.
The images at the higher concentrations ((L05 and (LO) mg/
mbl) reveal preferential protein adsorption to the interface
between PS and PLA domains. The blue color of the absolute
image of the film exposed o 005 mg/ml HSA (from PBS
bulfer, Figure Sh) is indicative of a high amouont of adsorbed
protein. As the concentration decreases, the imuges gain a
significantly “preener” and “redder™ hoe, indicating decreased
prostein adsorplion, Qualittively, at higher protein concentrations
(0,05 mg/ml. HSA), HEA shows greater adsorption from a PBS
comparad 1o a DDI solution: however, at lowear concentrations
(0,01 and 0005 mg/mL HSA), similar thicknesses of adsorbed
protein are observed in both syvslems,

The quantitative resulis obtained from the spectral fitting (or
the films exposed o protein from DO water reveal tha,
regardless of concentration. protein adsorption s the most
extensive al the interface between PS and PLA (Table 2). As
the concentrution of HSA decreases, the average thickness of
protein across the entire polymer surface alzo decreases.
Comparizon of adsorption on P5 and PLA regions at o particular
comcentration shows o 5IigthrEEM|ut for the PS region. simthr
to the PS/PMMA ﬂ:-':a1¢|11.' M This similarity may be duc o
the presence of the ester functional group in both PLA and
PMMA.

The quantitative results for HSA adsorption from PBS buffer
also show preferential adsorption gt the nterace; however, the
thickness values are almost twice as great as those detected in
DPDI water at the imerfizsce for all three profein concentrations.
The X-PEEM results reveal a general increase in the thickness
of adsorbed protein with increasing ionic strengih (especially
on the PLA and imerface regions), which appears to coniflict
with literature reports showing a decrease in adsorbed quantity
with increasing sall concentration on silica, pegylated NbaOs,
and SHTHO: surfaces, as determined using nevtron reflectivity,™
opticul wavegnide hight made 5|:|:4:lru5r.'up_','.” wnd infegrated
optical methods, ™ respectively. However, according o the latier
studies, although the number of protein molecules decreased
with increasing ionic strength, the urea occupied by the wdsorbed
molecules increased almost 10-fold at a NaCl concentration of
0.5 mobf_*®

The increascd HSA thickness detected for adsorption from
bulfer, especially in the PLA and imerface regions, could be
due o an increased number of wdsorbed HSA molecules or 1o
a change in conformation resulting in increasing size, with no
change in the number density, To investigate these possibilities,
adsorbed quantities were measured using '1-labeled HSA under
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Rescaled Absolute
a) b)

Figure 5, X-PEEM color coded composile maps of 4060 PEPLA,
Hilms (0.7 wi % ioading), anncalod 1 hat 70 °C with protein adsorbod
from DDN water: {a) 0.05 mg/mlL HSA (rescaled), (b) 0.05 mg/mlL HSA
{aeute), (¢} 0.01 ma/ml HSA (rescaled), (d) 0.01 mg/mL HSA
(absolute), (8) 0,005 mg'mL HSA (rescaled), and (1) 0.005 mg/mL
HSA (absolute). Same polymer composition with profein adsorboed
fram PBES buffer: {gh 0.05 mg/mL HEA (réscaled), (h) 0.05 mg/mL
HEA (absolute), (i) 0.01 mg/mL HSA (rescaled], () 0.01 mg'mL HSA
{absolute), (ki 0005 mgimL HSA (rescaled), (T) 0,005 mgimL HSA
{absoduta). PS ia coded red, PLA ia coded graen, and HSA ia coded
blue.

identical conditionz from both DDI and PBS selution (Figure
6}, The radiolabeling method provides a means of measuring
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Table 2. Thicknass (nm) of PS, PLA, and HSA In the PS, PLA, and Interface Regions from PS/PLA 40:60 (0.7 wt %) Films®

HESA adsorbed irom DDI

HEA adsorbed from PES

regicn compasita thickness (nm) 005 mgimLl 001 mg/ml 0005 mg/ml 005 mg/mL  0.01 mgimL  0.005 mg/mL
Ps Ps B.1 B0 2.0 7.8 B3 82
PLA 0.0 0.9 0z 0.2 0.3 02
HBA 1.9 1.1 L] 2.0 1.4 o7
PLA ] 25 30 30 26 25 a7
PLA 5.1 6.1 6.7 4.7 6.0 65
HSA 24 0.9 0.3 28 1.5 08
interface P35 B.5 5.1 a8 39 4.6 46
PLA 0.7 31 4.5 2.0 25 a7
H5A 27 1.8 1.7 d.1 a5 28

“Films annealed 1 h &t 70 “C and exposed to 0005, 0.04, and 0.005 mg/mL HS& from either DD water or PBES buffer. Uncerainty: +0.5 nm.

45

4.0

1]

an

2.5

Thitkness (nmipicel)

20

L] 10 20 30 40 50 &0
HSA Concentration [jgimL}

Flgure &. Isotherms for adsorption of "“IHabaled HSA from PBES and
DDl water. PBS is solid and DD is dashed. X-PEEM dslecied
thickness is plotted in gray, radiolabeling in black.

Table 3. '#| Radiolabeling Experiments®

concentration (aln]] sd FBS sd
0.005 0.058 0.004 0.048 0.004
om 0,143 0.012 0,072 0,006
0.05 0.245 0.023 0132 0.005

* H5A adsorption (wg/iom?) from DN water of PBS butier with standard
deviations (sd, n= 4},

the number of adsorbed protein molecules, independent of their
conformation. The data from these experiments showed that at
the higher concentrations (0.05 and 0.01 mg/mL protein) the
number of H3A molecules adsorbed from DD water is almost
double that from buffer, while similar numbers of molecules
were adsorbed from both media o the lowest conceniration
(0.005 mgfmL HSA: Table 33 These results are in strking
contrast o the X-PEEM data, which showed increasing thick-
nesses of HSA on the PLA and interface regions with increasing
ionic strength, Thus, we conclude that if the number of adsorbed
protein molecules is lower for adsorption from PBS compared
Lo DI weater (as judged by radiolabeling) then the increased
thickness detected Troom X-FEEM must arise [ a change in
conformation to a more eéxtended structure.

In the case of charged surfaces, previous studies™ ™ have
altnibuted the decrease in prodein adsorption al higher 1onic
strength o electrostatic effects. Here we show that such a
decrease occurs on a neutral substrate. We speculate that in DI
water, the hyvdrophilic, charged amino acid residues of HSA
are likely less exposed compared to PES buffer; thus, water
mulecules have an inereased opportunily o hydrogen bond (or
Torm struectured water) W the more hvdrophobic protein molecule
in DM water, When adsorption occurs from this situation (I
walerh there s a grealer entropy loss compared (o adsorplion
from PBS bulfer where there is a lower extent of entropy loss

since there s less disruplion of structured waler. Thus, we
conclude that the hydrophobic effect plays an important role in
protein adsorption to the blend materials studied in this work,

The difference in thicknesses of HSA adsorbed from FBS
versus DD solutions probably arse from changes in protein
conformation in solution with change in ionic strength, revealed
via comparisen of the X-PEEM and radiolabeling resulis,
Therefore, in combination with technigues such as rmdiolabeling
or olher methods that measure adsorbed quantity, X-PEEM
provides an cifective, albeit indircct, approach to probing
conformational changes in adsorbed protein that may give rise
1o a change in thickness.

4. Conclusions

The adsorption of HSA 1o PS-PLA surfaces was studied by
X-PEEM and radiclabeling. The influence of topography, bulfer
conditions, and anncaling on the adsorplion were investigated.,
Mo significant changes in adsorption were observed upon
increasing the surface roughness of the substrate. By investigat-
ing the adsorption of HSA from PBS and DD water solutions
and comparing the resulis of X-PEEM and radiolabeling
experiments, it is concluded tentatively that the HSA molecule
is expanded in PBS compared wo DD water.
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CHAPTER 5: AN X-RAY SPECTROMICROSCOPY STUDY OF ALBUMIN
ADSORPTION TO CROSS-LINKED POLYETHYLENE OXIDE FILMS

Polyethylene oxide (PEO) was combined with 1.5, 5.0 and 10.0 % pentaerythritol
triacrylate (PETA), a UV crosslinker, and then exposed to human albumin serum (HSA)
solutions to examine if the crosslinker affected the biocompatibility of PEO. It was found
that the PETA crosslinker is highly surface active and segregates to the substrate-air
interface. Furthermore, more protein adsorption was seen with increasing PETA

concentrations. Thus, adding 5.0% or more PETA affects the protein resistance of PEO.
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CHAPTER 5: AN X-RAY SPECTROMICROSCOPY STUDY OF ALBUMIN
ADSORPTION TO CROSS-LINKED POLYETHYLENE OXIDE FILMS

5.1. Introduction

Polyethylene oxide (PEO) is a hydrophilic polymer commonly used in biomedical
applications to reduce protein adsorption [89] or improve biocompatibility [90]. The
effectiveness of PEO for reducing protein adsorption to surfaces likely arises from its
molecular conformation in aqueous solution, with repulsive forces developed at certain
separation distances resulting in a steric repulsion effect [91 - 95]. Furthermore, PEO
density, chain length, conformation, lack of charge, and its interactions with water are
known to affect protein resistance [96 - 99].

Since PEO is soluble in water, techniques such as y[100], UV [101,102] and
electron irradiation [103], have been employed to crosslink the PEO chains to prevent
mass loss upon protein exposure. UV-initiated crosslinking of PEO with pentaerythritol
triacrylate (PETA) or other radical crosslinkers [104] is becoming increasingly popular
since PEO can be crosslinked in both solution and solid state [105,106]. The inclusion of
PETA to form crosslinked PEO has been used in biomedical applications such as
hydrogels [107] and micelles [108] for drug delivery, or to form chemically patterned
surfaces for cell studies [109]. However, to our knowledge, the effect of PETA
crosslinker on the biocompatibility of PEO-based materials has not been systematically
investigated.

In this study, we use synchrotron-based X-ray photoemission electron microscopy

(X-PEEM) for surface characterization of thin PEO films containing variable levels of
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PETA crosslinker. We then investigate the effect of the PETA on the adsorption of
human serum albumin (HSA) to these surfaces. Previously, we used X-PEEM to study
HSA adsorption to phase segregated polystyrene (PS)-poly(methyl methacrylate)
(PMMA) [59-61, 110, 111] or PS-polylactide (PLA) [112] thin films. This study is part
of an on-going effort to use X-PEEM and other techniques to obtain detailed information
on the interfacial interactions of proteins by measuring the distribution of specific
proteins over well-characterized, chemically segregated surfaces at high spatial

resolution.

5.2 Experimental
5.2.1 Materials and Protein Exposure

PEO (MW=600K) and PETA were purchased from Sigma Aldrich and used as
received. Human serum albumin (HSA) was purchased from Behringwerke AG,
Marburg, Germany, and found to be homogeneous as judged by sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE).

To examine the effect of PETA crosslinker, PEO (50 mg) and PETA (0%, 1%
(0.8 mg, 2.6x10°° mol), 5% (2.5 mg, 8.4x10° mol) and 10% (5.1 mg, 1.7x10° mol) by
weight were dissolved in dichloromethane (5 g) and spun cast (4000 rpm, 40s) onto a
clean native oxide silicon wafer. Then the substrates were exposed to a 365 nm UV lamp
under flowing nitrogen for 40 min to crosslink the PEO. No filters or initiators were used.

The films were 100 — 200 nm thick. Next, the thin films were immersed in 5 mL of 0.005
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mg/mL HSA for 20 min, washed vigorously and air dried. For the PEO sample with 0%

PETA, the PEO dissolved upon exposure to protein solution.

