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Chapter 1

Introduction

1. Proteins at interfaces

The interfacial behaviour of proteins is commonly studied at the air/liquid,
liquid/liquid, and solid/liquid boundaries. All of these interfaces include liquid phases
since the native environment of proteins is liquid, including the fluid mosaic of cell
membranes. Due to the varying hydropathy of amino acid side-chains and the folding of
oligopeptides, proteins have segregated regions of similar hydrophobicity. A
consequence of this amphipathic nature is a tendency to aggregate at interfacial regions
where the hydration of hydrophobic protein domains can be minimized." > In this work,
means of controlling surface chemistry were explored with a particular emphasis on
protein adsorption due to the relevance of interfacial protein adsorption in various
biotechnological applications.

If a given liquid system contains proteins, one can view the adsorption of proteins
onto a foreign solid surface as the initial response of this system to the surface.
Generally, proteins adsorb spontaneously to any solid surface to which they are exposed.
The lack of such adsorption inside living systems is due to passivation of the surfaces by
species such as lipids and oligosaccharides, and by other proteins. This passivation
facilitates the specialization of protein functions. The spontaneous adsorption of proteins

to alien surfaces can be viewed as a passivation process by which the interfacial free
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energy is minimized. In a multi-protein liquid, such as those in biological systems, the
adsorption process starts with the adsorption of the most abundant proteins, which are
eventually displaced by other proteins with higher affinities for the surface. This
phenomenon has been termed the Vroman effect; Leo Vroman first discovered transient
maxima in the immunoreactivity of adsorbed fibrinogen in the late 1960s.! In order to
minimize the complications of multiprotein competition and adsorption, single-protein
solutions were studied in this work. The use of single-protein solutions also allowed for
the development of assays based on interactions of target proteins at surfaces. Figure
1.01 illustrates the adsorption process for a model protein.

Figure 1.02 introduces three proteins of particular interest; fibrinogen,
immunoglobulin G (IgG), and albumin. Fibrinogen is important to studies of blood
compatibility as it is not only a very large and notoriously surface-active protein, but it is
present at concentrations of 2-4 mg/mL in human plasma. The high surface activity of
fibrinogen is due to its large size (340 kDa) and flexible domains. It is known to adsorb
so readily to a variety of surfaces that it is often used as a benchmark for testing surfaces
for protein resistance.>® The structure of adsorbed fibrinogen molecules and fibrinogen
films have been widely studied and shown to vary with the chemical properties of the

substrate.” !

The surface activity of fibrinogen is important to study, as adsorbed
fibrinogen has been shown to mediate further reactions such as platelet binding and
activation, as well as providing attachment sites for bacteria."”

IgGs (150 kDa) form the most abundant class of immunological recognition

proteins in mammals (12.5 mg/mL in human blood). IgG is important technologically

due to the wide use of IgG antibodies in a variety of applications requiring highly
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Figure 1.01. Steps in the formation of a protein film at the interface between a solid
surface and a single-protein solution. (A) Adsorption/desorption of a protein. (B)
Denaturation of adsorbed protein increases contact area with the surface. (C) Film
formation, whereby surface protein concentration reaches an equilibrium value.
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Figure 1.02. (A) Fibrinogen is an antiparallel dimer, each half of which is composed
of three polypeptide chains. The structure is generally described as three major
globular domains linked by helical coiled coils. Net charges on major domains are
indicated. (B) Immunoglobulin G structurally contains two heavy chains and two
light chains linked by disulphide bonds. In addition, there are two antigen binding
regions (yellow) which are of variable sequence and structure. (C) Bovine serum
albumin is an approximately heart-shaped globular molecule consisting of a single
folded polypeptide chain.
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selective and binding of targets. As shown in Fig. 1.02(B), IgG has two variable regions
(yellow) which engage in binding interactions. Each of the variable regions of the heavy
and light chains consists of three smaller loops of highly variable sequence. Together the
six loops in the hypervariable region of the IgG molecule form an antigen binding site
known as the complementarity determining region.16

Albumin is a globular molecule (66 kDa) which is known to have a high affinity
for lipids and hydrophobic alkyl chains. The exposure of biomaterials to blood or blood
plasma initially results in the formation of a layer of albumin due to its high abundance
(40-50 mg/mL in human blood). This layer is then displaced by higher molecular weight
species such as IgG and fibrinogen, which in turn may be eventually displaced by high
molecular weight kininogen.

In the studies presented here, protein films are studied at intermediate adsorption
times, typically on the order of tens or hundreds of minutes. After an initial adsorption
and film formation, proteins can undergo further slow structural rearrangements on the
order of days or weeks. The benefit of studying the initially formed films, trapped in a
local free energy minimum, is that they can be probed after a short period in order to
clucidate the properties of the initially formed film. Given the aforementioned Vroman
effect, it is desirable to study the films formed initially upon exposure to the surface in
order to elucidate properties which would typically have a transient existence. Physical
phenomena of interest when studying protein adsorption generally include kinetic and
thermodynamic parameters. Herein, the focus is on films that have formed to a degree of
thermodynamic stability or equilibrium. The physical properties of such films may then
be a subject of inquiry on the basis of variations in the underlying substrate. That is, the

5
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manipulation of the properties of the solid adsorbent can be shown to influence the state
of the equilibrium films.

The effects of the topology, chemistry, and flexibility (in the case of polymer
films) of solid sorbents can be studied.'” It has been speculated and confirmed that the
chemical nature of the biomaterial surface can influence the initial adsorption. In
particular, the chemical functionality of the surface can dictate the strength and density of
the binding, the adsorbed orientation of the biomolecules, conformational perturbations,
and the formation of superstructures among the proteins. These factors influence the
subsequent cavalcade of adsorbing proteins, platelets, and cells. Technologies which aim
to exploit protein adsorption phenomena must take into account the effect of the surface
chemistry. Indeed, surface chemistry seems to be a key factor in the manipulation of the

interactions of proteins at interfaces.

2. Microarray Analysis

An important developing technology that depends on the immobilization of
proteins is that of protein microarrays. Microscopic planar arrays of proteins or of
ligands for protein binding are being developed as alternatives to traditional means of
study such as ELISA or more instrumental methods such as NMR and MS due to the two
major advantages of higher throughput and decreased sample consumption. Research in
microarray technology has been pioneered as a response to the need for high throughput
in the field of genomics. In the mid-to-late 1990s, there was a rapid increase in the

proliferation of microarray analysis for the purpose of examining gene expression

6
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profiles, leading to the successfiul commercialization of genetic microarrays, or “gene-
chips”.'"® In general, arrays of this type are constructed on glass microscope slides by
robotic pin—printers. Such devices create arrays by releasing small volumes of solution
onto glass slides with controlled registry. In addition to the commercial availability of
gene chips, it is possible to make custom gene chips via widely available pin-printing
technology. Much of this technology is reliable due to the chemical simplicity and
robustness of DNA. The extension of robotic pin-printing and fluorescence-based
reading to protein arrays is not straightforward due to added complexities.

Because proteins can vary in their size, structural stability and chemistry,
including post-translational modifications, not all proteins can be immobilized under the
same conditions. Variations in surface activity and conformational stability among
proteins can also lead to variations in reactivity changes among proteins and
inhomogeneity within pin-printed spots. Homogeneity can be affected further in the
preparation of pin-printed protein arrays due to the typically high concentrations buffer
salts present in protein solutions. Because of the high surface-to-volume ration of small
spots, rapid drying typically follows deposition of protein spots. The resulting co-
deposition of large amounts of buffer salts can affect the homogeneity within and among
the spots. Yet another difficulty in applying gene-chip technology towards proteins is the
relative scarcity of large libraries of proteins. While automated synthesis has been a key
enabling technology in genomics research, no technology exists for the preparation of
protein libraries on the same scale. In addition, while nucleotide chemistry benefits
greatly from the amplification of small amounts of material via the polymerase chain
reaction, there is no analogous technique for protein amplification. Thus, it remains a

7
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challenge to produce and manipulate large numbers of proteins which may only be
present in small quantities. The benefits of enhancements in this area would include
increased ability to profile protein markers of disease. For example, it would be
advantageous to be able to directly analyze protein expression patterns over numerous
affected proteins since this would lead to more accurate disease profiling than reliance on
only a single protein marker.””  One of the key limitations in the successful
implementation of protein microarrays has been the establishment of a suitable surface

chemistry for the global attachment of proteins.

3. Tailoring surface chemistry

Self-assembled monolayers (SAMs) represent a popular and heavily investigated
means of creating a chemically well-defined surface. One of the most attractive systems
over the past decade has been alkylthiolates adsorbed to a gold surface. Since the initial
report of this type of monolayc:r,20 there has been a wealth of detail uncovered regarding
the structural characteristics of such systems. Alkylthiolate monolayers may be
generated by simple gas-phase or solution exposure of a clean gold surface to a molecule
containing a disulphide,20 sulphydryl (thiol),?" or thiosulphate22 moiety. While sulphides
may also bind to gold, the resultant monolayers are not of the same quality as with the
other groups.23 Much research has been focused on monolayers formed by thiol-
containing groups due to the speed of formation and high quality possible.*" 24-26
Although the exact chemical reaction taking place at the gold surface has remained

something of a mystery, the generally postulated reaction scheme is?®
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R-(CHy)s-SH + Au — R-(CHp),-S'Au’ + Y2H, (1.1)

Monolayers formed by the spontaneous assembly of molecules of the type
HS(CH,).R, where and R represents some functional group, have been shown to have a
near-crystalline alkyl-chain packing density and order when n>12.2*?’ In addition, the
molecules align themselves in such a way as to present the terminal functionality, R, at
the exposed surface of the monolayer (see Fig. 1.03). Disulphides have been shown to
form monolyers of similar quality to those formed by thiols, but with slightly slower
kinetics. As a result, the chemical functionality of a gold surface can be tailored by use
of specific terminal functionalities. The usual way in which such monolayers are
generated is to immerse gold into a solution, typically in an organic solvent such as
ethanol or methanol, containing the desired alkylthiol. This technique coats the entire
exposed surface with a monolayer film, creating polarized covalent bonds between the
sulphur and the gold surface.?

The technique of microcontact printing has also been demonstrated to create high
quality alkylthiolate monolayers from simple alkylthiols (i.e. R=CHj3). In this technique,
the alkylthiols are partitioned into a slab of poly(dimethylsiloxane) (PDMS) from
solution. By pressing the slab against a gold surface, the alkylthiols are transferred
rapidly to the surface and a high quality monolayer, reasonably free from defects, is
formed in a matter of minutes or even seconds.”®?* If a relief pattern is incorporated into
the PDMS, then the monolayer is formed only in the regions of contact between the slab

and the gold. In this way, a hydrophobic methyl-terminated monolayer can be generated

9
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NS

Figure 1.03. Monolayers of alkylthiolates form spontaneously upon exposure of a
gold surface to a solution of alkylthiols. (A) Initial adsorption and bonding to the gold

surface is rapid. (B) With time, defects are annealed and the alkyl chains align in all-
trans configuration.
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in a known spatial pattern. The unmodified areas, in which the PDMS was not contacting
the gold, can then be further modified by simple immersion into an ethanolic solution of a
second alkylthiol. The result of this procedure, outlined in Figure 1.04, is a chemically
patterned gold surface with alternating chemical functionalities.

Another means of patterning any smooth surface is to place a surface in
conformal contact with microfluidic channels through which adsorbates can be flowed
over the surface (Fig. 1.05). Researchers at IBM in Zurich have shown the utility of
PDMS microchannels for the patterning of proteins in line arrays.30’ >l In addition, by
starting with a uniform surface coverage of a SAM with a reactive terminal group, line
arrays can be created by flowing reactants over the reactive surface through PDMS
microchannels. The research group of R. M. Corn has demonstrated this method for the
production of line arrays of carbohydrates3 % as well for localizing interactions bet;Neen
line arrays of peptide epitopes and antibodies flowed over the peptides via a second set of
microchannels.” In addition to the chemical patterning of gold surfaces, the work in this

thesis also explores methods for the analysis of surfaces.
4. Scanning Force Microscopy
The term scanning probe microscopy (SPM) describes a family of analytical
techniques which involve raster-scanning a physical probe over a surface in order to
generate a microscopic (or smaller) image of the surface. The atomic force microscope

(AFM),3 4 also referred to as the scanning force microscope (SFM), was used in this work

11
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Figure 1.04. Surface chemistry patterning with microcontact printing. (A) Ink
PDMS stamp with alkanethiol. (B) Pattern monolayer by placing stamp in conformal

contact with gold substrate. (C) Remove stamp and place substrate in solution of a
second thiolate-generating species to fill in bare gold regions.