5.2.2 X-ray Spectromicroscopy

High quality near-edge X-ray absorption fine structure (NEXAFS) reference
spectra of PEO, PETA and HSA (Figure 5.1) were collected with the scanning
transmission X-ray microscope (STXM) on beamline 5.3.2 at the Advanced Light Source
(ALS) in Berkeley, CA [113,114]. While the STXM beamline has better energy
resolution (0.1 - 0.2 eV) compared to the X-PEEM beamline (0.4 - 0.5 eV), similar
spectral lineshapes were obtained from both techniques. Samples for STXM were
solvent-cast onto an X-ray transparent silicon nitride window (75 nm thick, 1 mm x 1
mm, Norcada Inc) and micrometer sized areas were probed using image sequences
(stacks [115]). The intensity scale of each reference spectrum was normalized to the

signal expected from 1 nm of the polymer or protein at its bulk density.
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X-PEEM data collection was performed at the ALS on beamline 7.3.1 with the
PEEM-2 microscope. Briefly, photoelectrons and secondary electrons are ejected upon
absorption of 70-80% left circularly polarized monochromatic X-rays. The electron
distribution is magnified with an electrostatic imaging column and the spatial distribution
is detected with a CCD camera [81]. X-PEEM is a total electron yield technique which
probes the top 10 nm of the sample, with a measured sampling depth of (1/e) of 4 nm for
organic polymers [81]. A 100 nm thick titanium filter was used to reduce second-order
light. A shutter with 0.1 second response time blocked the X-ray beam except during

image acquisition.

5.2.3 X-PEEM Data Analysis

All data analyses were performed with the aXis2000 software package [83]. C 1s
image sequences were aligned and then normalized to the ring current and to the I
spectrum obtained from a clean HF-etched Si chip. The Iy spectrum was corrected for the
absorption of underlying silicon and the linear bolometric response function of the
detector. The energy scales were set by calibrating the C 1s — m*cc transition of a clean
polystyrene sample to 285.15 eV.

Singular value decomposition was used to fit the C 1s spectrum at each pixel of
an image sequence with the PEO, PETA and HSA reference spectra [116,117]. The fit
coefficients obtained from the SVD fit are assembled into component maps which show
the spatial distribution of each component. Non-uniform illumination was compensated

by dividing each component map with a heavily smoothed image of the sum of all
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components. Furthermore the intensity of each image was divided by a scale factor which
results in a total average thickness (sum of all components) of 10 nm, the total depth

sampled by X-PEEM [75].

c) PEQ-rich

284 28k 288 230 292
Photon energy (eV)

Figure 5.2: a) Sample X-PEEM color coded composite map (non-rescaled) derived from
a singular value decomposition (SVD) analysis, using the PEO, PETA and HSA
reference spectra (Fig. 1), of a C 1s image sequence (23 energies) recorded from a spun-
cast PEO blend with 10% PETA contribution. b) Mask used to extract spectra of specific
regions. Red denotes PEO-rich regions, green denotes PETA-rich regions, defined by
threshold masking the PEO and PETA component maps. The remaining blue pixels
define areas at the interface between the PEO-rich and PETA-rich domains and were not
used in the fitting procedure. ¢) Curve fit of the average C 1s spectra of the PEO-rich
region (data, dots; fit, black line; components, colored lines) d) Curve fit of the average C
1s spectra of the PETA-rich region (same color coding).

PEO-rich and PETA-rich areas were examined quantitatively by applying a
threshold mask to the stack to obtain pixels specific to PEO or PETA (Figure 5.2). Only
pixels above a defined value were included and the average NEXAFS spectrum from

each masked region was further altered by setting the pre-edge intensity to zero. Each
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PEO-rich or PETA-rich average NEXAFS spectrum was then fit with the PEO, PETA
and HSA reference spectra. For each type of sample several stacks were quantitatively
examined and the results were averaged to determine the uncertainty or standard

deviation.

5.3. Results and Discussion

The C 1s reference spectra for PEO, PETA and HSA are plotted in Figure 5.1.
The three species can be easily distinguished at the C 1s edge. The PEO spectrum is
dominated by C 1s — o*c.y and C 1s — o*c.o transitions at 289.0 and 289.8 eV [78].
PETA is characterized by two main transitions at 284.5 and 288.6 eV corresponding to C
1s — n*c-c and C 1s — m*c-o transitions. The C=C =* transition at 284.5 eV is 0.7 eV
lower than the corresponding C 1s — w*c=c transition in polystyrene due to conjugation
of double bonds in the PETA structure. HSA shows a strong C 1s — n*c-o transition at
288.20 eV, which is 0.4 eV lower than the C 1s — n*c-o transition of PETA due to the
less electronegative environment of the carbon atom in the amide-group of proteins.

The color coded maps of the PEO films with 1.5, 5 and 10 wt-% PETA
crosslinker obtained from X-PEEM are shown in Figure 5.3. The same data are presented
in two different ways. In the rescaled maps (d, i, n) the intensity of each component is
mapped separately to the full range of its color (0-255), resulting in greater sensitivity for
the localization of each component. In the absolute maps (e,j,0) the intensity of each
component is displayed on a common scale (0-10 nm), which preserves the thickness

information.
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The rescaled color coded image for the 1.5 wt-% PETA sample (Figure 5.3d)
reveals an inhomogeneous surface with small PETA domains (~ 50 nm) scattered within
a PEO matrix, with PEO, PETA and HSA color coded as red, green and blue,
respectively. These small PETA domains are hard to resolve and may be beyond the
resolution limits of the X-PEEM used for these studies. As the concentration of
crosslinker increases, the surface evolves from slightly structured to having large circular
domains of green crosslinked PETA. With increasing crosslinker concentration, the
images become pinker and teal, indicative of HSA adsorption to the entire surface. At the
highest PETA concentration studied (10 wt-%), there is a marked correlation between the
green dots of PETA and intensely blue HSA (Figure 5.3n).

The absolute color coded images show the surface changing from bright red
(Figure 5.3e) to bright green (Figure 5.30) as the concentration of PETA increases from
1.5% to 10%, suggesting that surface enrichment of PETA occurs at the substrate-air
interface. In these images, the blue color representing HSA is faint indicating that

although PETA segregates to the surface, the PEO still retains some protein resistance.
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weight % PETA

Figure 5.3: X-PEEM color coded composite maps of PEO with 1.5% PETA crosslinker
a) PEO, b) PETA, c) HSA, d) rescaled, e) absolute; PEO with 5% PETA f) PEO, g)
PETA, h) HSA, i) rescaled, j) absolute; PEO with 10% PETA k) PEO, I) PETA, m) HSA,
n) rescaled, o) absolute. PEO is coded red, PETA is coded green and HSA is coded blue.

Figure 5.4 compares the average spectra extracted from the 1.5, 5 and 10 wt-%

PETA samples compared to pure PEO and pure PETA. As the concentration of PETA

increases the main NEXAFS peak shifts to lower energy and the spectral line shape
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changes from mainly PEO (1.5% wt- PETA sample) to mainly PETA (10 wt-% PETA

sample).

PEO

1.5 wt-% PETA

Swt-% PETA
10 wt-% PETA

Linear Absorbance

284 286 288 290
Photon energy (eV)

Figure 5.4: C 1s X-ray absorption spectra of PEO with 1.5% 5% and 10% PETA,
compared to the spectra of pure PEO and PETA.

Doytcheva et al. suggested that under UV irradiation, PETA (singlet) undergoes
an intersystem crossing to form an excited triplet state which is capable of cleaving a
proton from PEO to form a PEO radical and a PETA radical [106]. Our experiments
verify that PETA acts as both an initiator and a crosslinker since UV irradiation of PEO
alone does not form crosslinked PEO. Also, our NEXAFS spectra show almost no
intensity in the C 1s »n*c-c transition at 284.5 eV, which should be seen if the double

bonds of PETA were still present. This clearly indicates that the crosslinking mechanism
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occurs by PEO and PETA radical attack of the PETA double bond. FTIR analysis of PEO
crosslinked with PETA for micelle formation also showed no evidence of C=C double
bonds indicating complete radical polymerization [118]. Furthermore, our crosslinking
experiments were performed under a blanket of N2 to exclude oxidation of the double

bond by air.

Table 5.1: Thickness (nm) of PEO, PETA, and HSA in PEO-rich and PETA-rich areas
for 1 wt% PEO samples with 1.5, 5 and 10 wt-% PETA concentration. These films were
exposed to 0.005 mg/mL HSA in DDI water. Uncertainty 0.5 nm.

Region Composite Percent PETA (wt-%)
Thickness (nm) 1.5% 5% 10 %

PEO PEO 9.3 5.7 2.2
PETA 0.7 3.7 6.5
HSA 0.0 0.7 1.3

PETA PEO 8.7 4.8 1.6
PETA 1.3 4.9 7.0
HSA 0.0 0.3 1.4

The quantitative results extracted from PEO-rich and PETA-rich areas are
summarized in Table 5.1. For the 1.5 wt-% PETA sample, a small amount of PETA (0.7
nm) is detected in the PEO-rich area. At this low crosslinker concentration, PEO still
retains its non-fouling properties with no detectable HSA adsorption. The PETA-rich area
shows an increase of 6 % PETA revealing that PEO remains the dominating component
(~ 90 %) across the top 10nm of the surface. HSA is not detected, even in the PETA-rich

areas.
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However, as the concentration of PETA increases to 5 wt-%, a detectable amount
of HSA adsorbs to the surface. At 5 wt-% PETA, the crosslinker thickness in the PEO-
rich areas increases from 0.7 nm to 3.7 nm, while in the PETA-rich area, it increases by
almost four-fold to 4.9 nm. At this relatively low PETA concentration (5 wt-%), the top
10 nm of the surface shows a mixture of ~ 50:50 PEO:PETA with 0.3 - 0.7 nm of HSA.
These results show that PETA is strongly surface segregated. Typically, if there is
sufficient mobility in polymer systems, the component with the lower surface free energy
segregates to the surface [119]. Since PETA is more hydrophobic than PEO [108], PETA
should have lower surface free energy and would be expected to segregate to the surface
[120,121]. Furthermore, the molecular weight difference between PETA and PEO should
also affect the surface composition with the lower molecular weight PETA segregating to
the surface [122].

At 10 wt-% PETA, the crosslinker becomes the dominant component (65-70%) at
the surface for both the PEO and PETA-rich regions. Here, the thickness of adsorbed
protein doubles to 1.3 - 1.4 nm across the entire surface with only a small amount of PEO
(15-20%) detectable. These quantitative results show that at a crosslinker concentration
> 5 wt-%, the PEO surface begins to lose its non-fouling properties and begins to adsorb
protein. As the concentration of PETA increases, the amount of adsorbed HSA also
increases, suggesting that HSA binds preferentially to the crosslinker. Furthermore, small
regions of PETA enrichment in the surface below the spatial resolution of the X-PEEM

microscope may also cause irreversible protein adsorption to those regions of the surface.
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Recently, fluorescence microscopy treated by integral geometry analysis was used
to quantify the adsorption of labeled lentil lectin (LcH) or concavalin A (ConA) to
several polymeric surfaces including PEO crosslinked with PETA [123]. While this
technique can spatially resolve and quantify lectin adsorption to the surface, it provides
no information on the polymeric substrate. This fluorescence study suggested that lectin
adsorption may be influenced to some extent by the presence of PETA; however, since
the spun-cast PEO film studied was prepared using 15% PETA, the crosslinker is
undoubtedly the dominant component of the film surface.

The inclusion of PETA and other UV-initiated radical crosslinkers [104] to form
PEO-based biomaterials such as hydrogels [102, 107] or micelles [108] for drug delivery
iIs becoming increasingly common. In the formation of micelles, PETA is used to
stabilize the hydrophobic core [108] and is likely not present at the air-substrate interface.
However, for hydrogel or micro-array applications, it is likely that the highly surface
active PETA crosslinker is present as a major component at the interface, and as such

may compromise the antifouling properties of PEO.

5.4. Conclusions

PEO containing 1.5, 5 and 10 wt-% PETA was crosslinked by UV exposure,
exposed to 0.005 mg/mL HSA and examined with X-PEEM. As the concentration of
PETA increased, it became the dominant component in the top 10 nm of the surface.

Upon exposure to HSA, increased protein adsorption was seen with increasing PETA
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concentration. It is concluded that at PETA concentrations above 5 wt-%, PEO begins to

lose its non-fouling properties.
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CHAPTER 6: AN X-RAY SPECTROMICROSCOPY STUDY OF PROTEN
ADSORPTION TO APOLYSTYRENE-POLYETHYLENE OXIDE BLEND

Polystyrene (PS) was combined with polyethylene oxide (PEO) to form a blend
film. Although the surface was not completely phase segregated, protein adsorption to the
film still gave insight into how PS affects the protein repellency of PEO, and vice versa.
The results showed that the incorporation of PEO into PS reduced the protein adsorption
on PS. However, included PS in the PEO areas compromised the protein repellent nature

of PEO.

Author contribution

The author of this thesis contributed to this publication in the following ways: all
sample preparation, all AFM results, acquisition of the X-PEEM data, all X-PEEM data
analysis, and the first draft of the manuscript. Andreas Scholl provided help with the

sample transfer.
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CHAPTER 6: AN X-RAY SPECTROMICROSCOPY STUDY OF PROTEN
ADSORPTION TO APOLYSTYRENE-POLYETHYLENE OXIDE BLEND

6.1. Introduction

Biofouling, or the uncontrolled accumulation and persistent adhesion of biological
material to surfaces, occurs when the surface fails to replicate the natural structure and
function at the contact site [124,125]. The initial step in this biological cascade begins
with rapid adsorption of proteins to the material surface [2]. Thus investigation of
selectivity in the first steps of protein adsorption to candidate biomaterials can give
insights into mechanisms of biocompatibility.

Polyethylene oxide (PEO) and polyethylene glycol (PEG)-based composites are
important blood compatible materials [126,127]. Self assembled monolayers (SAMs) of
PEO [128] and also PEO-grafted polymers [129] have been documented to show low
bioadhesion, with the short, highly dense PEO chains (‘brush’) preventing the protein
from “seeing” the underlying substrate [130]. High molecular weight PEO is also
effective in preventing protein adsorption, with the polymer strands at the surface
forming loops and tails extending into the aqueous medium [131]. PEO has been blended
with a variety of synthetic and natural materials such as polylactide [132], collagen [133],
Bombyx mori silk [134], and many others to form fibers, scaffolds and drug carriers with
improved biocompatibility and stealth capabilities.

PEO is a water soluble polymer and mass loss occurs upon exposure to protein
solution. Several techniques to crosslink PEO have been successful, including y [100],

UV [104,102,135] and electron irradiation [103]. In particular, UV-initiated crosslinking
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of PEO with pentaerythritol triacrylate (PETA) was shown to occur even in the solid state
[106]. Fluorescence microscopy obtained via integral geometry analysis showed that a
PEO surface crosslinked with PETA resulted in the least amount of adsorbed lectin
compared to poly(methyl methacrylate) (PMMA) or polystyrene (PS) surfaces [123].

Although many claims of PEO-based non-fouling surfaces are available in patents
and the literature, Kingshott and Griesser caution that detailed and reliable
characterization of the candidate biomaterial surface must be completed to exclude
problems such as contamination and surface defects, followed by a sufficiently sensitive
technique to measure amounts and locations of protein adsorption [124].

X-ray spectromicroscopy based on surface sensitive X-ray photoemission electron
microscopy (X-PEEM) has been shown to be an effective spatially-resolved technique for
surface characterization, and also quantification of biomolecules adsorbed to the surface
of model biomaterials, with the advantage that it can simultaneously probe the near-
surface region of the substrate since its sampling depth (~10 nm) encompasses both the
adsorbed biomolecules and the outer regions of the substrate.

Herein, we report the chemical composition and surface morphology of
PS-PEO thin films spun cast from various mass ratios and polymer concentrations,
followed by evaluation of these surfaces as candidate biomaterials. Previously, Grainger,
et al. also saw that the incorporation of PEO to PS resulted in decreased protein
adsorption. Their study varied the amount of the hydrophilic component in their PS-PEO
block co-polymer films and found decreased HSA adsorption with increasing hydrophilic

ratios [136]. Furthermore, although the minimum amount of protein adsorption for single
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protein solutions were found on the surfaces with 40% PEO ratios, the same protein
repellency was not found for multi-component protein or plasma solutions, suggesting
that single protein experiments may be too much of a simplification of the in vivo
processes [137].

Moreover, films created from di-block copolymers of PS-PEO, which formed
PEO nanocylinders in a matrix of PS, were also shown to significantly reduce the
adsorption of bovine serum albumin (BSA), lysozyme, and fibrinogen (Fg) compared to
control PS surfaces [138]. Protein adsorption in that study was characterized in bulk by
quartz crystal microbalance with dissipation (QCM-D), and qualitatively with atomic
force microscopy (AFM). In our study, we spatially map the distribution of HSA across
the surface of the PS-PEO blends, and quantify the amount of HSA adsorbed to the PS,
PEO and interface regions.

This present study is part of an on-going effort to provide insight into the
interaction of blood and blood components with phase-segregated and patterned model
biomaterials. These results are intended to contribute towards further understanding of
the fundamentals of protein adsorption, which may lead to the development of improved

blood- and tissue-contacting medical devices.

6.2. Materials and Methods

Please see chapter 2 for information on the materials, substrates, protein exposure,

AFM, and X-PEEM set-up.
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6.2.1 X-PEEM Data Analysis

The C 1s reference spectra for PS, PEO and HSA are presented in Figure 6.1. At
the C 1s edge, the spectra can be easily differentiated with PS characterized by its C 1s —
T*c=c transition at 285.15(3) eV, HSA by its strong C 1s — n*c=o transition at 288.20(6)
eV, and PEO by Cls — o*cy and Cls — o*co transitions at 289.03(8) and 289.78(8)

eV, respectively [78].

Linear Absorbance

284 288 292
Photon energy (eV)

Figure 6.1: C 1s X-ray absorption spectra of polystyrene (PS, black), polyethylene oxide
(PEO, dark gray) and human serum albumin (HSA, light gray), recorded with STXM.
The spectra are plotted on an absolute linear absorbance scale.

The aXis2000 software package was used to perform data analyses [83]. C 1s
image sequences were aligned if necessary, normalized to the ring current and divided by
the 1o spectrum collected from a clean, HF-etched Si(111) chip. The 1y spectrum was

corrected for the absorption of the underlying silicon and a factor proportional to the
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photon energy representing the bolometric response of the X-PEEM detection. All carbon
stacks were calibrated by assigning the C 1s — n*c=c transition of PS to 285.15 eV.

Singular value decomposition (SVD) is an optimized method for least squares
analysis in highly over-determined data sets [116,117] and was used to fit each pixel of
the C 1s image sequence with PS, PEO and HSA reference spectra. The fit coefficients
generated from the SVD analysis are presented as component maps which are the spatial
distributions of each component. A heavily smoothed image arising from the sum of the
component maps was used to correct skewed illumination by dividing each component
map with the smoothed image. Finally, the intensities were adjusted by dividing the
intensity of each image in the image sequence by a scale factor which resulted in a total
average thickness (sum of all components) of 10 nm, corresponding to the sampling
depth of X-PEEM [75].

Figure 6.2 shows an example of the methodology to extract quantitative results.
After fitting to obtain component maps (presented as a color coded composite in Fig.
6.2a), a threshold mask was applied to each component map to isolate specific pixels
corresponding to PS, PEO or the interface. Figure 6.2b shows the color coded
combination of the masks used in this example. The averaged spectrum from all pixels
with a component signal above a threshold value was extracted. The resulting average
NEXAFS spectrum for each of the three regions was further modified by setting the pre-
edge intensity to zero. The spectra of each region (Fig. 6.2c,d,e) were then fit to the pre-
edge background subtracted PS, PEO and HSA reference spectra. Several stacks obtained

from different regions of the same sample were analyzed as independent repeat

95



Ph.D. Thesis — Bonnie O. Leung McMaster University
Department of Chemistry and Chemical Biology

measurements and the final quantitative results were averaged with the uncertainties from

these multiple determinations used as the standard deviation.
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Figure 6.2: Example of analysis procedures for a C 1s image sequence (23 energies)
recorded from a PS/PEO blend thin film spun-cast from a dichloromethane solution with
a total loading of 0.5 wt% polymer in a 60:40 PS:PEO ratio with 0.05 mg/mL adsorbed
HSA. a) Color coded composite (non-rescaled) of the PS (red), PEO (green) and HSA
(blue) component maps derived from singular value decomposition (SVD) using the pure
species reference spectra (Fig. 1). b) Mask used to extract spectra of specific regions. Red
denotes PS-rich regions, green denotes PEO-rich regions, defined by threshold masking
the PS and PEO component maps. The remaining blue pixels define areas at the interface
between the PS-rich and PEO-rich domains. c) Curve fit of the average C 1s spectrum of
the PS-rich region (data, dots; fit, black line; components, colored lines) d) Curve fit of
the average C 1s spectrum of the PEO-rich region (same color coding) e) Curve fit of the
average C 1s spectrum of the interface region (same color coding).

6.3. Results and Discussion

6.3.1 Substrate Characterization
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6.3.1.1 Atomic Force Microscopy (AFM)

AFM was used to verify that the PEO was crosslinked and polymer did not leach
into aqueous solution upon exposure to water. A PS-PEO 40:60 film was spun cast from
dichloromethane and the same surface was imaged prior and after water exposure (Figure
6.3). The surface morphology remained the same, even though the AFM images were
taken at different locations, showing that the film surface did not dissolve/leach after
exposure to water for 20 minutes. While we imaged the dry polymer before wetting and
then waiting for the polymer to dry again before imaging, it would be an interesting
experiment to image the surface under hydrated conditions to see if there is an effect

arising from hydration.

Wash 20 min
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Figure 6.3: AFM height and phase mode images for a PS-PEO 40:60 film imaged before
and after immersion in DDI water for 20 min.

Four films with PS:PEO 20:80, 40:60, 60:40 and 80:20 composition were spun
cast from dichloromethane (1 wt%), UV crosslinked, and imaged with AFM. These films
are ~300 nm thick as determined by AFM imaging across a scratch in each film (results
not shown). AFM phase mode images (Figure 6.4a,c,e,g) reveal interesting

microstructure in the 500- 2000 nm range for all four films. The similar color shading in
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all four phase images indicates that similar phases / polymer components exist at each

surface.

Figure 6.4 AFM phase mode images of PS:PEO thin film blends spun cast from a 1 wt%
dichloromethane solution loaded with a) 20:80 w/w ratio, ¢) 40:60 ratio, e) 60:40 ratio, g)
80:20 ratio. AFM height mode images b) 20:80 ratio, d) 40:60 ratio, f) 60:40 ratio, h)
80:20 ratio. AFM images are 5 um X 5 um.

The height mode images (Figure 6.4b,d,f,h) show that the more yellow-colored

domains increase in size laterally from ~500 to 1000 nm, as the PS:PEO ratio changes
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from 20:80 to 80:20. Naively these domain size changes would suggest that the small
domains seen in the PS:PEO 20:80 film and the larger domains seen in the PS:PEO 80:20
film are composed mainly of PS. However, polymer identity is difficult to determine by
AFM without polymer destruction or verification with a chemically sensitive technique
[139,140,141], and there are many cases known where there is little or no correlation
between bulk and surface composition.