12
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Fluid inlet To vacuum

A PDMS microchannel
device

Figure 1.05. Surface patterning via microfluidic channels. (A) PDMS microchannels
allow fluid to be introduced to a solid substrate in confined areas. (B) After a period

of adsorption/reaction, only the surface area defined by the channel geometry is
affected.
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in order to generate several types of data. The abbreviation SEM shall be used to denote
both the microscope and the process of scanning force microscopy in this work.

SFM can generate topographic images of a surface by tracking the vertical
deflections of a stylus-like probe as it is scanned over a sample while maintaining
constant tip-sample force (Fig. 1.06). The vertical deflections encountered as the probe
encounters topographic variations inform a feedback loop to change the distance between
the probe tip and the sample so as to maintain a constant contact force. The perturbations
arising from the dragging of a solid probe over a sample surface are particularly
problematic in the imaging of soft samples. Hence, in order to image biological samples
with a lower degree of lateral, or shear, force, intermittent contact, or tapping-mode,
means of imaging were developed.® 3 In such a configuration, the same probe tip is
oscillated vertically while scanning. The shear forces are greatly reduced due to the
shorter contact times during lateral motion. Of course, this description neglects the
effects of probe penetration into the sample and adhesion between the sample and probe,
but does illustrate the general decrease in lateral forces when imaging in the tapping-
mode.

A further benefit of tapping-mode SFM (TM-SFM) is the generation of an output
waveform whose phase in relation to the input can vary with the interactions at the tip-
sample contact (Fig. 1.07). It has been shown that the lag in phase between the probe and
the input (A®) is a function of the energy dissipated by the tip-sample interaction.*” 3

For a sinusoidally driven cantilever at its resonance frequency () with a typically high
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Figure 1.06. Schematic diagram of scanning force microscope. Red arrow indicates
laser light path; green arrows indicate scanner tube motion. (A) Photodiode detector.
(B) Mirror. (C) Cantilever probe. (D) Scanner tube with sample.
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Figure 1.07. Tapping-mode AFM involves oscillating the cantilever probe while
scanning. The phase lag (A®) of the measured oscillation relative to the input
waveform depends on the interactions with the surface.

16
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quality factor (Qp>>1), the power dissipated by tip-sample contact over one oscillation

(—IE) can be obtained by the equation

— kAo, . 1
P, = 2QC: [[—%’ijsm(A(I))—lu (1.2)

where A is the oscillation amplitude, Ao is the free oscillation amplitude of the non-
interacting cantilever probe, and k is the spring constant of the cantilever. Thus, it is
possible to relate the phase lag of the damped oscillation to the energy lost by the tip-
sample interaction. Given that the dissipation processes may vary over a heterogeneous
sample, the phase lag can be used to generate an image, simultaneous to the topographic
image, of the energy dissipation over the surface.

In addition to scanning, the SFM probe can be held in a fixed lateral position and
oscillated vertically. This operational mode is used to generate graphs of applied force
versus tip-sample separation distance. Such graphs, known as force curves, can
illuminate several additional properties of a surface. Figure 1.08 illustrates the steps in

the generation of force curves.
5. Surface Plasmon Resonance Imaging
Surface plasmon resonance (SPR) is an optical phenomenon which can be used to

probe adsorption at the interface between a metal film and a liquid or gas. Surface

plasmons are standing evanescent waves which decay in intensity exponentially into the
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Figure 1.08. Force curves trace the deflection of the cantilevered probe as it
approaches and retracts from a surface. (A) Sample approaches cantilever. (B) Probe
tip snaps into contact with sample. (C, D) Cantilever bends against sample. (E)
Adhesion to sample causes probe tip to bend lower than the original position. (F) As
sample continues to retract, probe tip snaps out of contact. Graph inset shows how the
same data can be plotted as a graph of force against tip-sample separation.
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adjacent medium.>” * The effect results when a p-polarized beam of light is shone on a
metal film at the rear surface of a prism or grating. At certain conditions of incident
angle and wavelength the incoming photon energies are coupled to electrical oscillations
in the plane of the metal film, resulting in attenuation of the reflected light. The angle
and wavelength at which this occurs depends on the refractive index of the medium
within a few hundred nm from the metal surface.*” The SPR phenomenon is very
sensitive to changes in refractive index within the surface region penetrated by the
evanescent field and, hence, can be used to monitor adsorption at the metal surface. The

equation describing the dispersion relation for a surface plasmon is as follows:

W | £ XE
k== | 247 %m 1.3
P c\f(ed+gm) (13)

where k;, represents the plasmon wave vector, ® is the oscillation frequency, c is the
speed of light in vacuum, €y, is the dielectric constant of the metal film, &4 is the dielectric
constant of the dielectric medium adjacent to the metal film.*

Typically, one may expect to undertake a chemical reaction and separation
procedure in order to impart an adsorbate with a measurable secondary characteristic,
especially in the case of biomolecular binding studies. This type of labelling may allow
sensitive detection by fluorescence if the label used is an organic chromophore*™* or a
nanoparticle.** * A problem with such labelling procedures is the possible change in
binding activity of the labelled proteins due to the introduction of an extra component,

whether or not the actual recognition site is directly affected. One of the strengths of the
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SPR technique is that, by relying on changes in refractive index caused by the addition of
mass at the solid-fluid interface, the labelling of binding partners is avoided.

Figure 1.09 describes the experimental set up for SPR imaging. The standard
configuration for SPR, employed by the popular Biacore instrument, involves measuring
reflected intensity of polarized monochromatic light over a photodiode array in order to
determine the angular shift in the minimum intensity. In the SPR imaging configuration,
a polarized white light source is used, and an interference filter selects a wavelength band
for collection by a CCD camera. The angle of observation is also fixed, resulting in the
observation of changes in light intensity from the metal film surface with adsorption or
desorption. By imaging the surface in this way, it is possible to design sensor surfaces as
arrays and capture numerous interactions in parallel. This configuration is advantageous
for examining binding selectivity and maximizing throughput while minimizing the

amount of binding material needed to study each interaction.

6. Research Objectives

The research presented herein is focused on the study of proteins at solid/liquid
interfaces and the manipulation of surfaces for patterning and analysis. Interfacial
protein behaviour is important to studies of implantable biomaterials, biosensors,
separations and purifications. In other words, the behaviour of proteins at solid surfaces
in contact with biological fluids is of salient technological relevance. Two examples of
applied research areas in which the interfacial activity of proteins is a crucial
consideration are prevention of fouling in the food production industry and minimizing
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Figure 1.09. (A) The light reflected from a gold film is attenuated most strongly at a
particular incidence angle of light 8, The angle at which the minimum occurs shifts
with the adsorption of material at the solution interface of the film. The dashed line
illustrates the increase in intensity upon such a shift when viewing the surface at a
constant angle. (B) A schematic representation of a surface plasmon resonance

imager.
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the hostile response of bodily tissues to xenobiotic implants. Due to the importance of
protein adsorption phenomena at solid-liquid interfaces, there is a need for analytical
techniques which can probe such interfaces. The development of surface analytical
techniques for the analysis of proteins at solid/liquid interfaces was a key motivation of
this work. The examples of scanning probe microscopy and surface plasmon resonance
presented in this work will illuminate the state of the art in such analyses.

In addition, surface preparation strategies were developed so as to provide reliable
means for patterning and studying surface chemistry and protein adsorption. The
strategies presented herein, and their application to microarray analysis, represent
scientific advances enabling studies over a broad cross-section of biomolecular

interactions.
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Chapter 11

Probing Surface Chemistry Induced Variations in Protein Films with

Tapping-Mode Scanning Force Microscopy

1. Introduction

The ability to directly observe the effects of substrate chemistry upon protein film
properties is of potential interest to studies involving protein patterning and, more
generally, the exposure of materials to biological fluids. The spontaneous adsorption of
proteins to a biomaterial is the initial response of a biological system and can influence
further responses of the system toward the “foreign” matter." The work presented in this
chapter describes an effort to characterize properties, including conformational
rearrangements, of proteins adsorbing at interfaces. Previously, it has been shown that
lateral-force SFM is able to map differences in the frictional properties of protein films
adsorbed to alkylthiolate monolayers on gold.2 The frictional contrast was attributed to
differences in adsorbed conformational states. An important caveat to this interpretation,
however, is that the attribution of the image contrast to conformational differences is in
itself somewhat complicated and begs some consideration.

Fibrinogen so readily adsorbs at the solid-liquid interface that it is a commonly
used probe for protein-resistance in biomaterials science.” The large size (340 kDa) and
well-characterized domain structure indicate that the molecule incorporates a large

amount of water, ~33% by Volume:,6 in its native structure. The expulsion of some of this
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water would be a significant entropic driving force for adsorption at the solid-liquid

interface.”

Given that proteins are well known to change structurally to maximize
hydrophobic contacts upon adsorption, the degree of structural alteration would can vary
with the hydrophobicity of the surface. In addition, it is possible for a protein to orient
itself in a manner such that the more hydrophobic regions of the molecule would be more
hidden from the aqueous phase. These factors have been the underpinnings of the
paradigmatic association of increased sorbent hydrophobicity with greater protein
binding strength.® While the adsorption of protein species can be approached at the level
of single molecules, fibrinogen has been shown explicitly to exhibit lateral intermolecular
interactions at solid-liquid interfaces.” In considering applications to biomaterials
research, it is somewhat more useful to consider a complete film rather than isolated
molecules when attempting to assess the ensemble properties such formations may
possess.

In situ tapping-mode scanning force microscopy (TM-SFM) is a powerful and

relatively non-destructive means of imaging adsorbed proteins.'® !

By comparison,
contact mode SFM is not well-suited for weakly bound protein films, which may be
displaced or distorted by the probe tip. In addition, many real biomaterials exhibit a
rough topography that will contribute to lateral shearing or frictional forces. These
limitations provide the motivation to use TM-SFM as a tool for the analysis of adsorbed
proteins. The lower lateral interactions between the tip and surface in TM-SFM reduce
tip-induced conformational changes and/or displacement of adsorbed species. In
addition, TM-SFM is able to generate compositionally sensitive phase images in the

presence of large topographic variations.'?
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It has been shown that the phase lag (A®) of an oscillating cantilever in TM-SFM

depends on the energy dissipated during tip-sample contact'”"?

and is, therefore, sensitive
to the surface composition of the sample. Phase imaging is able to differentiate bilayer
structures with chemical sensitivity based on the functional groups presented at the
interface, indicating the sensitivity of the phase lag towards surface chemistry.'? In
addition, differences in mechanical properties such as viscoelasticity and elasticity have
been shown to contribute to the generation of phase contrast.'> '® Holland and Marchant
have demonstrated the utility of phase imaging for the observation of segregated protein
molecules on standard reference biomaterials.'” In this chapter, the ability of phase
contrast TM-SFM to map conformational variations of proteins in complete protein films

is demonstrated. This result potentially extends the utility of SEM in the characterization

of biomaterials and the study of ensemble properties of protein films.