Samples for X-PEEM analysis need to be considerably thinner in order to have
adequate conductivity to avoid charging that occurs along extruded structures (ie. low
rugosity films are required). Thus, in order to obtain samples suitable for X-PEEM
analysis the PS:PEO 40:60 and 60:40 solutions were diluted to 0.5 wt% and spun cast
under otherwise identical conditions. The height mode images shown in Figure 6.5 reveal
a regular, randomly patterned film surface. A close inspection of the morphology of these
films reveal the PS:PEO 40:60 surface to be composed more of a classic dispersed
droplet compared to more oblong structures in the PS:PEO 60:40 film. The pattern from
the height mode images is observed faintly in the phase mode images, suggesting
incomplete phase separation but to a relatively small extent since there is very minor
color shading variation. The thicknesses of the PS:PEO 40:60 and 60:40 films determined
by AFM across a scratch are 130(5) and 147(5) nm, respectively, suitable for X-PEEM

analysis.
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Figure 6.5: AFM phase mode images of PS:PEQO thin film blends spun cast from a 0.5
wit% dichloromethane solution loaded with a) 40:60 w/w ratio, c) 60:40 ratio. AFM
height mode images b) 40:60 ratio, d) 60:40 ratio. AFM images are 15 um x 15 um.

6.3.1.2 X-PEEM Analysis

Figure 6.6 presents two different presentations of the color coded composites of
the PS and PEO component maps derived from SVD fitting of C 1s image sequences
measured from the unannealed PS:PEO 40:60 and PS:PEO 60:40 thin films (0.5 wt%
from CH,Cl,, UV irradiated to crosslink the PEO component). The maps on the left are
rescaled such that the intensity of each component is scaled separately to the full range
(0-256) of its color, resulting in greater sensitivity to the spatial distribution of each
component. The maps on the right are displayed on a common absolute scale (0-10 nm),

which preserves the true compositional information.
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Rescaled Absolute

Figure 6.6 Color coded composite maps derived from C 1s X-PEEM image sequences of
(a,b) 40:60 (w/w) PS:PEO, (c,d) 60:40 PS:PEO , and (e,f) 60:40 PS:PEO annealed films
cast from 0.5 wt% dichloromethane solutions. The left maps (a,c,e) are rescaled while the
right maps (b,d,f) are on an absolute scale. PS is coded red, PEO is coded green.

The rescaled color coded images verify the different surface morphologies for the
two films obtained from AFM, with the discrete domains of the PS and PEO exhibiting
classical dispersed droplet and worm-like structures, respectively, for the PS:PEO 40:60
(Figure 6.6a) and 60:40 films (Figure 6.6¢c). As the mass ratio changes from PS:PEO
40:60 to 60:40, a phase inversion is seen as the red-colored PS component alters from
discrete domains to the continuous phase, and vice versa for the green-colored PEO

component. For polymers with similar viscosities, the phase inversion point occurs when
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the composition of two blended polymers is approximately equal [142], which in this
case is close to 50:50. The crosslinked PEO regions are bright green in the absolute
images of the PS:PEO 40:60 (Figure 6.6b) and 60:40 films (Figure 6.6d), suggesting
these regions are pure PEO. In contrast, the red PS regions for both films show a much
more green color indicative of incomplete phase segregation.

The X-PEEM spectral fitting results obtained for the two polymer thin films
quantifies the partial phase separation (Table 6.1). Here, the PS or PEO region is defined
as the pixels with the most red or green color, respectively, and is considered especially
“PS-rich” or “PEO-rich”. For the PS:PEO 40:60 substrate, the quantitative results reveal
that the PEO region is dominated by 8.2(5) nm of PEO while only 1.8(5) nm of PS is
detected. This small amount of PS likely arises from trapped PS micro-domains with
sizes below the spatial resolution of the X-PEEM microscope. The dominant component

in the PS region for this film is also PEO (5.5(5) nm) with only 4.4(5) nm of detected PS.

Table 6.1: Composition of PS and PEO (%/pixel) in the PS-rich and PEO-rich regions of
PS:PEO blends with respect to polymer ratios, total polymer concentration and annealing.
Uncertainty £0.5 nm.

Polymer ratios Annealing
Region Component PS:PEO 40:60 PS:PEO 60:40
40:60 60:40 18h at 160 C
PS PS 4.4 7.1 7.4
PEO 5.5 2.9 2.6
PEO PS 1.8 3.3 3.4
PEO 8.2 6.7 6.6

(1) Total film thickness (hnm) as measured by AFM. Uncertainty estimated from repeat
measurements over a scratch made with a sharp tweezer tip.
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Similar quantitative results are observed in the PEO region of the PS:PEO 60:40
film. The PEO region is dominated by 6.7(5) nm of PEO signal, with 3.3(5) nm of
detected PS. In contrast, the PS region of this film reveals a greater thickness of PS
(7.1(5) nm), resulting from the higher concentration of PS in this system. Still, 2.9(5) nm
of PEO is detected, showing that this film remains only partially phase segregated.

Since solvent-cast blends are thermodynamically unequilibrated due to rapid
solvent evaporation, the thin film substrates may reach equilibrium by annealing above
the glass transition temperature (Tg), leading to greater phase separation [143]. After
vacuum annealing for 18 h at 160 °C, above the Tg of both polymers (PS Tg: 110 °C,
PEO Tg: -55 °C [144]), the quantitative analysis obtained from X-PEEM revealed no
difference between the annealed and unannealed films (uncertainty +0.5 nm). Even with
annealing, some surface enrichment of PEO is seen at the PS region (Table 6.1).

In theory, the surface free energy of each polymer component is useful for
predicting surface enrichment, with the lower surface free energy polymer segregating
toward the air [145]. In this case, PS has a lower surface free energy (ypeo = 44 md/m?
and yps = 41.0 mJ/m? [146,119]). X-ray photoemission spectroscopy (XPS) of blends of
low molecular weight diblock and triblock copolymers of PS/PEO and PEO/PS/PEO in
various solvents showed PS surface enrichment in the top 5 nm of the film surface
[147,148]. However, low molecular weight polymers (10 — 30 K) were used, followed by
several applications of dip-coating, which is a more equilibrated method of creating thin

films compared to spin coating [147,148]. Moreover, the characterization of these
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surfaces was carried out only with non-spatially resolved XPS. Spatially resolved X-
PEEM analysis has the ability to detect surface enrichment of PEO even in the PS region.

Furthermore, polar PEO is likely more soluble in polar dichloromethane relative
to PS, such that PEO stays dissolved longer in solution and upon spin coating develops an
overlayer on the surface [119]. Surface enrichment of PEO has also been found with
chitosan blends of PEO [149] and copolymers of PEO-g-PMMA (ypmma = 40.2 md/m?)
and was attributed to the bulk composition and low Ty of PEO [146]. Since the T, of PEO
is low, PEO segments have greater flexibility and movement compared to PS, thus more
PEO is proposed to move towards the surface compared to PS [146].

Although the PS:PEO 60:40 film exhibits incomplete phase segregation, protein
adsorption to this surface will provide insight into 1) evaluating protein adsorption to the
PEO crosslinked, discrete domains, 2) examining how protein adsorption to a PS surface
changes with incorporation of PEO and 3) comparison of the PS:PEO system to the

PS:PLA surface previously characterized by X-PEEM [110].

6.3.2 Protein Adsorption
6.3.2.1 Protein Adsorption to the PS-PEO Surface

The unannealed PS:PEO 60:40 film was exposed to 0.005, 0.01 and 0.05 mg/mL
HSA, followed by examination with X-PEEM. The rescaled images reveal significant
color changes compared to the pure PS-PEO substrate, indicative of protein adsorption to
the surface (Figure 6.7a,c,e). At all three concentrations, the blue color representing

protein is most concentrated at the interface between PS and crosslinked PEO. This is the
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area of the lowest free energy [60]. As the concentration of HSA increases, the PS region
changes from red to pink, suggesting a greater amount of blue HSA adsorbing to the
surface while the color of the green PEO discrete domains remains similar, suggesting
crosslinked PEO is more protein resistant compared to PS.

Rescaled Absolute

a)

1 pm

Figure 6.7 Color coded composite maps derived from C 1s X-PEEM image sequences of
(a,b) 0.05 mg/mL HSA, (c,d) 0.01 mg/mL HSA, and (e,f) 0.005 mg/mL HSA adsorbed to
an unannealed 60:40 PS:PEO film, 0.5 wt% loading. The left maps (a,c,e) are rescaled
while the right maps (b,d,f) are on an absolute scale. PS is coded red, PEO is coded green
and HSA is coded blue.
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The absolute images for the 0.005 and 0.01 mg/mL HSA samples show red and
green images comparable to the native substrate, signifying a low amount of adsorbed
protein (Figure 6.7b,d). At the highest concentration of 0.05 mg/mL HSA, the red color
of the PS continuous phase is darker, suggesting a small adsorbed contribution from the
protein. The green color of the discrete domains remains sharply bright, revealing little

adsorbed HSA (Figure 6.7f).

Table 6.2: Thickness (nm) of PS, PEO, and HSA in the PS, PEO and interface regions
from PS:PEO 60:40 (0.5 wt%) films exposed to 0.05, 0.01, and 0.005 mg/mL HSA from
DDI water. Uncertainty: £0.5 nm.

Region Composite HSA concentration (mg/mL)
Thickness (nm) 0.05 0.01 0.005
PS PS 6.1 6.5 6.9
PEO 3.1 2.7 2.6
HSA 0.8 0.8 0.5
PEO PS 2.7 3.8 3.1
PEO 7.1 5.2 6.2
HSA 0.8 1.0 0.7
Interface PS 4.8 51 4.9
PEO 4.3 3.5 4.2
HSA 1.0 1.4 1.0

The quantitative results indicate that for all concentrations examined, HSA shows
preferential adsorption to the interface between the PS and crosslinked PEO domains,
which is the area of the lowest free energy (Table 6.2). As the concentration of HSA
increases, the thickness of the protein detected on the PS region is almost doubled from

0.005 mg/mL to 0.05 mg/mL. In contrast, the thickness of detected protein on the
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crosslinked PEO domains is the same within uncertainties, suggesting that crosslinked
PEO is protein resistant at the highest concentration examined (0.05 mg/mL HSA). Still,
crosslinked PEO is not completely protein resistant since 0.7 — 1.0 nm of HSA is
detectible on the domains.

Previously, we characterized PEO films with the addition of 1.5%, 5% and 10%
PETA and found that below a PETA concentration of 1.5% that no adsorbed HSA was
detectable via X-PEEM [150]. The amount of PETA used for these PS-PEO crosslinked
films is 0.5%. Thus, PETA should not significantly contribute to the detected 0.7-1.0 nm
of HSA adsorbed on the crosslinked PEO domains. Rather, the adsorption of HSA arises
from the incomplete phase segregation of the PS-PEO films, since the PEO-rich area
shows 33% contribution from PS.

Furthermore, a PS:PEO 60:40 film (0.5 wt%) with no PETA and no UV
crosslinking was exposed to a 0.005 mg/mL HSA solution (Figure 6.8) for 20 min. The
color coded micrographs show very red absolute images, indicative of PS as the dominant
component within the top 10 nm of the film surface. Although most of the PEO dissolved
into solution, some PEO-rich areas were found. Likely, in these regions the PEO polymer

chains were entwined with PS and anchored to the surface.
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1 pm

Figure 6.8: a) PS, b) PEO c) HSA component maps derived from a C 1s X-PEEM image
sequence of 0.005 mg/mL HSA adsorbed to a non-crosslinked PS:PEO 60:40 (0.5 wt%)
film. Color coded composite maps d0 rescaled e) absolute. PS is coded red, PEO is
coded green and HSA is coded blue.

The quantitative results verify that PS dominates (60-80%) the entire surface
(Table 6.3) with only 3.6 nm of PEO detected in the PEO-rich region. More importantly,
the amount of HSA detected on the surface of the non-crosslinked PS-PEO film is within
the uncertainty of the amount of HSA detected on the crosslinked PS-PEO film, verifying
that at the low PETA concentration used, the crosslinker does not affect HSA adsorption

to the PEO-rich regions in this study.
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Table 6.3: Thickness (nm) of PS, PEO and HSA in the PS, PEO and interface regions of
a non-crosslinked PS:PEO 60:40 (0.5wt%) film exposed to 0.005 mg/mL HSA from DDI
water. Uncertainty: £0.5 nm.

Region Composite HSA concentration (mg/mL)
Thickness (hm) 0.005
PS PS 7.9
PEO 1.5
HSA 0.6
PEO PS 6.0
PEO 3.6
HSA 0.4
Interface PS 7.0
PEO 2.4
HSA 0.6

6.3.2.2 Comparison to a PS-PLA Spun Cast Surface

In comparison to the PS-PLA 40:60 (0.7 wt%) spun-cast substrate previously
characterized by X-PEEM [104], at low concentrations of HSA (0.005 and 0.01 mg/mL
HSA) similar protein thicknesses are detected on the PS continuous domains. At higher
concentrations (0.05 mg/mL HSA) a significant decrease (0.8 nm) in protein thickness is
detected on the PS regions of the PS-PEO blend compared to the PS-PLA blend. This
increased protein resistance is attributed to the incomplete phase segregation of PS and
PEO in the PS region for the pure substrate. Since the PS area is composed of ~70% PS
and ~30% PEO, a significant fraction of high molecular weight PEO is incorporated in
this region. This allows for the possibility of extended loops of PEO along the PS surface

which may contribute to the increased protein repellency.
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The suppression of protein adsorption, platelet adhesion and activation, by PEO
has also been observed for monomethyl ether-PEG-b-PLA blends [151], polysulfone
(PSf)-g-PEO [126], and blends of chitosan and PEO [149] via XPS and electron
spectroscopy for chemical analysis. In the case of the PSf-g-PEO film with 56% grafted
low molecular weight PEO (MW 750), no adsorbed bovine serum albumin (BSA) was
detected by XPS [126]. We speculate that using densely grafted PS-g-PEO may provide

even greater protein resistance compared to the high MW PEO used in this study.

6.4. Conclusions

PS-PEO films spun cast from dichloromethane with various mass ratios and
concentrations were characterized by AFM and X-PEEM. Our results show incomplete
phase segregation of PS and PEO. The surface enrichment of PEO in the PS region leads
to enhanced protein repellency upon protein adsorption. PEO is crosslinked with a very
low concentration of PETA and it was found that 0.5% PETA does not affect protein
adsorption to the PEO surface. Rather, incomplete phase segregation of the film with
33% PS in the PEO-rich regions led to the detected 0.7-1.0 nm HSA adsorbed to the PEO

discrete domains.
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CHAPTER 7: AN X-RAY SPECTROMICROSCOPY STUDY OF PROTEIN
ADSORPTION TO A POLYSTYRENE-POLY(METHYL METHACRYLATE)-b-
POLYACRYLIC ACID BLEND

Polystyrene (PS) was blended with a block copolymer of poly(methyl
methacrylate)-b-polyacrylic acid (PMMA-PAA) with the PAA segments being negatively
charged under neutral aqueous conditions. Adsorption studies of positively charged
SUB-6 peptide and negatively charged HSA to the surface showed that electrostatic
interactions were involved. Furthermore, the pH was varied, which changes the charges
of both the protein and the substrate. The results showed that the most protein adsorption
occurred at pH 4.0, and the adsorption at different pH was also influenced by

electrostatic interactions.
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CHAPTER 7: AN X-RAY SPECTROMICROSCOPY STUDY OF PROTEIN
ADSORPTION TO A POLYSTYRENE-POLY(METHYL METHACRYLATE)-b-
POLYACRYLIC ACID BLEND

7.1. Introduction

Synthetic materials that are implanted within the body become immediately
coated with a layer of proteins upon first contact with blood [2]. This spontaneous protein
adsorption may stimulate a foreign body immune response to the material, with the type,
amount and conformation of the proteins, and subsequent cell proliferation and
differentiation playing a direct role in the inflammatory response [152].

Although the reduction or elimination of adsorbed protein is desirable for medical
devices, controlled protein adsorption is important for the development of biochemical
sensors [153,154] or in nanofluidic systems [155]. Nonetheless, the reduction or
controlled addition of proteins can often be manipulated through electrostatic
interactions. For instance, nanopatterning of carboxyl-terminated self assembled
monolayer (SAMs) with lysozyme protein for biosensors applications show protein
patterns formed from the attraction of positive protein with the negative surface [156]
while electrostatic repulsion can reduce [157] but not always prevent protein adsorption
[17].

The main driving forces for protein adsorption include electrostatic interactions,
hydrogen bonding, van der Waals forces, and hydrophobic interactions [158]. Previously,
studies of protein adsorption to polystyrene-poly(methyl methacrylate) (PS-PMMA) or

PS-polylactide (PLA) films investigated with a synchrotron-based soft X-ray
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photoemission electron microscope (X-PEEM) revealed hydrophobic interactions as a
dominant adsorption mechanism [59-61,110-112]. However, most of the polymeric
surfaces analyzed thus far with X-PEEM have been neutral and hydrophobic. Thus, a
new negatively charged surface was engineered by blending PS with a block co-polymer
of PMMA-b-polyacrylic acid (PAA) (or PMMA-b-PAA) to form a partially negatively
charged surface at neutral pH under aqueous conditions to probe electrostatic
interactions.

X-PEEM is an ideal tool to map the distribution of protein on polymeric surfaces
since this technique combines surface sensitivity (top 10 nm of the film surface) with a
spatial resolution of approximately 80 nm. Although techniques such as atomic force
microscopy (AFM) [39,159] or transmission electron microscopy (TEM) [40] yield better
spatial resolution, X-PEEM provides outstanding chemical information obtained via near-
edge X-ray absorption fine structure (NEXAFS) spectroscopy.

In this study, we report the chemical composition and surface morphology of
PS/IPMMA-b-PAA thin films, and electrostatic interactions between negatively charged
protein or positively charged peptide to the negatively charged surface, and the effect of
pH. These results are compared to those from HSA adsorption under identical conditions
to a neutral PS/PMMA surface [59].

This study is part of a series of investigations dedicated to elucidating insights
into the interaction of blood components with polymeric, patterned model biomaterials.
These results are intended to further the understanding of protein adsorption and the

development of medical devices with enhanced biocompatibility.
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7.2. Materials and Methods

Please see chapter 2 for information on the materials, substrates, protein exposure,

AFM, '#| radiolabeling, and X-PEEM set-up.

7.2.1 X-PEEM Data Analysis

PS5

Figure 7.1: C 1s X-ray absorption spectra of
polystyrene (PS, red), poly(methyl
methacrylate) (PMMA, green), human serum
albumin (HSA) (blue) and a cationic peptide
(SUB-6, pink), recorded in STXM. The spectra
are plotted on an absolute linear absorbance

ﬁ scale with offsets.

284 288 292
Photon energy (eV)

Absorbance

The C 1s reference spectra for PS, PMMA, HSA and SUB-6 have been presented
previously [111] (Figure 7.1). Here, PMMA is used in place of PMMA-PAA since the
spectra of the two are virtually identical. In brief, the PS spectrum is characterized by an
intense transition at 285.15(3) eV corresponding to the C 1s — n*c-c transition, PMMA
is dominated by an intense transition at 288.45(3) eV corresponding to C 1s — m*c-o.
HSA shows a strong C 1s — n*c=o transition at 288.20(3) eV and is slightly lower than

the transition for PMMA due to the less electronegative environment of the amide group
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of the protein backbone. While the C1s spectrum of SUB-6 also exhibits a strong C 1s —
*c=o at 288.20 (3) eV, it has an additional C 1s — w*c-y transition at 289.37(3) eV and
significant intensity in the 286 — 287 eV region from the C 1s(C-R) — n*c=c transitions.

All data analyses were performed with the aXis2000 software package [83]. The
C 1s stacks were aligned, normalized to the ring current, and divided by the I, spectrum.
The Iy spectrum was obtained from a clean, HF-etched Si(111) chip and corrected for the
absorption of the underlying silicon and a linear energy term representing the bolometric
response of the X-PEEM detection. The C 1s stacks were calibrated by assigning the C 1s
— T*c=c transition of PS to 285.15 eV.

Each pixel in the stack was fit to the reference spectra of PS, PMMA and
HSA/SUB-6 via singular value decomposition (SVD) which is an optimized method for
least squares analysis in highly over-determined data sets [116,117]. The fit coefficients
obtained from the SVD fit result in component maps displaying the spatial distribution of
each component. Skewed illumination was corrected by dividing a heavily smoothed
image obtained from the sum of all component maps. The stack was then divided by a
scale factor such that the total average thickness (sum of all components) equaled 10 nm,
which is the sampling depth of X-PEEM [75].

A threshold mask was applied to each component map to obtain pixels
corresponding to PS, PMMA-b-PAA or the interface (Figure 7.2). Pixels with a
component intensity above a certain defined value were averaged to obtain a NEXAFS
spectrum specific to each region. The spectrum was further modified by setting the pre-

edge intensity to zero. This experimental spectrum was then fitted to the PS, PMMA and
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HSA/SUB-6 reference spectra. At least five stacks were obtained from different regions
of the same sample and averaged together with the uncertainties from these multiple

determinations used for the standard deviation.

Intensity (relative)

284 288 238 2590 252
Photon energy (V)

Figure 7.2 a) Sample X-PEEM color coded composite map (non-rescaled) derived from
a singular value decomposition (SVD) analysis, using the PS, PMMA and HSA reference
spectra (Fig. 1), of a C 1s image sequence (23 energies) recorded from a PS/PMMA-b-
PAA 60:40 blend thin film spun-cast from a dichloromethane solution with a total
loading of 1 wt% polymer with 0.005 mg/mL adsorbed HSA. b) Mask used to extract
spectra of specific regions. Red denotes PS-rich regions, green denotes PMMA-b-PAA-
rich regions, defined by threshold masking the PS and PMMA-PAA component maps.
The remaining blue pixels define areas at the interface between the PS-rich and PMMA-
PAArich domains. ¢) Curve fit of the average C 1s spectra of the PS-rich region (data,
dots; fit, black line; components, colored lines) d) Curve fit of the average C 1s spectra of
the PMMA-b-PAA-rich region (same color coding) e) Curve fit of the average C 1s
spectra of the interface region (same color coding).
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7.2.2 Experiments with Radiolabeled Proteins

HSA was labeled with **°I (ICN Biomedicals, Mississauga, ON, Canada) using
the iodogen technique, a standard protocol for radioiodination of proteins with 10DO-
GEN (Pierce Chemical Company, Rockford, IL). The labeled protein was dialyzed
overnight against isotonic Tris buffer to remove unbound radioactive iodide.
Trichloroacetic acid precipitation of aliquots of protein solutions before and after
completion of the experiments confirmed that >99% of the **I remained bound to the
protein. The adsorption experiments were carried out under static conditions at pH values
of 2.0, 4.0, and 8.6. The albumin concentration used was fixed at 0.05 mg/mL with 10%
labeled albumin, and the adsorption time was 20 min. After adsorption the surfaces were
rinsed statically for 2.5 min using water at the same pH. Each adsorption experiment was

performed in four replicates.