2. Experimental

All aqueous solutions were prepared using water from a Nanopure purification
system (Barnstead, Dubuque, IA). Fraction I, 95% clottable human fibrinogen (HFG),
bovine fibrinogen (BFG) and bovine serum albumin (BSA) were obtained from Sigma
(St. Louis, MO). All protein solutions were prepared by weight in 1 mM phosphate-
buffered saline (PBS; 0.2 mM KH,PO,, 0.8 mM Na,PO4, 10 mM NaCl, 1 mM KCl) at
pH 7.4 and filtered through a 0.22 pm low-protein binding filter (Millex-GV; Millipore,

Bedford, MA).
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Octadecanethiol (ODT), undecanethiol (UDT), and 16-mercaptohexadecanoic
acid (MHA) were obtained from Aldrich and used as received, with the exception of
ODT, which was recrystallized from acetone. 11-Mercaptoundecanoic acid (MUA) was

8 11-bromoundecanoic acid

synthesized in accordance with published procedure:'
(Aldrich) was refluxed in water with a slight excess of thiourea for several hours before
adding two equivalents NaOH and refluxing a few further hours. The mixture was
acidified using HCI, taken up in toluene and concentrated by rotary evaporation. The
resulting MUA was purified by flash chromatography on silica gel with 3% MeOH in
CH,Cl, as eluent.

Substrates for SPM imaging were prepared by sputter coating 40 nm of Au on to
Ti-primed silicon. Higher resolution images were obtained using H,-flame annealed gold
(300 nm thickness) on Tempax glass (Berliner Glass)."? Deposition of self-assembled
monolayers (SAMs) was effected by immersion of a gold substrate into 1 mM ethanolic
solutions of a given alkylthiol for at least 1 h.  For patterned surfaces,
polydimethylsiloxane (PDMS) stamps were soaked in 1 mM ethanolic ODT for 1-2 min.,
rinsed with ethanol and dried under argon prior to contact with the substrate for 1-2 min.
Subsequent self-assembly of MHA was carried out by immersion of the substrate in a 1
mM ethanolic solution of MHA. Images were obtained using a Digital Instruments
Nanoscope IIla with Extender module for phase imaging. Silicon nitride cantilevers
(NanoProbes, Digital Instruments, Santa Barbara, CA) with nominal spring constants of
0.06 and 0.58 N/m were used for both tapping-mode and contact-mode imaging in a
Digital Instruments fluid cell; all images were obtained under PBS. Tapping-mode
images were collected at 20-50% of free oscillation amplitudes. For force-distance
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analysis, cantilever probes were coated with 40 nm Au (10 nm Ti adhesion layer) by
thermal evaporation and further modified with a monolayer of 1-(mercaptoundec-11-
yDtri(ethylene glycol) methyl ether (EG3-OMe; gift from Prof. G. M. Whitesides,
Harvard University). Force-distance curves were collected at vertical scan rates of ~1
Hz.

Infrared reflectance absorbance spectroscopy (IRRAS) was performed on a
Mattson Infinity spectrometer with an externally housed low noise MCT-A detector.
Spectra were generated from 500 scans at 2 cm™' resolution. Substrates were glass slides
coated with 10 nm Ti for adhesion and 300 nm Au.

SPR sensorgrams were obtained on a Biacore 2000 instrument (Biacore, Uppsala,
Sweden). Bare gold sensor chips from Biacore were modified with either ODT or MHA
SAMs. All solutions were deaerated and filtered in order to prevent the distortion of
sensorgram signals by particulates or air bubbles. Four analysis channels were run

separately per sensor chip and the results averaged for each experiment.

3. Results and Discussion

3.1. Phase imaging of HFG films

Substrates exhibiting segregated chemical domains were employed to observe and
compare the effects of surface chemistry on protein adsorption within a single image.
Figure 2.01 provides an example of the kind of perturbation that can be caused by
scanning a protein film while a constant force load is maintained between the probe tip
and the film. Figure 2.01(A) shows a BFG film deposited on a patterned ODT/MHA
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Figure 2.01. Distortion of protein patterns by lateral scanning of probe tip in contact
mode SFM.
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SAM from a 20 pg/mL solution. Several smaller scans at various loads had already been
performed over parts of the surface. The square regions indicate locations at which a
higher load force had been applied during scanning. The line profile in Fig. 2.01(B)
provides a measurement of the topographic changes. The lateral scanning of the probe at
high normal forces had resulted in the formation of protein aggregates with heights on the
order of tens of nanometres. It can be seen quite easily using such a perturbation that
there is protein adsorbed to both monolayers.

While the use of contact-mode SFM has been shown to be effective in elucidating
differences in properties between protein films on different chemical surfaces, TM-SFM
was known to cause less sample perturbation. The use of imaging by monitoring the
phase lag in the oscillating cantilever, or phase imaging, was thought to be able to
illuminate additional physical properties of the protein films. Figure 2.02 contains
topographic and phase images of a patterned ODT/MHA SAM before and after exposure
to HFG. The 30 x 30 um’ topographic image in Fig. 2.02(A) indicates little difference
between the ODT and MHA monolayers, which are expected to differ by only ~0.3 nm.
Figure 2.02(B) shows the corresponding phase image. The darker contrast on the methyl-
terminated ODT regions corresponds to greater phase lag (A®) indicating greater tip-
sample energy dissipation than on the carboxylate surface.'* 1> The differences in A®
(i.e. A(AD)) observed between patterned regions in Figure 2.02(B), approximately 10° as
measured by the cross-sectional profile (inset), can be attributed predominantly to surface
chemistry. It has been demonstrated that mechanical differences are negligible for alkyl
chains longer than 10 methylene units, such as those involved in this study.20 Our

analysis of force-distance curves consistently reveals a higher adhesion hysteresis
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Figure 2.02. Tapping-mode images of a patterned surface before (A, B) and after (C,
D) adsorption of HFG. Topographic (A, C) image scale, z-scale=40 nm, and phase
(B, D), z-scale=60°. Insets show cross-sectional profiles indicated by the dashed lines
in the images.
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between the tip and ODT monolayer relative to the tip and MHA monolayer. For
example, at a MHA monolayer, the measured adhesion hysteresis of an unmodified SizN4
tip was negligible for 40 force-distance curves while on a different substrate bearing an
ODT layer a value of 1.5 £ 0.6 nN was measured with the same cantilever/tip. The
greater adhesion observed at the ODT interface is primarily due to a high energy of
solvation for the hydrophobic surface in the aqueous buffer.?> * That is, there is a large
entropy loss when rehydrating the hydrophobic surface upon tip-sample separation.
Thus, it is likely that variations in adhesion energy hysteresis govern the differences in
energy dissipation which result in observed A(A®) in Figure 2.02(B)."2

After exposing the substrate to 20 pg/mL HFG in PBS for 30 min. in the TM-
SFM fluid cell, and subsequent flushing with protein-free PBS, the topographic
difference becomes more pronounced. Figure 2.02(C) shows a greater height for the
HFG layer on the carboxylate-terminal MHA surface than on the methyl-terminated ODT
surface. The height difference was measured at different regions of the surface to be
between 1.4-1.7 nm higher on the carboxylate layer. The phase image in Figure 2.02(D)
shows a prominent phase contrast that is reversed from that of the substrate (-4° for MHA
compared to ODT regions). The spatial arrangement of the contrast correlates with the
underlying substrate implying that the contrast is governed by surface chemistry. Further
studies were performed in order to illuminate the factors responsible for the observation
of phase contrast in Fig. 2.02(D)

3.2. Sample properties affecting the generation of phase contrast

The observation of the contrast in Figure 2.02(D) can be attributed to variations in

the 2-dimensional structure of HFG films (e.g. coverage, packing density) on each
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chemically distinct region and/or variations in the state (conformation and orientation) of
the adsorbed proteins. Infrared spectroscopy was used to further investigate the
difference in adsorbed HFG film structure.

IRRAS was used to examine the adsorption of HFG to carboxylate- and methyl-
terminated monolayers. In this case, MUA and UDT (both C;;) were used in order to
have the same alkyl chain length in the monolayer. It has been shown that the intensity
of the amide II band (1480-1600cm™) varies nearly linearly with protein concentration.”
#* Thus, IRRAS was used to assess the likelihood of a difference in surface protein
coverage contributing to the observed difference in phase contrast.

Figure 2.03 shows the spectra in the characteristic amide stretching region for
HFG on ODT and MHA SAMs. Table 2.1 summarizes the results of the analysis of peak
positions and intensities for the spectra in Fig. 2.03. The amount of protein adsorbed to
each surface, as measured by the amide II intensity, is similar, with 18% less on the
carboxylate surface. With a slightly larger amount of protein adsorbed on the ODT
surface, the reversal of image contrast in Fig. 2.02(D) becomes difficult to rationalize on
the basis of a difference in surface coverage.

In order to further investigate the surface coverage of adsorbed fibrinogen on
ODT and MHA monolayers, real-time SFM imaging of HFG film formation was
employed by other members of our research group. By observing the film formation in
real-time imaging experiments on crystalline gold, it was shown that after 30 min., an
HFG film uniformly covered the surface of both ODT and MHA SAMs. The presence of
Au(111) step-edges, which became uniformly covered by the protein film, displaying
neither regions of incomplete HFG coverage nor any multilayer formation, was used as a
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Figure 2.03. IRRAS spectra of HFG films in the amide stretching region show that
the amide II band at 1545 cm™! is higher on MUA than on UDT.
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diagnostic.25 Thus, it had been shown that HFG forms uniform monolayer films with no
observable vacancies on MHA and ODT when adsorbed from 20 pg/mL solutions.

With no indication of vacancies, the indication from the IRRAS experiments is
that while the surface coverages are similar enough to be an unlikely source of the
observed phase contrast in Fig. 2.02(D), there may be a greater packing density on the
ODT surface. Since there were no observed defects in the complete films on either SAM,
however, a difference in packing density would indicate some compression of the
proteins on the hydrophobic SAM relative to the proteins on the hydrophilic SAM. Table
2.1 shows evidence for a change in conformation upon adsorption.

It has been previously shown that infrared peak shifts of the amide I band

correlate with conformational change upon ad501rption.26'31

The shifts in peak position
have been correlated with the loss of o-helical content relative to disordered and B-sheet
structural elements.”” ?® Variations in conformation of adsorbed HFG relative to the bulk
protein can be assessed with IR spectroscopy. IRRAS spectra of adsorbed species
revealed that the amide I band position was blue shifted by ~20 cm™ for each of the
adsorbed films relative to the spectrum of the crystal (Table 2.1). Liedberg et al showed
the amide I band position to occur at 1649 cm’ for native fibrinogen.26 Work in our lab
has revealed a similar amide I position for native HFG.* Samples that represent a more
native conformation of HFG yield amide I band positions at significantly lower
wavenumbers from the adsorbed films. These data indicated that HFG chaﬁges
conformation during the adsorption process to either methyl or carboxylate surfaces.

This assertion is consistent with the generally accepted occurrence of surface-induced

changes in protein conformations.” 67 Although the observed change in conformation is
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Adsorbed

Native
UDT MUA
var(cm™) 1649 1670 1670
amide I intensity (a.u.) n/a 0.005046 0.004466
Var (cm™) 1547 1546 1546
amide II intensity (a.u.) n/a 0.002930 0.002404

Table 2.1. IRRAS was performed on HFG films formed on complete monolayers of

UDT and MUA. Native values from ref. 22.
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exacerbated by the necessary drying of the samples for IRRAS, the peaks on the adsorbed
proteins are also shifted relative to spectra from the dry solid HFG, which place the
amide T position at 1650 cm™.*? Because the conformation of HFG is altered from its
native state upon adsorption, it is possible that differences in the average adsorbed
conformations on each surface chemistry are a factor in determining the observed phase
contrast in TM-SFM. Thus, infrared spectroscopy has shown that HFG adsorbs to both
carboxylate and methyl-terminated SAMs in similar amounts, and is denatured in the
process. In order to further explore the bound state of the proteins, surface plasmon
resonance (SPR) was employed.