7.3. Results and Discussion
7.3.1 Characterization of the PS/PMMA-b-PAA Substrate Surface

PS/IPMMA-b-PAA films with mass ratios of 40:60 and 60:40 were spun-cast from
dichloromethane (1 wt%) and analyzed with AFM. The phase mode AFM images (Figure
7.3a and c) clearly reveal phase segregated films with domains in the range of 0.5 -1 um
and 2-4 um, for the 40:60 and 60:40 films, respectively. The height mode images show
the domain heights to be ~15(5) and ~20(5) nm, respectively (Figure 7.3b and d). Since
the identity of each polymer component is difficult to determine by phase mode AFM

without film destruction [139-141], based on the mass ratios, the yellow-colored
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component is tentatively assigned as PMMA-b-PAA while the orange colored component
is likely PS. As the mass ratio changes from 40:60 to 60:40, a phase inversion occurs
with the yellow continuous phase of the 40:60 film becoming the domains in the 60:40

film.

2 pm 2 um
e =4 ——

Figure 7.3: AFM phase mode images of PS/PMMA-b-PAA thin film blends spun cast
from a 1 wt% dichloromethane solution loaded with a) 40:60 and c¢) 60:40 PS/PMMA-b-
PAA ratio. AFM height mode images b) 40:60 ratio and d) 60:40 ratio. AFM images are
10 um x 10 um. X-PEEM color coded composite maps of PS:PMMA-PAA e) 40:60 and
f) 60:40. PS is coded red, PMPA is coded green.

The X-PEEM color composite absolute maps are shown in Figure 7.3e and 3f
with PS color coded in red and PMMA-b-PAA color coded in green. The X-PEEM maps
verify the AFM results, showing that for the 40:60 film, green PMMA-b-PAA is the

continuous phase with embedded red PS domains. The X-PEEM maps for the 60:40 films
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reveal very small phase segregation with ~ 100 nm thick PMMA-b-PAA domains (green)
embedded within continuous regions of PS (red). In addition, areas of very fine phase
segregation were inter-dispersed with large domains of pure PMMA-b-PAA (green) up to
5 um in diameter. Thus, the 10 x 10 um AFM image for the 60:40 film captured only a
portion of the PS-rich area.

The quantitative X-PEEM analysis of the results shown in Fig. 7.3e,f (Table 7.1)
showed the 40:60 and 60:40 PS/PMMA-b-PAA films to be well phase-segregated For
the 40:60 film, the top 10 nm of PS-rich area contains 8.2(5) nm of PS, while the PMMA.-
b-PAA-rich area contains 7.1(5) nm of PMMA-b-PAA. The phase segregation improved
further for the 60:40 film with 8.3(5) nm of PS in the PS-rich area and 8.4(5) nm of
PMMA-b-PAA in the PMMA-b-PAA-rich area. This improvement was likely due to the
larger domain sizes of the PS/PMMA-b-PAA 60:40 film. The resulting 1.6 — 1.7(5) nm of
the opposite polymer component is likely the result of small microdomains (~ 50 nm)
which are below the spatial resolution of the microscope.

Although both the PS/PMMA-b-PAA 40:60 and 60:40 films are phase segregated,
the 60:40 film presents larger domains for protein adsorption studies. Since PAA is
negatively charged in neutral aqueous solution, the PS/PMMA-b-PAA 60:40 film is
useful for studying electrostatic interactions. Firstly, adsorption of positively charged
peptide or negatively charged protein to the negatively charged PS/PMMA-b-PAA

substrate will be investigated, and secondly, pH effects will be examined.
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Table 7.1: Composition of PS and PMMA-PAA (%/pixel) in the PS-rich and PMMA-b-
PAA-rich regions of PS/PMMA-b-PAA blends with respect to polymer ratios.
Uncertainty £5 nm.

Polymer ratios

Region Component PS/PMMA-b-PAA
40:60 60:40
PS PS 8.2 8.3
PMMA-b-PAA 1.8 1.7
PMMA-b-PAA PS 2.9 1.6
PMMA-b-PAA 7.1 8.4

The presence of PAA (the negatively charged polymer) at the surface of the film
was verified with fluorescence microscopy. A dilute solution of polylysine-fluorescein
was exposed to thin films of PS/PMMA-b-PAA 60:40 and pure PMMA, our control.
Only the surfaces with negative charge should bind the positively charged amine group of
polylysine.

The fluorescence images reveal the PMMA surface to show no green color
indicative of binding fluorescein while the PS/PMMA-b-PAA surface clearly showed
fluorescence. The surface shows bands of fluorescence which arises since the sample is
not completely flat. Close inspection of the fluorescence image shows the phase
segregated pattern where PS-rich domains do not bind fluorescein and remains black
(Figure 7.4). Further experiments such as measuring the zeta potential of the PMMA-b-

PAA surface will be completed to verify the findings from fluorescence imaging.
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PMMA (control) PS/PM-PA
(no charges)

fluorescence fluorescence

Figure 7.4: Optical images of PMMA and PS/PMMA-b-PAA 60:40 exposed to
polylysine-fluorescence. (top) reflection images and (bottom) fluorescence images.
Images integrated for 1000 ms, gain 5.

7.3.2 Protein and peptide electrostatic interactions

The PS/IPMMA-b-PAA 60:40 substrate was exposed to either 0.005 mg/mL SUB-
6 peptide or 0.005 mg/mL HSA protein solutions for 20 minutes and then analyzed with
X-PEEM. At neutral pH, SUB-6 is positively charged (+5) while HSA is negatively
charged (-15) [160,111].

The color coded composite maps for HSA (upper) or SUB-6 (lower) adsorption to
PS/IPMMA-b-PAA 60:40 are presented in two different ways (Figure 7.4). The maps on

the left are rescaled so the intensity of each component (PS, PMMA-b-PAA and
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protein/peptide) is mapped to the full 0-255 color range, which is useful for visualizing
the spatial localization of each component. The maps on the right are displayed on an
absolute scale (0-10 nm), which preserves the quantitative compositional information.

rescaled absolute

HSA

SUB-6

Figure 7.5: X-PEEM color coded composite maps of PS/IPMMA-b-PAA 60:40 with
0.005 mg/mL HSA a) rescaled, b) absolute, and 0.005 mg/mL SUB-6 c) rescaled, d)
absolute. PS is coded red, PMMA-b-PAA is coded green and HSA/SUB-6 is coded blue.

The rescaled color coded map for HSA adsorption to PS/PMMA-b-PAA is shown
in Figure 7.5a, with PS, PMMA-b-PAA and HSA color coded as red, green and blue,
respectively. HSA adsorption is strongest at the interdomain interface between PS and
PMMA-b-PAA, with some additional protein adsorption to the PS region, which is pink
in color. The interface is the area of the lowest free energy [59-61]. The absolute color
coded image (Figure 7.5b) still shows the most protein adsorption at the interface,
however, now the PS and PMMA-b-PAA colors are much more red and green,

respectively, which indicates low protein adsorption to the surface.
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The rescaled map for SUB-6 adsorption to the PS/PMMA-b-PAA surface also
shows the most peptide adsorbed to the interface, which is strongest in blue color (Figure
7.5¢). In contrast to HSA, both the PS and PMMA-b-PAA regions show protein
adsorption to the surface, since they are colored in pink and teal. The absolute map of
SUB-6 adsorbed to the surface is extremely blue with the most intense blue at the
interface between PS and PMMA-b-PAA (Figure 7.5d). Nonetheless, a significant
amount of peptide is also adsorbed to the PS and PMMA-b-PAA domains. By comparing
the two absolute map (Figure 7.5b and d), it is easily observed that significantly more

peptide than protein is adsorbed to the surface.

Table 7.2: Thickness (nm) of PS, PMMA-b-PAA, and HSA/SUB-6 in the PS, PMMA-b-
PAA and interface regions from PS/PMMA-b-PAA 60:40 (1 wt%) films exposed to
0.005 mg/mL HSA or SUB-6 from DDI water. Uncertainty: +0.5 nm.

Region Composite
Thickness (hm) HSA SUB-6
PS PS 7.8 6.2
PMMA-b-PAA 1.5 0.9
HSA/SUB-6 0.7 2.9
PMMA-b-PAA PS 2.1 1.5
PMMA-b-PAA 7.1 4.4
HSA/SUB-6 0.8 4.1
Interface PS 4.9 35
PMMA-b-PAA 35 2.2
HSA/SUB-6 1.6 4.2

The quantitative X-PEEM results support the qualitative analysis - more HSA is
adsorbed to the interface (1.6(5) nm) while almost equal amounts of HSA are adsorbed to

the PS and PMMA-b-PAA (0.7(5) to 0.8(5) nm) regions (Table 7.2). Since both HSA and
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the surface are negatively charged, a repulsive effect is likely present. In fact, HSA
adsorption to the negatively charged PS/PMMA-b-PAA surface is more than 50% lower
than HSA adsorption to the uncharged PS-PMMA surface at the same concentration [59].
The positively charged SUB-6 peptide shows the opposite adsorption behavior
with a large detected adsorbed peptide thickness of 4.1(5) or 4.2(5) nm of SUB-6 on the
interface and negatively charged PMMA-b-PAA domains respectively (Table 7.2). Only
2.9(5) nm of peptide is evident on the PS-rich areas. Nonetheless, the amount of peptide
adsorbed to the PS/PMMA-b-PAA surface is much higher than the same peptide
adsorbed to the uncharged surface [111]. In fact, the adsorption thicknesses of SUB-6 to a
charged surface surpasses adsorption from a more concentrated SUB-6 solution (0.01
mg/mL SUB-6) to PS/PMMA, where SUB-6 thicknesses were 1.1(5) nm on PS, 3.0(5)
nm on PMMA and 4.2(5) nm at the interface [111]. The increased adsorption of SUB-6
to the PS domains of the charged surface compared to neutral surface is most likely due
to adsorption to the microdomains of PMMA-b-PAA embedded within the PS domains.
We propose that electrostatic contributions are the driving force for decreased
adsorption of HSA and increased adsorption of SUB-6 to the negatively charged surface.
A UV-VIS spectroscopic study of bovine serum albumin (BSA) and lysozyme adsorption
to negatively charged silica particles or positively charged AIOOH-coated silica particles
found similar results with 90-100% of the protein adsorbed to the oppositely charged
surface and almost no (0-10%) protein adsorbed to the surface with the same charge
[157]. However, both AIOOH-coated and silica particles are hydrophilic in nature and

thus are uncomplicated by the hydrophobic effect.
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Indeed, a-lactalboumin was found to adsorb to both a negatively charged Nb,Oj3
and positively charged polylysine surface via optical waveguide lightmode spectroscopy
(OWLYS), even though a-lactaloumin is negatively charged at pH 7.4 [161]. This
adsorption was attributed to the possibility of positive a-lactaloumin patches adsorbing to
the negative surface or hydrophobic or entropic factors [162]. Clearly, these factors are
also present in the adsorption of HSA to the charged PS/PMMA-b-PAA surface in
addition to an electrostatic effect, since HSA adsorption to the negatively charged

PS/PMMA-h-PAA surface is reduced but not eliminated.

7,3.3 The effect of pH

HSA (0.05 mg/mL) at pH 2.0, 4.0 and 8.6 were adsorbed to PS/PMMA-b-PAA
60:40 for 20 min. At pH 2.0, HSA is positively charged while the surface is mostly
neutral. At pH 4.0, close to the isoelectric point of HSA (IP = 4.7 — 5.3) [163], HSA is
slightly positively charged while the surface is negatively charged. And at pH 8.6, both
HSA and the surface are negatively charged. HSA itself exists in five different
conformations depending on the pH: E, F, N, B, and A [30]. At lower pH, HSA exists in
an unfolded and expanded conformation, while at higher pH, HSA is compact.

The color composite maps for HSA adsorbed to PS/PMMA-b-PAA at pH 2.0, 4.0,
and 8.6 are presented in Figure 7.6 with PS, PMMA-b-PAA and HSA color coded as red,
green and blue, respectively. The maps for HSA adsorption at pH 2.0 (Figure 7.6a,b) and
8.6 (Figure 7.6e,f) reveal a strongly blue interface, which is the area of highest protein

adsorption. Qualitatively, similar amounts of HSA are adsorbed to the surfaces at pH 2.0
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and 8.6, revealed by similar shades of pink PS and teal PMMA-b-PAA for both maps.
Close to the isoelectric point, at pH 4.0, there is so much HSA adsorbed to the PMMA-b-
PAA region that almost no green PMMA-PAA s visible (Figure 7.6b-c). The PS region
is also strongly colored in pink showing that the greatest amount of HSA adsorbs at pH

4.0.

Figure 7.6 X-PEEM color coded composite maps of PS/PMMA-b-PAA 60:40 with 0.05
mg/mL HSA at pH 2.0 a) rescaled, b) absolute, pH 4.0 c) rescaled, d) absolute, and pH
8.6 e) rescaled, f) absolute. PS is coded red, PS-PM is coded green and HSA is coded
blue.
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At pH 4.0, the quantitative results show HSA adsorbed thicknesses in excess of
4.4(5) nm on the PS/IPMMA-b-PAA surface with 7.3(5) nm of HSA adsorbed to the
PMMA-b-PAA domains (Table 7.3). Previous studies have shown that the most
adsorption occurs at the isoelectric point since the protein carries no charge and thus
exhibits the lowest electrostatic repulsion [164,165,166,167]. Since HSA has
crystallographic dimensions of 8 x 8 x 3 nm [24], the protein is either adsorbing end-on
or forming bilayers. '?| radiolabeling experiments of HSA adsorbed to only PMMA-b-
PAA revealed 0.701 pg/cm? of HSA on the surface at pH 4.0, 0.05 mg/mL HSA.
Theoretically, assuming if HSA is adsorbing end on with dimensions of 8 x 3nm,
approximately 0.456 pg/cm? would be required to form a monolayer. At pH 4.0, the
conformation of HSA is expanded, thus, < 0.456 pg/cm? is required for a monolayer. We
speculate that HSA adsorption to the PMMA-b-PAA region at pH 4.0 is a combination of
monolayer and bilayer adsorption.

HSA adsorption at pH 2.0 and 8.6 are significantly lower compared to pH 4.0
with adsorption values at pH 2.0 and 8.6 in the range of 1.5 — 3.1(5) nm. At pH 4.0,
adsorption on PS/IPMMA-b-PAA is significantly higher due to electrostatic interactions
between the positively charged protein and negatively charged surface. Compared to the
uncharged PS/IPMMA surface, there is approximately two to three times more adsorbed
HSA on PS/PMMA-b-PAA, especially on the PMMA-b-PAA domains. At pH 8.6,
adsorption of negative protein to the negative PS/PMMA-b-PAA surface is much greater
than adsorption of negative HSA to the uncharged PS/PMMA surface, even though there

should be an electrostatic repelling effect between the negative protein and negative
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surface. However the thickness value obtained for adsorption of HSA on the uncharged
surface (~1 nm) is uncharacteristically low, especially when compared to the

radiolabelling results [59].

Table 7.3: Thickness (nm) of PS, PMMA-b-PAA, and HSA in the PS, PMMA-b-PAA
and interface regions from PS/PMMA-b-PAA 60:40 (1 wt%) films exposed to 0.05
mg/mL HSA at pH 2.0, 4.0 and 8.6. Uncertainty: 0.5 nm.

Region Composite
Thickness (nm) pH 2.0 pH 4.0 pH 8.6
PS PS 7.4 4.8 76
PMMA-b-PAA 11 0.8 0.8
HSA 15 4.4 16
PMMA-b-PAA  PS 2.0 1.4 1.4
PMMA-b-PAA 5.4 1.3 18
HSA 2.6 7.3 3.1
Interface PS 4.7 4.7 5.2
PMMA-b-PAA 2.4 2.8 21
HSA 2.9 5.6 27

For the PS/PMMA-b-PAA study, the adsorbed HSA thicknesses at pH 8.6 are
similar to the thicknesses obtained for pH 2.0. This trend is also seen in the *I-
radiolabelling experiments reported earlier for the pH-dependent X-PEEM study of HSA
to neutral PS/PMMA with 0.117, 0.223, and 0.130 pg/cm?® of adsorbed HSA at pH 2.0,

4.0 and 8.6, respectively [59].
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Table 7.4: HSA coverage determined by '?°I Radiolabeling experiments®

Surface pH Coverage ug/cm? StdDev
PS-PMPA 2 0.63 0.09
PS-PMPA 4 0.82 0.03
PS-PMPA 8.6 0.24 0.05

aHSA adsorption (ug/cm?) from DDI water or PBS buffer with standard
deviations (sd, n = 4).

125|_radiolabelling experiments were also performed for this study with HSA (0.05
mg/mL) adsorption to PS/PMMA-b-PAA at pH 2.0, 4.0 and 8.6 (Figure 7.7, Table 7.4).
The same overall adsorption trend was observed, with the most HSA adsorption near the
isoelectric point. However, the amount of HSA adsorbed to PS/PMMA-b-PAA was

significantly higher than neutral PS/PMMA at all pHs sampled.
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Figure 7.7: (top) **I radiolabeling derived HSA coverage compared to (bottom) X-
PEEM detected thicknesses. Pink denotes HSA thickness observed on PS region, teal
denotes HSA thickness observed on PMMA-b-PAA region, and blue denotes HSA
thickness observed at the interface.
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The greater amount of adsorbed HSA for the PS/PMMA-b-PAA system obtained
via '®I radiolabeling may in part be due to the much larger (~5x larger) charged PMMA-
b-PAA domains which give rise to more surface area for the electrostatic effect.
Furthermore, at pH 2.0, the surface may not be completely charge neutralized, since some
other studies are conducted at pH 1.0 to completely protonate the carboxylate groups of
PAA [168]. The slightly negative charge of the PAA would then easily attract more HSA
compared to the completely neutral PS/PMMA surface.

The large amount of adsorbed HSA at pH 4.0 is clearly due to both adsorption
near the isoelectric point and also electrostatic interactions between the positively
charged protein and negatively charged surface. Both X-PEEM and **I radiolabeling
show more HSA adsorption to charged PS/PMMA-b-PAA compared to HSA adsorption
to neutral PS/PMMA. At pH 8.6, a significantly lower amount of protein is adsorbed as
determined by *#I radiolabeling, compared to pH 2.0 and 4.0, likely due to electrostatic
repelling of negatively charged protein and negatively charged surface.

Interestingly, the X-PEEM detected thicknesses of HSA are similar at pH 2.0 and
8.6, even though the radiolabeling results show three times more adsorbed HSA at pH
2.0. Although there is a greater amount of HSA adsorbed at pH 2.0, the conformation of
HSA at this pH is completely extended (and thinner). In comparison, at pH 8.6, there is
less adsorption of HSA, however the structure at alkaline pH is compact, thus giving rise
to similar X-PEEM detected thicknesses for the two pH values. Thus, when combined
with *#1 radiolabelling results, X-PEEM appears to provide useful information with

respect to the adsorbed protein conformation.

130



Ph.D. Thesis — Bonnie O. Leung McMaster University
Department of Chemistry and Chemical Biology

7.4. Conclusions

X-PEEM and AFM were used to characterize the surface morphology of
PS/IPMMA-b-PAA spun cast thin films. It was found that the top 10 nm of the film
surface was phase segregated. Under neutral aqueous conditions, the surface is partially
negatively charged. Electrostatic interactions were seen upon HSA or SUB-6 peptide
adsorption to the surface, and also with varying pH where the charges on the substrate
and HSA protein were varied. **I-radiolabelling experiments as a function of pH showed
similar trends to the X-PEEM results. In combination with **I radiolabeling, X-PEEM is

capable of indirectly detecting protein conformational changes.

131



Ph.D. Thesis — Bonnie O. Leung McMaster University
Department of Chemistry and Chemical Biology

CHAPTER 8: SUMMARY AND FUTURE WORK

8.1 Summary

X-ray photoemission electron microscopy (X-PEEM) and atomic force
microscopy (AFM) were used to characterize the surface morphology and phase
segregation of a variety of polymer substrates with interesting properties such as
biodegradability (PLA), protein resistance (PEO), and adsorption control through
electrostatics (PMMA-PAA). Furthermore, protein adsorption studies to these surfaces
revealed different and varied adsorption mechanisms.

For blends of polystyrene (PS)-PLA, HSA adsorption to the surface was studied
with respect to surface rugosity and ionic strength. The results showed that topography
changes in the 35 — 90 nm range had no effect on protein adsorption. Furthermore, X-
PEEM showed sensitivity to the adsorbed protein conformation, and was able to detect
that the protein existed in an expanded conformation with increasing ionic strength.
Measurements at the C 1s and N 1s edge at the same region revealed that multi-edge
fitting provides a greater sensitivity for localizing adsorbed protein since only protein
contains nitrogen atoms.

The biocompatible polymer polyethylene oxide (PEO) was crosslinked using a
UV-initiated crosslinker pentaerythritol triacrylate (PETA). Blends of PEO with 1.5, 5.0
and 10.0 % PETA were obtained, followed by HSA adsorption. The results showed that
the PETA crosslinker is highly surface sensitive. As the crosslinker concentration

increases, so does the HSA adsorption. Using chemical crosslinkers to immobilize PEO is
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becoming increasingly popular in the literature. Hence, care must be taken to ensure that
the crosslinker does not compromise the biocompatible nature of PEO.

PS and PEO were blended to form a phase segregated surface with hydrophobic
and hydrophilic domains. Although the surface was not completely phase segregated,
protein adsorption to this surface still provided insight into evaluating the protein
repellency of the PS surface upon incorporation of PEO and vice versa. Addition of PEO
to PS resulted in less protein adsorption in the PS region compared to control samples.
However, incorporation of hydrophobic PS into PEO compromised the protein repellent
nature of PEO.

PS was blended with a block copolymer of poly(methyl methacrylate)-b-
polyacrylic acid (PMMA-PAA). The main advantage of incorporating PAA is that it is
negatively charged under neutral aqueous conditions. Phase-segregated thin films of
PS/IPMMA-PAA were prepared. Adsorption studies of positively charged SUB-6 peptide
and negatively charged HSA to the surface showed that electrostatic interactions were
involved. Furthermore, the pH was varied, which changes the charges of both the protein
and the substrate. The results showed that the most protein adsorption occurred at pH 4.0,
which is near the HSA isoelectric point, and the adsorption at different pH was also

influenced by electrostatic interactions.

8.2 Future Work
This thesis showcases the powerful ability of X-PEEM to simultaneously

characterize both the substrate surface, as well as protein/peptide individual or
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competitive adsorption for a variety of phase-segregated polymers. X-PEEM can be
applied to many other systems relevant to biomaterials including completely phase-
segregated PS-PEO blends; engineered surfaces to study biological reactions;
examination of lithographic patterns; and to image single protein molecules. These four

examples are discussed below as suggestions for near term extensions of this thesis.

8.2.1 Complete phase segregation of PS-PEO

While the X-PEEM study in Chapter 6 examined HSA adsorption to an
incompletely phase segregated system, it would be interesting to obtain a completely
phase segregated surface of PS and PEO for protein adsorption studies. Since PEO is
protein repelling, adsorption of HSA to PS via hydrophobic interactions would likely
result in selective protein adsorption, with HSA only adsorbing to the PS and interface
regions. This type of system would be interesting from a microarray or nanofluidics
perspective.