Figure 2.04 shows SPR sensorgrams obtained for adsorption of 20 pg/mL HFG to
ODT and MHA surfaces. The increase in signal corresponds to the angle shift in the
minimum light intensity, or SPR angle shift. The results of the SPR experiments were a
change in signal of 2680£170 for adsorption of HFG to the ODT surface and 43204430
on the MHA surface. The response units (RU) of the Biacore instrument represent an
angle shift of 0.0001°.* The difference indicates that a greater mass concentration of
protein accumulates on the MHA surface than on ODT. Using an approximation of 1
pg/mm? in surface mass concentration for each RU,* the estimated mass concentration is
roughly 2.7 ng/mm?* on ODT and 4.3 ng/mm” on MHA. Although this estimate can only
be taken as a gross approximation, given that denaturation can alter the thickness, and
possibly the refractive index, of a protein layer, the observed difference in surface mass
concentration confirms that the protein surface density is dependent on the surface

chemistry.
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Figure 2.04. SPR sensorgrams of HFG adsorption to MHA and ODT SAMs. (A)
PBS flow. (B) Injection of 20 pg/mL HFG. (C) PBS rinse flow removes weakly
sorbed proteins. (D) New steady state signal. By calculating the difference between
the signal levels at (D) and (A), the overall change due to HFG adsorption is obtained.
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This difference in surface density does not correlate well with the observation of a
greater amount of HFG observed on the hydrophobic surface as seen with IRRAS. The
difference may be indicative of differences in the mass transport conditions, for while the
HFG films in the IRRAS and TM-SFM studies were adsorbed from a stagnant solution
for one hour, the SPR experiments were carried out under flow for shorter intervals. This
ceaseless flow was a property of the instrument, and the short times were found to reflect
the same relative values as developed over longer adsorption times. However, results
obtained in our laboratory have confirmed the much higher signal observed for HFG
adsorbing on carboxylate surfaces by SPR imaging, in which the solution is allowed to sit

stagnant for one hour.*?

In addition, the difference in HFG adsorption on methyl- and
carboxylate-terminated SAMs measured by SPR (-38% on methyl) appeared to contradict
that observed by IRRAS (+18% on methyl).

The root cause of the difference between the two techniques may lie in different
average orientations adopted by the proteins and/or differences in the levels of
conformational alterations on each surface. If the protein denatured more, the thickness
of the layer formed may be lower. As a result, the volume of intersection with the
evanescent field from the surface plasmons may be diminished, causing a lower signal
than that of the less denatured protein even for a comparable or greater surface density.
Thus, because the SPR signal difference for the HFG on the two monolayers is so much

larger than that observed by IRRAS, there may be a substrate-induced effect on how

compressed the protein layer becomes.
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Based on these results, the A(A®) observed in Figure 2.02(D) can be attributed to
some difference in the adsorbed state of the protein film on each functional group.
Conformation and orientation characterize the state of an adsorbed protein and it is
generally difficult to differentiate the nature of the contribution of each of these factors to
observable phenomena.

It is known that surface hydrophobicity is a key element governing the extent of
conformational change of fibrinogen upon adsorption.é’ 235 This observation suggests
that the conformational changes are likely to differ between the surfaces of methyl- and
carboxylate-terminated SAMs. Thus, it appears that the height difference shown in
Figure 2.02(C) is the result of a greater degree of denaturation of HFG on the
hydrophobic ODT surface. Based on the combined weight of the above results, it can be
concluded that the presence of a distinct phase contrast in the protein film shown in Fig.
2.02(D) is indicative of an overall difference in the conformational relaxation of HFG on
each functional group. The orientations of adsorbed proteins that are denatured from
their native conformations are difficult to assess at this time. Due to the unlikelihood of a
single orientation or conformation at either surface, phase images provide a map of
differences in average adsorbed states.

Any difference in average orientations is likely to be a negligible contributor to
the SPR results since the large size, flexibility and oblong shape of the fibrinogen
molecule would make side-on interactions with the surface more favourable than end-on
binding. Given that the molecular dimensions of the molecule are 47 nm in length and 6
nm in width, the structure can be approximated as a cylinder. Rotations of the cylinder

about its axis while adsorbing with that axis parallel to the surface will not greatly
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influence the footprint occupied by the molecule on the surface. However, there may be
a greater range of binding orientations on hydrophobic surfaces since the initial adhesive
contacts may not be as reversible as on hydrophilic surfaces.*® As a result, some
molecules on the hydrophobic surface will adsorb in different orientations as further
surface contacts are made by the initially attached proteins. Thus, while some
orientations may result in greater topography (e.g. “end-on” adsorption), the observation,
oft-repeated within our laboratory, that the height of fibrinogen layers is larger on
carboxylate surfaces than methyl surfaces suggests that the HFG layer is more compact
overall on methyl-terminated SAMs. This compression may be a result of differing
degrees of protein structural alteration rather than differences in average orientations.
Thus, it seems that the differing degrees of substrate-induced denaturation on the two
SAMs are a plausible reason for the observed phase contrast. Further work was
undertaken in order to gain insights into the mechanisms responsible for the generation of

phase contrast of the protein layers.

3.3. Investigation of dissipation mechanisms responsible for phase contrast

The phase contrast observed for protein films adsorbed to patterned substrates
may be caused at least in part by differences in tip-protein adhesion energy hysteresis.
The results of contact mode imaging with the same sample-substrate system have shown
frictional contrast,’ suggesting that the adhesion properties at the solution interface of the
adsorbed protein surface may be a factor in the phase contrast as well.  Viscoelastic

interactions and differences in sample stiffness may also play a role in determining
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AA®)."” Tn order to gain further insight into the nature of the differences in energy
dissipation, HFG films were probed with force-distance analysis.

A series of force curves obtained separately for HFG on ODT and MHA films
revealed complex retraction curves owing to the higher-order structural properties of the
adsorbates. The retraction portion of the force curve refers to the profile of cantilever
deflections as a function of distance as a probe tip in contact with the sample is lifted
away from the surface. The force curves were obtained using a gold-coated probe tip
modified with a protein-resistant SAM of EG3-OMe in order to limit the observed
protein interaction events to those caused by the protein film on the sample surface. It
should be noted that the phase contrast observed in Fig. 2.02(B, D) was also observed
using EG3-OMe coated probe tips.

Figure 2.05 shows three examples of the types of retraction curves observed for
HFG surfaces on each functional group. The data have been recalculated to display force
as a function of tip-sample separation. Hence, what is seen is a result of pulling a probe
tip to which a surface-bound protein film has adhered. On both monolayers, HFG
exhibits a complicated behaviour owing to the multiple peaks in the observed unloading
force. This type of interaction has been observed during the forced extension of modular
proteins with multiple folded domains.*”*®* When the force exerted on a multi-domain
system causes one of the domains to spontaneously unfold, there is a sudden release of
the energy stored in the folded structure, causing the cantilever to snap back to the
unloaded position. The presence of multiple peaks in the force curves in Fig. 2.05 thus
reflects the unfolding of multiple protein domains and, possibly, breaking of

intermolecular attractions. An important feature of the force curves is the extension of
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Figure 2.05. Typical force vs. tip-sample separation curves for HFG on (A) ODT and
(B) MHA SAMs.
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the film to distances longer than the 47 nm native length of HFG. It was also generally
observed that the unfolding distances indicated greater extension lengths on the MHA
surface than on the ODT surface, as shown in Fig. 2.05. These observations point to the
formation of a film with greater lateral inter-protein interactions on the MHA surface. A
laterally networked film of HFG would be able to delaminate from the surface to longer
retraction distances than any individual molecule.

This interpretation is consistent with the real-time imaging performed in our lab,
which had demonstrated that film formation occurs via the growth of fibre-like structures
across mica, which, like MHA on gold, has a negatively charged, hydrophilic surface.’
Of the force curves measured, all HFG retraction curves on MHA exhibited some
adhesive interaction with the probe tip. On the ODT surface, however, 50% of the
attempted force curves resulted in no adhesion between the protein film and the probe tip.
This observation, in conjunction with the observation of shorter stretching distances for
the HFG film on the ODT surface, indicate that the film is bound more strongly to the
hydrophobic surface.

Figure 2.06 is a histogram of the observed peaks resulting from unfolding events.
The data represent the measurements of 56 force curves on MHA and 30 force curves on
ODT. It is readily apparent from this graph that the film formed on the MHA surface is
able to extend to longer distances. In addition, the HFG layer exhibits more unfolding
events per attempted force curve. On average, 6 peaks at various separation distances
were observed for each force curve on HFG/MHA and 3 peaks for the HFG/ODT system.
Thus, the HFG on the hydrophobic surface is more tenaciously bound and, as previous
data had shown, more compressed than on the hydrophilic surface. These observations
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Figure 2.06. Histogram of maximum distances for disengagement of probe tip from
HFG film on ODT and MHA.
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lend further credence to the hypothesis that the protein is more denatured on the
hydrophobic surface.The formation of an interconnected sheet of proteins may result in
an enhanced ability to dissipate energy. A somewhat analogous situation is the
dissipation of the collision energy of flying insects by the interconnected strands of silk in
the 2-dimensional capture webs of orb-weaving spider. The web is able to dissipate the
shock of the impact through the unfolding of interconnected globular protein domains
along each strand, resulting in the ensnaring of airborne prey without breakage of the
web.*" As a result of greater interconnections among the HFG molecules on the MHA
surface, as well as the greater tenacity of the adsorption to the ODT surface, it is
conceivable that the film on the more hydrophilic MHA surface is able to dissipate more
energy from a SFM probe. Given that phase imaging is able to map surface properties
based on differences in dissipated energy, the contrast observed in Fig. 2.02(D) may be
due to the domain unfolding dissipative mechanism revealed by the force curve analysis.
For comparison, a phase imaging experiment was performed using another less
structurally complex protein.

BSA is a smaller molecule (66 kDa) and has a globular structure due to the
folding of a single polypeptide chain. Figure 2.07 shows the topographic and phase
images before and after adsorption of BSA to a patterned SAM. From Figs. 2.07(B, D) it
is apparent that there is a surface chemistry-directed difference in the structural properties
of the BSA film; this allows a phase contrast to develop. Force curves collected on BSA
did not display the multiple unfolding events as did HFG, but were more typical in
appearance (see Fig. 1.08). Literature examples of force curves for BSA have also shown
this simplified behaviour.*" Given that albumin has been shown to undergo
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1 mg/mL BSA; 30 min.

Figure 2.07. Topographic (A, C) and phase (B, D) images of a patterned ODT/MHA
monolayer before and after adsorption of BSA. Height scales are 80 nm (A) and 30
nm (C); phase scales are 80° (B) and 30° (D).
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conformational rearrangements at the solid-liquid interface, it seems that the differences
in the denaturation of the protein on differentially hydrophobic surfaces play a key role in
the generation of phase contrast during tapping-mode imaging. In addition, the evolution
of a phase contrast for BSA on different surface chemistries does not appear to be
dependent on the dissipative mechanism postulized earlier for the HFG films. As a
result, the dissipation of energy in the retraction portion of the cantilever oscillation by
the unfolding of molecular domains is not likely to be the correct mechanism.

A more likely mechanism is a difference in the viscoelastic damping of the
cantilever motion by proteins in different surface conformations. In order to adsorb at a
hydrophobic surface, proteins must displace a water layer relatively dense compared to
the bulk.*” In addition, when proteins adsorb, expulsion of hydration water from the
protein occurs, allowing hydrophobic regions to contact the surface:* The expulsion of
water at the interface between hydrophobic protein regions and a surface is a driving
force for the strong interaction between proteins and hydrophobic surfaces. Further
conformational changes, which may occur after the initial adsorption, may be a result of
slow rearrangements to maximize hydrophobic contacts and expel more water from the
interior of the protein and cause greater compaction of the proteins.

Phase imaging has shown that the more compact protein layer on the hydrophobic
ODT surface dissipates less energy from an oscillating cantilever. Thus, the critical
factor in determining phase contrast can be viewed as the degree of dehydration
experienced by the proteins at the interface. This dehydration is influenced by the
hydrophobicity of the surface to which adsorption occurs. Given the established
mechanisms by which energy can be dissipated in TM-SFM, the energy dissipation in the
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present case must depend on differences in the viscoelasticity and/or adhesion energy
hysteresis of the tip-sample contact of the protein layer on different surface chemistries.'
No case has ever been shown in the literature to unambiguously ascribe the underlying
physical mechanism for phase contrast in viscoelastic systems, the most commonly
studied of which are polymers.

Viscoelasticity is a property characterized by a response to deformation in
between that of viscous flow and elastic response. The response of a viscoelastic
material to a sudden deformation or indentation is to return to its original state, as would
an elastic solid, but in a time-dependent manner characteristic of viscous liquids.44 Thus,
a possible explanation for the phase contrast observed is that the viscoelastic response of
the protein layers is altered by the degree of dehydration. Differences in stiffness alone
do not contribute to phase contrast. Because a more compliant sample can be indented
further, the area of contact between a probe tip and a sample can increase. The resulting
increase in adhesive contact could then allow more energy dissipation via adhesion
energy hysteresis. Adhesion energy hysteresis being the term which describes the energy
loss due to the irreversible path between the approach and retraction phases of a force
curve.

More clarity regarding the phase contrast mechanism was sought by imaging
HFG in the absence of intermolecular interactions. Figure 2.08 shows a high resolution
tapping mode image of HFG adsorbed to an MHA surface from a 50 ng/mL solution.
The low concentration results in a sub-monolayer coverage. The use of the amplitude
signal to generate images is similar to typical topographic imaging, but results in better
sensitivity to the edges of topographic features. This occurs because the signal used is
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Figure 2.08. High-resolution tapping-mode images show individual trinodal HFG
molecules (white) as well as larger globular structures (green) adsorbed to a MHA
SAM. Protein features in amplitude image (A), z-scale=1.5 nm are reproduced as
areas of phase lag, or darker regions, in the corresponding phase image (B), z-
scale=15°.
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the immediate change in amplitude of the cantilever experienced at a step in height,
whereas topographic images are a map of the separation between the sample substrate
and the cantilever necessary to maintain a target oscillation amplitude. Individual
molecules of HFG are clearly visible in Fig. 2.07(A). In addition, several globular
aggregates are also observed. For either globular aggregates or individual molecules,
there is a corresponding phase lag. Thus, in the absence of the ability to dissipate energy
via unfolding of linked molecular domains, a phase contrast is still generated between
proteins and the MHA substrate. Two individual molecules (cf. Fig. 1.02(A)) are clearly
visualized in the amplitude image and neither has been translated or deformed by the
interactions with the cantilever over several scan lines. Given that molecular unfolding
events resulting from a strong interaction with the tip would perturb the geometry of the
molecule, the observation of the characteristic barbell shape of HFG strongly suggests
that domain unfolding events do not occur for the individual molecules or small
aggregates during tapping-mode imaging.

While the unfolding of molecular domains may not be responsible for the
observed phase shift, it is still not possible to rule out adhesion energy hysteresis as a
factor in the generation of a phase contrast. Another plausible mechanism by which the
adhesion energy hysteresis can cause a difference in AP on the two protein layers is that
the two layer types have different stiffnesses as a result of the conformational relaxations.
If the more compacted film on the hydrophobic surface has a higher modulus than the
protein film on the hydrophilic surface, the probe tip will indent further on the
hydrophilic surface. As a result, the tip-sample contact area will be larger and will result

in a greater dissipative interaction.'® This explanation assumes that there is a negligible
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average difference in the adhesive properties of the surfaces of the proteins exposed to
the probe tip. In addition, differences in the viscoelastic responses cannot be ruled out by
the existence of any differences in the stiffness. Thus, the dissipative mechanism

responsible for the phase contrast in Fig. 2.02(D) remains unclear.

4. Conclusions

Tapping mode SFM was shown to be able to map substrate-induced differences in
protein films on a patterned methyl- and carboxylate-terminated SAMs. Phase imaging
revealed that more energy was dissipated by HFG films on MHA than on ODT. Because
the interaction with a more hydrophobic surface is more dehydrating to adsorbing
proteins, the conformations are altered to a greater degree than on hydrophilic surfaces.
Force curve analysis of HFG films revealed that one of the consequences is more
tenacious binding to hydrophobic surfaces. In addition, the force curve analysis revealed
domain unfolding during forced extension as a plausible mechanism for the energy
dissipation observed in the phase imaging. Further investigation revealed this to be an
unlikely cause of the differences in energy dissipation. Contributions from tip-sample
adhesion energy hysteresis and viscoelastic damping by HFG films dehydrated to
different degrees on surfaces of differing hydrophobicities were presented as possible
reasons for the observed phase contrast. Despite the lack of a clear mechanism, phase
imaging was shown to be of use in differentiating films comprised of proteins

conformationally altered by interactions with the substrate.
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Chapter 111

Surface Plasmon Resonance Imaging of Protein Arrays

1. Introduction

Studies of the effect of surface chemistry on protein film properties have shown
that surface hydrophobicity can influence the degree of conformational relaxations in
adsorbing proteins. Given that protein adsorption is a fundamental process underlying a
range of technologies, analysis of the influence of substrate chemistry can highlight
useful pathways to technological applications. One application of particular interest in
the field of bioanalysis is immunoassays. The strong, specific binding of an antibody to
its antigen has been widely exploited in clinical applications as well as in sensor design.
The most common approach to immunoassays is to immobilize either the antibody or
antigen to a solid support and to detect binding with a labeled partner. Labels for
immunoassays have had a range of composition and detection mechanisms and include
enzymes,1 fluorescent molecules,z'4 nanoparticles5 » ® and radiolabels.’ Recently, the
widespread application of DNA microarrays (gene chips) for massively parallel analysis
has prompted researchers to develop multisensing immunoassays in microarray format.®
19 As well, the high throughput demands of proteomics have driven development in the
fabrication and reading of microarrays of a variety of proteins.z’ s 11
Microarrays of immunoreagents and other proteins continue to be developed

largely by extending technologies used for gene chips2 but remain much more
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problematic. For example, the fluorescence detection methods that are so successful for
gene chips are much less convenient with protein chips due to synthetic challenges,
multiple label issues and the potential for interfering with the binding site. Also, signal
producing reactions catalyzed by commonly used enzyme-linked antibodies are difficult
to implement in immunoassay microarray format. Strategies for the immobilization of
proteins in the most efficient orientation and conformation for interactions with binding

partners are much more complex.12

Non-specific adsorption is also a much greater
problem for proteins than for DNA. Finally, it is unlikely that a standard set of proteins
having a large enough scope to meet all needs will be made readily available in the
future. As such, custom-made protein chips that are easy to fabricate will be needed. In
this paper, a facile method for creating arrays of antigen proteins on gold is demonstrated.
Interactions of unlabeled antibodies at these microarrays are detected by surface plasmon
resonance (SPR) imaging.

Microarrays are generally prepared by robotic pin printing biomolecules on glass
slides.> * A number of labs have shown that microfluidic networks formed in
poly(dimethylsiloxane) (PDMS) can be employed to pattern and array a number of
different types of biomolecules.* '* Corn and co-workers have applied these techniques
to create arrays of pcptides,15 carbohydrates16 and proteins’’ on thin gold films and read
interactions at these arrays in a label-free format with SPR imaging. SPR detects changes
in refractive index within a short distance, on the order of hundreds of nanometers,lg’ 19
from the surface of a thin metal film as variations in light intensity reflected from the
back of the array. Along with SPR imaging®™ other label free methods such as mass

1

spectrometry,” ellipsometrylo and Raman spectroscopy”” are also being developed for
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microarray reading. It is our belief that the strategies for both the attachment and
patterning of proteins on surfaces that are compatible with label free reading schemes
will be important for widespread application of protein microarrays.

Described herein are two facile methods employing PDMS microfluidic networks
to pattern proteins on SPR imaging sensor chips. In the first method developed, proteins
are patterned on a carboxylate-terminated monolayer to give a line array. The second
method involves patterning lines of amine- and oligoethylene glycol-terminated
monolayers upon which proteins are adsorbed through a second set of microchannels.
Label-free antibody binding to the array is monitored with SPR imaging. Given that SPR
detects non-specifically, it was of paramount importance to develop surface treatments
that would allow for unambiguous interpretation of signal changes. In the first method,
the background was blocked with bovine serum albumin (BSA) in order to passivate the
surface against nonspecific protein adsorption, and a surfactant, Tween 20, was employed
in order to minimize non-specific binding.23 In the second method, ethylene glycol-
terminated alkyl thiol monolayers were used to create a protein resistant background
between antigen spots. SPR imaging was shown to provide a useful detection scheme for
immunoassay microarrays and for yielding quantitative information on the antibody-

antigen binding characteristics.

2. Experimental

Mercaptoundecylamine hydrochloridle (MUAM; Dojindo Laboratories, Japan)

and 16-mercaptohexadecanoic acid (MHA; Aldrich) were purchased and used as
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received; 1-mercaptoundec-11-yl)tri(ethylene glycol) methyl ether,
HS(CH»);1(OCH,CH;);OCH;3 (EG3-OMe) was synthesized in general agreement with
published methods.?* An outline of the synthetic procedure follows. Tri(ethylene glycol)
monomethyl ether (Fisher) was refluxed in 50% NaOH,q) for 2 hours; all reaction steps
in this procedure were carried out in an inert argon atmosphere. 11-Bromoundec-1-ene
(Aldrich) was added dropwise and the mixture was refluxed overnight. The mixture was
cooled and then extracted six times with hexanes. The organic fractions were combined,
dried over anhydrous sodium sulphate, and concentrated by rotary evaporation. The
resulting oil was purified by flash chromatography on silica gel using 1:1 hexanes:ethyl
acetate as the eluent. In order to visualize the content of the eluting fractions, thin-layer
chromatography was performed and the plates developed with KMnOy staining. The
product, undec-1-en-11-yltri(ethylene glycol) monomethyl ether, was dissolved to ~300
mM in methanol along with 15 mg AIBN and 3-4 g (excess) thioacetic acid. The stirring
mixture was irradiated with a mercury vapour arc lamp for 5-6 hours. The resulting
mixture was concentrated by rotary evaporation and purified on silica with 1:2
hexanes:ethyl acetate as eluent. The resulting thioacetate was converted to the thiol by
refluxing in 0.5 M HCI in methanol for 5-6 hours, then stirring overnight at room
temperature. The final product was obtained by purification on silica with 1:1 ethyl
acetate:methylene chloride as eluent. TLC plates were developed with an ethanolic
sulphuric acid stain.  Electrospray mass spectrometry verified the correct mass
(373.23840; Na adduct) and nuclear magnetic resonance spectroscopy confirmed the
structure. The NMR spectrum also indicated that ~1/3 was present as the disulphide,

which presented no problem for SAM formation.
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Proteins used in this work were obtained in the highest available purity and used
as received. Ovalbumin (OVA), bovine serum albumin (BSA), bovine fibrinogen (BFG)
and Fraction I 95% clottable human fibrinogen (HFG) were obtained from Sigma and
used as received. Anti-human fibrinogen, bovine and goat immunoglobulin G (bIgG and
glgG) and polyclonal rabbit antisera to these IgGs, as well as antisera to OVA, HFG and
BSA, were obtained from ICN Biomedicals (Aurora, OH). All protein solutions were
prepared in phosphate-buffered saline (PBS: 8.1 mM NaHPO,, 1.5 mM KH,PO4, 137
mM NaCl, 2.7 mM KCI in 18MQ water). PBS containing 0.01% Tween 20 will be
referred to as PBS”.

Poly(dimethylsiloxane) (PDMS) microfluidic channels were fabricated according
to established methods.”> Briefly, a relief pattern of photoresist on a silicon wafer was
created photolithographically. By curing the prepolymer and cross-linker (Sylgard 184,
Dow Corning; Midland, MI) 10:1 by weight against this relief structure, a negative of the
relief was formed in the PDMS. The microchannels measured 200 pm wide by 10-15 pum
deep. The PDMS device was also through-bored at the ends of the channels to allow
fluids access to the channels when the PDMS device was applied to a surface. Fluid flow
was driven by applying vacuum to one access point on the microchannel while
connecting the other access point to a reservoir of solution.

The antigen arrays were constructed on a 45 nm gold thick film deposited on
SF10 glass (Schott; Toronto, ON, Canada) with a 1 nm adhesive layer of chromium. The
arrays were imaged using the GWC Instruments SPRimager (GWC Instruments;
Madison, WI). Experiments were performed at fixed viewing angles; the interference

filter produced a bandpass of 1.5 nm (FWHM) at 795 nm. Antibody solutions and buffer
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solutions are introduced to the entire array surface via peristaltic flow through a fluid cell.
Presented images were generated by averaging 100 individual snapshot images.