Recently, a PS-PEO surface was formed by blending low molecular weight
polymers (PS MW 64000, PEO MW 42700) crosslinked with 10% PETA, and the
surface was found to be phase segregated by means of atomic force microscopy (AFM)
[169]. On a cautionary note here, this thesis presented some AFM images of surfaces that
appeared phase segregated via AFM, but ultimately X-PEEM analysis revealed them to
be incompletely separated (ie. PS-PLA 40:60, unannealed, 0.7 wt% - see chapter 3).
Lectin adsorption to the surface was found to be highly selective for the PS region, as

analyzed by fluorescence microscopy. However, for this system, some HSA must be
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adsorbed to PEO since firstly, the PETA concentration is in excess of 10% and must be
surface enriched. In fact, these same authors previously found their PETA crosslinked
pure PEO surfaces to show some protein adsorption [123] and secondly, the fluorescence
intensity on the PEO regions was not completely zero.

Thus, by fabricating a completely phase segregated PS-PEO surface, likely by
using lower molecular weight polymers, X-PEEM can be used to verify the above
fluorescence study to examine if the use of 10% PETA crosslinker results in detectable
protein adsorption, or if lower concentrations of PETA is required to obtain selective

adsorption of HSA to PS only.

8.2.2 Engineering biological reactions

The PS/IPMMA-PAA surface was chosen as a blend system not only to examine
electrostatic interactions, but also because the carboxylate groups of PAA are free to
undergo further chemical reactions such as peptide bond formation with any amine. We
attempted to graft the FDA approved biopolymer chitosan, commonly found in the shell
of crustaceans, to the PS/PMMA-PAA surface under aqueous conditions in the presence
of N,N"-Diisopropylcarbodiimide, the peptide bond coupling agent.

Figure 8.1 shows the X-PEEM component maps obtained for the chitosan-grafted
surface. For the color composite, PS is color coded as red, PMMA-PAA is color coded as
green and chitosan is color coded as blue. From the qualitative analysis, the intense blue
color corresponding to the chitosan polymer is localized along the interface between PS

and PMMA-PAA domains. The quantitative analysis shows 0.0(5) nm, 0.3(5) nm and
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0.6(5) nm of chitosan on the PS-rich, PMMA-PAA-rich and interface-rich regions,

respectively.

Chitosan Rescaled

Figure 8.1: Composite maps for PS, PMMA-PAA and chitosan for a chitosan grafted
PS/IPMMA-PAA surface. PS is color coded as red, PMMA-PAA is color coded as green
and chitosan is color coded as blue.

The first concern that arises is whether the detected chitosan is grafted or simply
adsorbed to the surface. One method for verifying covalent bonding between PAA and
chitosan is to dissolve the thin film into a cosolvent and run a MALDI-MS experiment to
check if molecules with the combined molecular weight of PAA and chitosan are present.
However, this experiment is complicated by the fact that both PAA and chitosan are
polymers and have many free reactive groups that can bind more than one polymer chain.
Furthermore, the PMMA groups in the PMAA-PAA domains are unreactive.

To solve this problem, blends of PS with PAA are proposed. PAA is a hydrophilic
polymer that dissolves upon contact with aqueous solution, however, the PETA

crosslinker can also be used to lightly crosslink PAA [170]. If a blend surface of phase
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segregated PS and PAA can be obtained, any molecule with a free amine can be grafted
to the surface which would enable surfaces for specific biological reactions.

Specifically, many researchers are incorporating drugs or peptides to the
surface of biomaterials to speed the healing process after implantation. The RGD
(arginine—glycine—aspartic acid) peptide was investigated as a coating for titanium
implants to stimulate cell growth in 2005 by Bellis et al [171]. They found that the
RGD peptide and adsorbed serum proteins interactively regulated cell behavior.

Thus, one could probe the interaction of RGD peptide with HSA protein by
synthesizing a 10-amino acid peptide of RRRRRRRRGD, which could be easily done
with an automatic peptide sequencer. This peptide will be easily recognized by
NEXAFS spectroscopy via a characteristic transition at 289 eV arising from the
arginine amino acid. Once grafted to the PS-PAA phase segregated surface, HSA

interactions with the peptide can be probed by X-PEEM.

8.2.3 Controlled patterning

While this thesis currently focuses on randomly patterned surfaces, new
lithographic techniques are emerging for the formation of well-defined patterns for
applications in microarray and nanofluidics technology. Furthermore, a central goal for
developing next generation biomaterials is to attach well-defined, biomolecule
recognition sites to surfaces. The hypothesis is that the presence of properly designed
surface recognition sites will actively induce normal healing of biomaterials in the body.

X-PEEM would provide superior spatial and chemical characterization of regularly
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patterned surfaces. To make these substrates, two types of patterning are proposed: ion

beam patterning and photolithography.

8.2.3.1 TOF-SIMS lithographic patterning

Prof. David Castner’s research group at the University in Washington in Seattle,
US, has developed a lithographic patterning system using an ion beam from a time of
flight secondary ion mass spectrometry system (TOF-SIMS). Firstly, a self assembled
monolayer is adsorbed onto a gold surface. Next, the ion beam is used to damage a
pattern onto the monolayer. When the surface is exposed to a different type of thiol, the
damaged areas are replaced by the new thiol, forming a patterned surface.

As a model system, an ion beam was used to remove a benzene ring pattern from
a C12 alkane SAM which was then backfilled with azobenzene. Using X-PEEM, the
surface was characterized. Figure 8.2 shows the component maps of azobenzene and C12
alkane SAMs with the color composite showing the pattern with azobenzene color coded
in red and the C12 alkane color coded as green.

While this shows the capability to pattern with ion beams, the azobenzene-C12
alkane system is not biologically relevant. The Castner group is currently developing a
C11 alcohol terminated SAM, which is protein resistant at low protein concentrations,
patterned with an array of circles via the ion beam and backfilled with a C12 carboxlyate
SAM, which should attract the positively charged residues of a peptide molecule. We are

interested specifically in the LKa14 peptide, which forms a perfect a-helix. Preliminary
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TOF-SIMS analysis suggests that these peptides adsorb end-on on the carboxylate-
terminated SAM.

Two X-PEEM experiments are envisaged: (1) investigate if the LKo14 peptide
adsorbs selectively to the carboxlyate-terminated SAM, and (2) gain insight into the
orientation of the peptide by probing the N 1s — =* transition of the peptide bond.
Previously, NEXAFS spectroscopy showed that oriented RNA molecules self assembled
to a silver surface revealed an 18% polarization dependence at the N 1s edge that was not
observed for randomly oriented RNA molecules [172]. Thus, one could probe the
orientation of LKal4 peptide on a SAM surface at an undulator-based X-PEEM
microscope such as PEEM-3 at the ALS or the Elmitec PEEM (CaPeRs) at the CLS,

where the polarization of the X-ray beam can be varied from -90° to +90°.

Azobenzene C12 alkane Color composite

e
Jrl‘

Figure 8.2: Composite maps for an ion beam patterned azobenzene and C12 alkane self
assembled monolayer (SAM) surface. Azobenzene is color coded as red, C12 alkane is
color coded as green.
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8.2.3.2 Photolithography

The photolytic reaction of thiols with alkenes in the presence of an initiator has
been cited as a promising, outstandingly efficient “click” reaction (ie. thiol-ene click
chemistry) [173]. Moreover, these reactions can be carried out in the presence of oxygen
under solvent-free conditions. Cysteamine is the simplest amine-thiol, although in
principle, any protected cysteine terminated peptide could also be coupled to the surface

(Figure 8.3).

FHETT - e g T117

Figure 8.3: Proposed thio-lene click reaction between 1,2 polybutadiene and cysteamine.

The thiol-ene click reaction holds potential as a novel method for patterning a
variety of molecules to a surface using a photoresist, with a simple patterning device
being a TEM grid. One test sample would be to spin coat a solution of 1,2-polybutadiene
and photoinitiator onto Si(111) followed by spin coating a film of cysteine to the surface.
Next a TEM grid would be placed on top of the silicon and then UV irradiated.
Theoretically, only areas that are exposed to UV light should form covalent bonds. Next,
the silicon chip is sonicated in water to remove the free cysteine molecules. If this
reaction works, then the surface can be functionalized with two different thiols by
reacting a second thiol (thiol B) to the free double bonds that were originally protected by

the photoresist (Figure 8.4).
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Figure 8.4: UV photolithography. 1,2 polybutadiene is exposed to thioglycerol and a
photoinitiator. The surface is covered by a mask and exposed to UV light. The free
thioglycerol is removed and a second thiol (B) is spun cast to the surface and exposed to
UV light. Following washing, the surface is patterned by two different thiols.

8.2.4 Imaging single protein molecules with PEEM-3

While quantitative analyses of protein adsorption remains an important area of
biomaterials research, studies have ascertained that the conformation of the adsorbed
protein plays a vital role in the subsequent cellular processes leading to a foreign body
response. Thus, techniques capable of interrogating single proteins offer significant
advances for understanding the bio-fouling of a material. Although several types of
microscopy (ie. TEM, SEM, AFM) have outstanding spatial resolution capable of imaging
single proteins, they lack the chemical and potential conformational information obtained

with NEXAFS spectroscopy. Currently, PEEM-2 has a spatial resolution of ~ 80 nm and
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results show that patches of protein at a sub-monolayer coverage level are easily visible.
However, when the aberration compensation optics is installed on the PEEM-3 system at
the ALS (expected within the next few years), a 10-fold improvement in sensitivity and
spatial resolution (below 10 nm) is predicted. If this is acheived it will easily allow for the
detection of a single protein. For example, among the proteins used in our studies in the
past, the blood-clotting protein fibrinogen (Fg) has dimensions of 46 x 14 nm and would be

easily imaged.

8.2.5 Long range blue sky proposals
8.2.5.1 Stem cells and biomaterials

In 1998, Hench stated a message for the next millennium: “We need to shift the
emphasis of biomaterials research towards assisting or enhancing the body’s own
reparative capacity. A working hypothesis should be ‘Long-term survivability of [a]
prosthesis will be increased by the use of biomaterials that enhance the regeneration of
natural tissues [174].””

Certainly, stem cells are projected to play a key role in realizing Hench’s
message. In adults, stem cells function as a repair system, forming specialized cells when
needed. However, current research is still hampered by the inability to find reproducible
conditions that can maintain the pluripotency (ability to differentiate into any cell) of

human stem cells [175]. Nonetheless, it can be easily imagined that when the optimal

conditions for sustaining stem cell pluripotency are found, biomaterials grafted with

142



Ph.D. Thesis — Bonnie O. Leung McMaster University
Department of Chemistry and Chemical Biology

functioning stem cells may easily enhance the healing process by regenerating damaged
cells.

While nano-analytical studies of the materials incorporating stem cells will need
to be optimized before applications in medicine, it is proposed here that soft X-ray
spectromicroscopy may be able to play a role in characterizing the conditions that allow
for tissue healing. One would study this by removing pluripotent stem cells grown on a
model biomaterial and then analyzing the biomaterial for secreted biocomponents such as

proteins, peptides, DNA, or carbohydrates.

8.2.5.2 Personalized medicine

Currently, many researchers are developing biomaterials that incorporate drugs or
growth factors that can speed the healing process. For example, hyaluronic acid-based
hydrogels were created as a novel biomaterial with imbedded anti-bacterial and anti-
inflammatory therapeutics [176]. However, some disadvantages included obtaining
predictable controlled drug release, poor encapsulation or drug instability.

However, if these challenges can be overcome then biomaterials would be a
vehicle for personalized medicine. Personalized medicine is defined as the idealized
medical practice of giving patients the right drugs in the right amounts at the right times
[177]. Indeed, the drug dosage amount must be determined by considering each patient’s
drug metabolic enzymes and transporters [177]. The major advantage of personalized
medicine is optimized treatment for a particular disease (or even wound healing) for a

particular person.
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While currently personalized medicine is being widely pursued at the genomics
and proteomics level, X-ray spectromicroscopy would certainly be useful later on in the
biomaterials development for characterizing the drug encapsulation material and drug
release, or even possibly drug-protein interactions.

In summary, the capabilities of soft X-ray spectromicroscopy are diverse, and will

likely find many more biologically relevant applications for study in the near future.
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