For analysis of antibody binding curves, the surface was blocked with 1% BSA in
PBS within the fluid cell for 1 h prior to the introduction of antibodies. Each antibody
solution was introduced to the array, in sequence from lowest to highest concentration,

and allowed to adsorb for 1 h before being flushed out with PBS.

3. Results and Discussion

Initial attempts to observe parallel antibody binding events by SPR imaging
utilized arrays created on self-assembled monolayers (SAMs) of MHA (Figure 3.01).
Drawing on previous experience (see Chapter 2) in the use of SAMs for protein
adsorption, MHA was used as the adsorptive surface. The rationale was that of the two
most familiar SAM types, methyl- and carboxylate-terminal, the carboxylate-terminated
monolayer would be less denaturing. Proteins were adsorbed through the microchannels
from 100 pg/mL PBS solutions for a period of 1 h. The protein patterning procedure
described here differs from that described previously by Delamarche ef al.'* in that the
use of unmodified PDMS allows for a strongly sealed contact between the PDMS device
and the substrate. In addition, by using vacuum pressure to drive fluid flow, we are able
to incorporate rinsing steps directly within each channel. As a result, PBS can be used to
displace the protein solutions from the channels and remove weakly sorbed material prior
to the removal of the PDMS channel device from the substrate, reducing the likelihood of

cross-contamination or loss of spatial resolution. Figure 3.02 shows the binding of
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Figure 3.01. Protein patterning via microfluidic channels (UFCs) in PDMS. (A)
MHA SAM formed on gold SPR sensor surface. (B) PDMS device is placed on

sensor surface, forming UWFCs. (C) Proteins are patterned in lines via tFCs.
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HFG OVA bIgG

Figure 3.02. Three proteins on MHA surface. (A) Initial image. (B) Image after
exposure to anti-OVA. (C) Difference image highlights changes between first two
images. (D) Difference image after exposure of array to anti-blgG. (E) Difference
image after exposure of array to anti-HFG.
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antibodies from PBS” to an array of three proteins on a MHA SAM. Importantly, the
contrast generated in SPR difference images is due to the change in refractive index
resulting from the localized binding of the antibodies and requires no labeling of the
antibodies. The images record differences in reflected light intensity from the backside
of the chip as captured by the CCD camera. In the difference imaging process, the array
image in Fig. 3.02(A) was subtracted from Fig. 3.02(B), the image taken after anti-OVA
had been exposed to the array for ten minutes. The resulting image in Fig. 3.01(C) shows
that the central protein, OVA, has a higher, or brighter, signal than the other proteins and
the background area. The subsequent images in Fig.s 3.01(D, E) show successive
difference images on the same array after exposures to anti-bIgG and anti-HFG,
respectively. Cross-sectional graphs of the array before and after the antibody exposures
are shown in Figure 3.03.

The cross-section of the unmodified array shows a somewhat sloped background
due to variation in light intensity across the array. Unlike the images shown in Fig. 3.02,
in which each difference image was produced by subtracting the previous image, the
difference images used for cross-sectional analysis in Figure 3.03 were produced by
subtraction of the initial array image from each image captured after antibody binding.

The first cross-section shows the difference signal across the array resulting from
subtraction of the initial cross-section of the unmodified array from that produced by the
anti-OVA exposure. The cross-section shows that the background is leveled by
subtraction and also that the change in the background level is non-zero. The indication
is that the antibody and/or surfactant adsorbed on the background MHA region. The
subsequent antibodies were then effectively blocked from the surface by this initial layer;
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Figure 3.03. Column profiles show changes in total signal after exposure of the array
to antibodies.
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subsequent cross-sections show no change in their baselines. The attribution of the
unchanging baseline to blocking of subsequent background antibody adsorption after the
initial exposure rather than to the development of a steady-state equilibrium is borne out
by the fact that the antibodies were present at different concentrations. Hence, if the
antibodies were reversibly binding to the surface so as to maintain surface coverages
proportional to their solution concentrations, the baseline would shift. Even in the case of
a mixed Tween 20/antibody layer maintaining a steady state solution-surface equilibrium
for changing antibody concentrations, any difference in refractive index or thickness
between the surfactant (n=1.468)%® and the protein (n=1.45-1.55)" %7 could potentially
cause some shift. Note that after the first exposure, the shifts in the levels of the other
proteins had also increased, though to a slightly lower degree than the background. The
conclusion reached was that the initial antibody exposure using this method created a
barrier layer over the background, and had an indeterminate effect on the other arrayed
antigens.

In an effort to counter these problems, BSA was used to block the surface against
non-specific adsorption prior to antibody exposures. BSA is a ubiquitous blocking agent
in surface assays.28 Figure 3.04 shows two difference images of a four-protein array after
exposures to anti-bIgG and anti-HFG. The difference image in Fig. 3.04(A) shows the
expected increase in intensity at the bIgG line after exposure to the complementary
antibody. After exposure of the array to anti-HFG, it is apparent that not only was an
increase in the signal at the HFG line observed, but a significant increase was caused to
the BFG line as well. This pointed to a cross-reactivity between the two species’
fibrinogens. The cross-sections in Fig. 3.03(C) show that the BSA blocking caused
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Figure 3.04. Effect of blocking surface with BSA (A) Difference image after
binding of anti-blgG. (B) Difference image after exposure to anti-HFG, showing
cross-reactivity with BFG. (C) Cross-sectional profiles.
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increases on the protein regions once again. The differences in the increases among the
different proteins may have been caused by the different surface coverages and/or
differential susceptibilities to displacement by the BSA. The cross-sectional profiles
showing the differences after antibody adsorption, again from PBST, have a decreasing
baseline signal. This may be due to the slow removal of weakly bound BSA after
multiple solutions and rinses with PBS™. More likely, however, is the possibility of shift
in the refractive index of the solution. As was seen in Figure 3.03, the solution exposure
steps did not remove the protein antigens. One possible reason for this may have been
the drying step between the fabrication of the array and the placement of the sensor chip
in the SPR imager under buffer. The time for this transfer was typically less then 5 min.
Given previous experience with ex-situ BSA blocking, it was expected that such a
procedure would result in a surface with uneven BSA distribution. In order to achieve a
stable background level for SPR measurements, a new patterning approach was
employed.

Slight changes in refractive index during the course of an experiment could lead
to undesirable shifts in the baseline position. In addition, a BSA blocking layer deposited
from a high concentration solution, as is conventional, may not be stable over the course
of an experiment. While this is not a factor when using labelled reporter molecules in
immunoassays, a change in surface mass concentration of BSA during numerous rinsing
and reagent introduction steps would result in a shifting baseline in SPR imaging. As
such, a surface chemistry highly impervious to protein adsorption would be of great use
in establishing a reference plane within the images. Given that monolayers of

alkylthiolates containing oligoethylene glycol groups have been demonstrably effective
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in resisting protein adsorption at gold surfaces,”” *® EG3-OMe was employed to give a
strongly protein-resistant background region. In addition to the incorporation of an
invariant reference plane, the experimental design took into consideration the need to
adsorb proteins to the surface without a high degree of conformational perturbation.
Drawing on the use of polyamines in assays which require proteins to be bound via

physisorption,” *!

an amine-terminated monolayer was used to localize adsorbing
antigens from solution. MUAM SAMs were observed to adsorb larger amounts of
protein than either methyl or carboxylate terminal SAMs.

Arrays of antigenic proteins were fabricated using microfluidic channels formed
in PDMS as shown in Fig. 3.05. First, a PDMS microchannel device was brought into
conformal contact with the gold surface of the chip. Figure 3.05(A) shows how a 3.5 to 7
mM aqueous solution of MUAM was introduced into all channels in order to form a
monolayer. The thiol molecules were adsorbed for 10 min., the channels rinsed with
water and the PDMS removed from the gold. This resulted in a pattern of 200 um wide
lines of amine-terminated monolayer on the chip surface. Prior experience had shown
that using aqueous solutions within the channels was the best means of preserving the
conformal seal between the PDMS and the gold substrate. The substrate was then
immersed in an ethanolic solution of EG3-OMe for at least 8 h to modify the remaining
gold surface with a layer that resists protein adsorption, as indicated in Fig. 3.05(B).
After removing the chip from the EG3-OMe solution, rinsing and drying, a second PDMS
microchannel device was placed with its channels perpendicular to the -NH; lines (Fig.

3.05(C)). Different protein solutions (100 pg/mlL in PBS) were introduced to each

channel and the proteins physisorbed for 1 h. Due to the protein resistant nature of the
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Figure 3.05. Surface patterning via microfluidic channels (UFCs) in PDMS. (A)
Monolayers are patterned through PFCs. (B) Gold is backfilled with EG3-OMe. (C)
Second set of WFCs is placed perpendicular to patterned lines. (D) Proteins are
patterned across lines via UFCs.
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EG3-OMe monolayer, adsorption of the antigen proteins occurred primarily to the -NH,
terminal MUAM regions, as described by Fig. 3.05(D). Thus, the microfluidic channels
were used to confine the adsorption of the antigens in one direction and the patterned
surface chemistry to control adsorption perpendicular to the channels. This procedure
resulted in a chip featuring spots of physisorbed protein supported on an amine-
terminated monolayer.

A SPR image of a chip containing spots of three proteins is shown in Figure
3.06(A). The localized adsorption of antigen proteins to regions of the MUAM
monolayer generates a change the refractive index at the solid surface, resulting in the
observed pattern of contrast. A solution of ~133 nM polyclonal anti-goat IgG was
introduced into the flow cell for 10 min. After flushing the cell with PBS, the image in
Figure Figure 3.06(B) was collected. The net result of the anti-goat IgG binding to the
chip is more apparent in the difference image of Figure 3.06(C), which was produced
from the subtraction of Figure 3.06(A) from Figure 3.06(B). The results contained in
Figure 3.06 are explored quantitatively in Figure 3.07.

SPR signal intensities can be measured from cross-sectional profiles. Figure 3.07
contains the difference image following anti-glgG binding shown in Figure 3.06(C) as
well as several cross sections collected along various lines through the image. Cross-
sections A, B and C correspond to the SPR signal increase observed on the glgG, blgG
and BSA spots, respectively. The largest signal increase for anti-gIgG binding occurs, as
expected, at the immobilized glgG spots (42 £ 12 RIU over 4 spots). A significant signal
(26 £ 7 RIU) is also observed at the bIgG spots due to cross reactivity with the anti-glgG.

The polyclonal anti-goat IgG used here is directed against whole IgG and may bind to
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gleG blgG BSA

Figure 3.06. (A) Three proteins patterned across MUAM lines with an EG3-OMe
background. (B) Image after binding of anti-bIgG. (C) Difference image showing

inter-species cross-reactivity with glgG. Note the low level of binding at the BSA
spots.
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Figure 3.07. Line profiles of the anti-glgG difference image show (A) that the target
was bound, (B) significant cross-reactivity with blgG and (C) that non-specific
adsorption to the BSA was minimal. The horizontal line profile (D) shows the relative
increase in signal due to physisorption of the antibody on the MUAM lines.
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epitopes common among the IgGs of different animal species so this cross reactivity is
expected. A negligible signal change is observed at the BSA spots (3 = 3 RIU),
suggesting minimal non-specific binding to the protein spots.

It is crucial that the background signal of the chip remains low following antibody
exposure for sensitive and accurate quantitative binding analysis. Although the earlier
experiments gave reasonable results with a 1 hour blocking step, it was desirable to have
a background region whose signal level was independent of protein exposure and rinsing
steps. In profiles A and B, the signal in the regions between and outside the spots is
generally less than 2 RIU due to the resistance of the EG3-OMe groups to non-specific
protein adsorption. This is contrasted by profile D, which traces along a MUAM line.
The regions between spots in profile D show significant signal (~10 RIU) due to the non-
specific adsorption of anti-gIgG to the amine-terminated monolayer. Importantly, the use
of EG3-OMe to give a reference plane allowed the use of antibody solutions diluted in
PBS with no added surfactants. As a result, the changes in the baseline are minimized
and can, even in the case of changes in solution refractive index, be used as a baseline
signal level.

Figure 3.08 demonstrates that our chip chemistry and detection method function
well for sequential sample solution introductions. Following the incubation in unlabeled
anti-glgG, the array was exposed to 5.8 UM anti-BSA. The difference image in Fig. 3.08
shows a large signal change at the BSA spots (57 + 17 RIU) and negligible signal on the
other spots indicating exclusive binding to the immobilized BSA. The signal at the EG3-
OMe regions remains low (<2 RIU) reflecting minimal nonspecific adsorption to the

background after multiple successive antibody solutions.
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Figure 3.08. The line profile (A) following the binding of anti-BSA to the same
array from Figure 3.07 shows the utility of the array for sequential antibody
introductions.
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The unique advantage of biomolecule arrays is in the ability to simultaneously
monitor interactions between a number of different immobilized array elements and
solution species. This enables, for example, the optimization of conditions for

immobilization of biomolecules in the microarray."

In our antibody capture format, we
explored the effect of the surface density of the immobilized antigen on the antibody
capture. The surface density can be simply controlled by varying the antigen
concentration in solution. An array was prepared consisting of bovine IgG immobilized
from solutions of different concentrations. Figure 3.09 shows an SPR image of such an
array after exposure to 667 nM of anti-bovine IgG and rinsing with PBS. As shown in

the cross-sectional profile, the amount of antibody binding that is detected scales with the

solution concentration used to deposit the antigen and thus the surface density of antigen.

2,32,33 13, 17

A number of covalent schemes, specific interactions requiring fusion proteins
as well as nonspecific physisorption® ** ** have been used to immobilize proteins in
microarrays. It is notable that the method applied here, simple physisorption to an amine-
terminated monolayer, can be used to predictably control the surface density of arrayed
proteins and thus optimize the observed readout signal.

Single channel SPR is widely employed to measure binding strength of biological
interactions.’® TIsotherms were constructed for the binding of anti-bIgG to immobilized
blgG arrayed as shown in Figure 3.09(A). Line profiles of the immobilized bovine IgG

elements were integrated for increasing concentrations of anti-bovine IgG. These

isotherms are shown in plots of changes in percent reflectivity (A%R) vs. antibody
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Figure 3.09. (A) SPR difference image of blgG arrayed at three concentrations after
adsorption of 667 nM anti-bIgG. (B) Line profile shows relative magnitudes of
antibody binding. (C) Langmuir fits to antibody binding data for spots from each
solution bIgG concentration: 10 (filled circles), 25 (open circles) and 100 pg/mL
(filled triangles).
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concentration in Figure 3.09(C). The value of %R, or A%R in the case of difference

images, is obtained from the reflected intensity units (RIU) by the following equation:37

0.851
%R = £ x100% 3.1

where I refers to the light intensity detected using s-polarized light. Given that s-
polarized radiation will not couple to surface plasmons, I gives the maximum reflectivity
value at a given viewing angle. Therefore, the maximum reflectivity is obtained by
capturing the image of a surface viewed with s-polarized light.

A convenient way to deduce binding constants is by fitting of adsorption signal

changes over a range of concentrations to the Langmuir adsorption isotherm

_ AR K, [A]
A%R.. ~1+K,,[A]

(3.2)

where O is the signal as a fraction of the maximum A%Ry,x is the asymptotic maximum
value of the difference signal, K,qs is the adsorption coefficient, and [A] represents the
solution concentration of the adsorbate. Wegner et al. demonstrated that SPR imaging

could be used to measure binding isotherms and determine adsorption coefficients (Kags),

which are inversely related to dissociation constants obtained by the fitting of data to the
Langmuir equation.17 When 6=0.5, equation 3.2 can be solved for the solution

concentration of adsorbate corresponding to half-maximal surface coverage. At this
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concentration, [A]=Kads'1; thus, the value of the adsorption coefficient corresponds to the
inverse of the concentration at half-saturation coverage. Fitting parameters for the
binding curves are listed in Table 3.1.

Two observations are noteworthy from the plots in Figure 3.09(C). First is that
the maximum amount of antibody binding is governed by the surface density of antigen.
This implies that SPR signals are mainly due to antibody-antigen interactions with little
contribution from nonspecific adsorption. We would expect that the steric limit for
maximum antibody coverage would be similar for a nonspecifically adsorbed layer and a
layer that was specifically bound to antigen. Thus, if the observed SPR signals were due
to a combination of nonspecific adsorption and specific binding, the maximum A%R for
each antigen spot type would be similar in Figure 3.09(C). In addition, the ability to
control signal levels by varying the surface densities of the array elements is especially
useful for SPR imaging detection as the signal is linear with surface concentration only
for A%R of about 10% or less.”®

Secondly, Kaugs values determined from the Langmuir fit increase with increasing
surface density of antigen. Although the magnitude of A%R at the spots prepared from
667 nM bovine IgG slightly exceeds 10% and K,qs for those data is less accurate, the
trend is borne out even with exclusion of the single offending point. Smith et al. have
noted that while K,qs values obtained from Langmuir fits are not equivalent to binding
association constants, K45 values can be used to rank binding strengths in similar
systems.'® Thus, the trend in Kqqs from Figure 3.09(C) implies stronger antibody binding
to spots with a higher surface density of antigen. This may be due to variations in the

orientation or conformation of the adsorbed antigens as a function of surface density.
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Solution [bIgG] . )
Kads (Mv ) A%Rmax R
(ug/mL)
10 5.3(1.3) x10°® 3.3(0.3) 0.91
25 6.9(1.2) x10°® 5.9 (0.4) 0.94
100 1.09(0.10) x107 14.4 (0.5) 0.98

Table 3.1. Curve-fitting parameters for anti-bIgG binding curves. Values in parentheses
are standard deviations of the indicated values.
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The finding is also consistent with a recent report showing that the affinity
between immobilized antibodies and their antigens increases at high surface density.”
The postulated reason for the change was a decrease in the apparent dissociation rate
constant at higher surface densities due to the decreasing diffusion distances between
adsorption sites for a dissociated antibody. Figure 3.09 shows that microarrays with
controlled surface density of antigens can be fabricated using PDMS microfluidic
networks and patterned monolayer substrates. SPR imaging provides both quantitative

and qualitative evaluation of antibody binding in a label-free format.
4. Conclusions

A simple method for the fabrication and reading of antigen microarrays was
demonstrated. This work provides further demonstration of the use of SPR imaging for
label free reading of microarrays. The use of self-assembled monolayers and
microfluidic networks enabled the patterning of surface chemistry to support proteins in
array elements and created a background plane on which there was a very low level of
non-specific adsorption. The differential imaging technique employed was able to study
antibody binding and cross-reactivity while confirming the absence of non-specific
adsorption for multiple solution exposures to the chip. We have studied the effect of
bovine IgG surface density on SPR imaging signal changes upon polyclonal anti-bovine
IgG binding. The affinity between the immobilized bIgG and its antibody increases with

antigen surface density.
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Chapter IV

Surface Plasmon Resonance Imaging of Protein-Carbohydrate Interactions

1. Introduction

In recent years, much research effort has been directed at the development of
microarray methods for the parallel analysis of interactions in proteomics and genomics.
In addition to these widely known areas of research, there is a growing interest in the
analysis of biological interactions mediated by carbohydrates, or “glycomics”."” > The
expansion of research efforts in this area is being driven by the growing interest in the
role carbohydrate ligands play in mediating various biological phenomena. Research has
unraveled a large, diverse family of carbohydrate-mediated interactions between cells and
viruses, bacteria, extracellular matrix scaffolds and other cells.® Cell surfaces can interact
with other cells through a variety of interactions involving membrane-bound and
extracellular oligosaccharides, glycolipids and glycoproteins.

Among the barriers to entry in the study of carbohydrates is the relative structural
complexity of carbohydrate ligands. The presence of multiple branching points,
stereochemistry, and functional group modifications in natural systems introduces a
higher degree of synthetic difficulty for oligosaccharides in comparison to
oligonucleotides and linear polypeptides.4’ >

Much of the functional activity of carbohydrates is governed by highly specific
recognition with proteins. Increasing interest in examining the functional characteristics
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of carbohydrate ligands as well as the need for throughput and efficiency in the analysis
of carbohydrate interactions is leading to a surge in microarray research.” 9 The sheer
variety of structures and interactions would seem to make a high throughput analysis
system such as microarrays a necessity for expansion of research into glycomics.

Lectins are a class of proteins which function as receptors for specific

4, 10, 11

carbohydrate moieties. The interactions of individual carbohydrate moieties with

proteins are weak, with typical dissociation constants in the high micromolar to

millimolar range.lz’ 13

As a consequence, many lectins interact with their targets via
multiple, homologous binding sites in order to increase affinity. A well-studied example
is that of the influenza virus, which binds to cell-surface sialic acids via a homotrimeric
lectin group. The initial binding allows other lectin groups on the viral surface to come
into contact with more cell-surface sugars, eventually deforming the cell membrane and
leading to endocytosis.” In this chapter, SPR imaging is used to probe two classes of
carbohydrates involved in the recognition-mediated virulence of well-known bacterial
families.

SPR has previously been applied to the elucidation of binding constants for
various carbohydrate-protein interactions.'* Much research into carbohydrate-protein

15

interactions focuses on the analysis of lectins associated with pathogens.> Some

noteworthy examples which have been studied by SPR include the binding of HIV-1

protein gpl120 to potential inhibitors comprised of glycodendrimers and sulfated

17, 18

dextran,'® the binding of the toxin ricin to various synthetic glycolipids and the

interactions of cholera toxin with ganglioside receptors.'”

The sensitivity and
perceived accuracy of the analytical data from SPR measurements, as well as the ease of
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use of the popular Biacore instrumentation, have allowed researchers to ascertain binding
constants from analysis of kinetic data.

While lectins and their analogues constitute a multivalency-based approach to
carbohydrate recognition, the development of high-affinity antibodies for targeting single
residues would be advantageous for targeting less densely distributed carbohydrates as
well as for immunoassays and therapeutic applications. While IgG antibodies can also
engage in bivalent binding via two identical binding sites, the possibility exists for the
enhancement of affinities via somatic mutations. Three disaccharides presented by the
cell surface of Salmonella were used to determine the binding specificity and strength of
the monoclonal antibody Sel55-4. The epitopes defined by the terminal saccharides
were associated with each of serogroup A, B, and D; Salmonella. This particular
antibody was the first to have been characterized in a bound conformation with its
carbohydrate target via X-ray crystallography.21 The study of this system by SPR
imaging would allow for evaluation of the binding characteristics in a heterogeneous
assay somewhat analogous to the cell-surface. In addition, this assay would help to
determine the utility of the antibody line in assays and therapeutic applications.

The Escherichia coli bacterium produces toxins implicated in a number of
gastrointestinal maladies including diarrhea, hemorrhagic colitis and the hemolytic
uremic syndrome.”> The verotoxins belong to a class of toxins also known as Shiga-like
toxins (SLTs) due to their structural similarity to the Shiga-toxin produced by Shigella
dysenteriae type I. The E. coli toxins consist of a 38.4 kDa pentameric Bs subunit, which
is responsible for the recognition of cell-surface oligosaccharide units, and a 32 kDa

enzyme portion, the A subunit, which damages ribosomal RNA once internalized by the
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cell.?

The cell surface recognition is a necessary step in allowing the toxin to be
internalized and, hence, fulfill its enzymatic function. It has been shown that the binding
sites of the Bs subunit can be blocked with synthetic ligands containing multiple copies of
the P trisaccharide unit.® The five-fold quasi-symmetric ligands can bind to all five of
the strong binding sites on the Bs subunit simultaneously, effectively inhibiting the

toxin.”» ** This well-characterized system is used to establish the utility of SPR imaging

for studies of binding inhibition.

2. Experimental

The synthesis of HS(CH,);:{(OCH,CH,);OCHj; (EG3-OMe) was described in the
previous chapter. A brief description of the synthesis of 11-mercaptoundecanol (MUO)>
follows. 11-Bromo-1-undecanol (Aldrich) was refluxed with a slight excess of thiourea
for 6 h. The mixture was further refluxed for a few hours with 2.5 equiv. NaOH to give
MUO. MUO was purified by flash chromatography on silica gel using 2% MeOH in
CH,Cl, as eluent.

The alkylthiol- or alkyldisulphide-modified saccharides and inhibitors were
synthesized by the research group of Prof. D. R. Bundle (University of Alberta) for use in
this work. The recombinant Shiga-like toxin (SLT) was expressed without the enzymatic
A subunit, leaving only the self-assembling Bs subunit containing the carbohydrate
recognition sites. 1.6 mg/mL SLT was received in PBS with 0.02% NaNj; as
preservative. The monoclonal antibody Sel55-4 (MADb) was received in 6.15 mg/mL
solution in 0.05 M Tris buffer with 0.15 M NaCl and 0.02% NaN3. The SLT and Sel55-
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4 were gifts from Prof. D. R. Bundle. All protein solutions were diluted in phosphate-
buffered saline (PBS: 8.1 mM Na,HPOy,, 1.5 mM KH,PO4, 137 mM NaCl, 2.7 mM KClI
in 18ML2 water).

Poly(dimethylsiloxane) (PDMS) microfluidic channels were fabricated according
to established methods.?® Briefly, a relief pattern of photoresist on a silicon wafer was
created photolithographically. By curing polydimethylsiloxane prepolymer and cross-
linker (Sylgard 184, Dow Corning; Midland, MI) 10:1 by weight against this relief
structure, a negative of the relief was formed in the PDMS. The microchannels measured
200 pm wide by 10-15 um deep. The device was also through-bored at the ends of the
channels to allow fluids access to the channels when the PDMS device was applied to a
surface. Fluid flow was driven by applying vacuum to one access point on the
microchannel while connecting the other access point to a reservoir of solution. Gold
surfaces were modified by exposure to the thiols or disulphides in 1:9 HyO:MeOH. This
solvent ratio allowed for facile solubilization of the thiols and sealing of native PDMS
microchannels against the gold sensor surface for 20 minutes. The degree of monolayer
formation, while expected to be nearly complete over this time scale, was deemed
uncritical due to the dilution of the monolayer by MUO and longer-term annealing of
defects by immersion in a solution of EG3-OMe.

All SPR imaging utilized sensing films consisting of 45 nm gold films deposited
on SF10 glass (Schott; Toronto, ON, Canada) with a 1 nm adhesive layer of chromium.
Imaging was performed using the GWC Instruments SPRimager (GWC Instruments;
Madison, WI). Images were averages of 100 individual snapshot images; accompanying

image profiles are directional averages over the entire displayed image. Gold substrates
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for infrared reflection absorption spectroscopy (JRRAS) were prepared by sputtering 10
nm Ti and 300 nm Au onto clean glass microscope slides. IRRAS spectra were collected
on a Mattson Infinity spectrometer with an externally housed low noise MCT-A detector
at a resolution of 2 cm”. SAMs containing saccharide moieties were prepared by
pressing a liquid film between a clean glass slide and a gold slide in order to confine the

small volume (50-200 PL) of solution.

3. Results and Discussion

3.1. Binding of Sel55-4 antibody to Salmonella epitopes.

The structures of the three Salmonella epitopes studied are shown in Figure 4.01.
The complementarity-determining moiety is the terminal 3,6-dideoxyhexose, which
varies slightly in structure in each of the epitopes shown. The Se155-4 monoclonal
antibody has been shown to bind to the SMA-17 epitope, which is presented on the cell
surfaces of serogroup B.2?

The binding of the MAb was examined on mixed SAMs formed from solutions
with varying proportions of SMA-17 and MUO. The variation in antigen density on the
surface was examined in order to ascertain an optimal density. The results of SPR
imaging of arrayed SMA-17 are shown in Figure 4.02. The initial array image under
PBS in Fig. 4.02(A) indicates the differences in epitope density visually, showing an
increase in light intensity with increasing density. This is due to the greater height of the

epitope-containing molecules on the surface compared with the MUO. An interesting

feature of Fig. 4.02(A) is the presence of barely visible domain boundaries on the
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Figure 4.01. Chemical structures of the salmonella epitopes; common names of the
terminal saccharides are indicated below each structure. (A) SMA-9, from serogroup D,
(B) SMA-17, from serogroup B and (C) SMA-27, from serogroup A.
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Figure 4.02. (A) SPR image of arrayed SMA-17 at various surface densities. The
percentages indicated correspond to the fraction of the total adsorbate concentration
comprised of SMA-17 in the forming solution. (B) Cross section showing greater
initial signal with increasing SMA-17 concentration. (C) Difference image after
exposure of array to 6.15 pg/mL (41 nM) Sel55-4 MAb. (D) Cross-section of
difference image shows surface-density dependent variations in antibody binding.
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background region running parallel to the patterned lines. The arrows marked with
asterisks in Fig. 4.02(B) indicate these boundaries as steps in the cross-section. The
lower plateau of each of these steps indicates a region in which some MUO had been
transferred to the gold substrate beyond the boundaries of the channels by diffusion
through the PDMS device during microfluidic patterning. The 100% SMA-17 line
contained no MUQ; as a result, the areas immediately adjacent to that line are comprised
of only EG3-OMe. This is manifested as a higher reflectivity level on these regions than
on the regions containing MUO, leading to the step indicated by the double asterisk in
Fig. 4.02(B). This loss of pattern resolution was not observed for the saccharide-
terminated species due to the presence of the larger hydrophilic groups, which prevented
diffusion into the hydrophobic polymer. As a result of the confinement of active species
to the geometric areas defined by the microchannels, as well as the observed protein-
resistance of MUO, the printing of the MUO did not hinder the analyses performed.
Figure 4.02(C) is a difference image captured after exposure of the array to the
Sel155-4 MAb. Along with the profile in Fig. 4.02(D), it shows that there was no
adsorption to the background regions. It can be seen that on the line consisting of only
MUO, there is no observable adsorption; the relative protein resistance of hydroxyl-
terminated monolayers has been previously demonstrated. While the resistance to protein
adhesion is not as great as with oligo(ethylene glycol)-terminated monolayers, it is
sufficient to prevent non-specific adsorption of IgGs at the concentrations used in this
work. In addition, the binding of the MAb is maximal at the 10% dilution, and is reduced

further as epitope density increases from 25% to 100%. Part of the reason for this may be
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steric constraints, since more complete monolayers of SMA-17 may provide a barrier to
the incorporation of the disaccharide into the binding site of the MAD.

It has been shown that the binding between Sel55-4 and the epitope involves
hydrogen-bonding interactions with both of the saccharide groups in a binding pocket 0.8
nm deep by 0.7 nm wide.?! More complete monolayers would tend to bury more of these
groups, rendering them inaccessible for binding. The tethers on the saccharides used for
this study were long enough to allow the protrusion of the epitopes above the MUO and
EG3-OMe groups. The apparently enhanced binding at the edges of the 25% and 100%
regions is of unclear origin. The most likely explanation is that there was some diffusion
of the SMA-17 into the regions adjacent from the channels at the junction of the channel
with the solution and gold surface. The resulting high signal is then probably a result of
MAD binding to areas in which there was a lower density of SMA-17 than in the regions
defined by the channel geometry. The binding of the MAb to these monolayers is further
explored in Figure 4.03.

In order to determine the binding tenacity of the MAb to the array, several
dilutions of the antibody were run through the instrument in sequence. The binding data
was fit using the four-parameter logistic model, which has the following form for a

typical x-y coordinate system:

A%R_. —A%R_.

1+[[—A])
Kd

A%R=A%R._. + 4.1
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Figure 4.03. Bmdmg data from SPR images of Sel55-4 MAb on mixed monolayers of
SMA-17 and MUO. Proportions of SMA-17 in the SAMs were 10% (open circles), 25%
(filled triangles), 100% (open triangles), and 0% (filled circles). Curvilinear fits are
based on equation 4.1.
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where A%Rmax and A%Rpin are asymptotic values determined from the regression
analysis, [A] is the adsorbate solution concentration, and Ky is the desorption constant.
The parameters A%Rmax, A%Rmin , K4, and b were obtained from regression fits of the
data. The Ky value obtained from the fits reflects the antibody concentration at half-
saturation and was used as an estimate of the dissociation constant for the system. When
the data is plotted on a log scale in [A], the parameter b reflects the slope of the curve at
the inflection point. When b=1, the equation reduces to the Langmuir isotherm.
Although proposed interpretations for deviations from b=1 are that b<l indicates
inhomogeneity in binding affinities or negative cooperativity while b>1 indicates a
positive cooperativity effect,® any real physical bases for the observed values are
somewhat speculative.” The iterative least-squares solution of this equation, also known
as the Hill or Sips plot, is widely used to analyze binding curves in the life sciences.®
Figure 4.03 shows data from the binding of various concentrations of Sel155-4 to
the array shown in Fig. 4.02. As seen in Fig. 4.03, the saturation binding level was much
greater on the 10% SMA-17 monolayer than on those with higher concentrations. In
general, dissociation constants for this system tend to fall in the same order of magnitude
over different arrays. Table 4.1 lists the fit parameters for the curves in Fig. 4.03. The
fitted value of the parameter b from equation 4.1 increases with the decreasing surface
density as follows bigoe=1.2, bas4=1.6, b1o%=2.2. Whether there is any increase in any
physical property such as cooperativity is, again, speculative. It can be inferred from the
previous explanation of the steric hindrance that at lower epitope densities, steric
hindrance is minimized and, thus, can allow for bivalent binding by the antibodies. The

value of b at 5% was found to be lower than that at 10%, suggesting that the density of
100
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% SMA-17 Kq (M) A%R min A%R ax b R?
10 2.2(0.2) x10® | 0.13(0.46) | 7.86 (0.17) | 2.2(0.4) | 0.9993
25 4.000.2) x10® | 0.00(0.05) | 2.24 (0.05) | 1.6 (0.1) | 0.9998
100 3.5(0.3)x10® | 0.00(0.09) | 1.32(0.08) | 1.2(0.2) | 0.9996

Table 4.1. Curve-fitting parameters for Se155-4 binding curves in Fig. 4.03. Values in
parentheses are standard deviations of the indicated values.
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epitopes may become too low for bivalent interactions below 10%. In addition, bivalent
binding would require two epitopes to be able to maneuver into the correct orientations,
an ability that may be hindered at greater densities.

In order to verify the antigenic specificity of the MAb, SPR imaging was used to
examine binding to each of the three epitopes arrayed on a single chip. Figure 4.04
outlines the differences in reactivity observed. The initial array image includes each of
the three epitopes at 10% as well as an additional 5% SMA-17 line. The spreading of the
pattern due to MUO printing via PDMS is the only noteworthy feature of this image, and
is shown in the accompanying cross-sectional profile. The exposure of the array to the
MAD resulted in a specific binding to only the SMA-17 epitope, as seen in Fig. 4.04(C,
D). Figure 4.05 shows the isotherms for the array in Fig. 4.04, and further confirms that
the 10% density may be reasonably close to an optimal level for detection. In addition,
the MADb binding is shown to be highly specific, demonstrating the applicability of
microarray analysis to antibody screening. Fit parameters for the isotherms in Fig. 4.05
are listed in Table 4.2. Another application area of interest was in the determination of
toxin inhibition by synthetic multivalent ligands.

3.2. Inhibition of Shiga-like toxin (SLT) by synthetic inhibitors.

The toxins produced by E. coli bind to cell surface Gbs receptors through multiple
interactions with the homopentameric lectin subunit of the toxin. Figure 4.06 and 4.07
show the Starfish (SF-2) and Daisy ligands used to bind the toxin. Each structure was
designed in such a way that the terminal carbohydrate fragments would be able to occupy
the strong binding sites of the toxin (there are 10 additional weak binding sites) via
specific recognition of the P* trisaccharide (o-D-Galp-(1-4)-B-D-Galp-(1-4)-B-D-Glep), a
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SMA-9 SMA-17 SMA-17 SMA-27

y Taur=2

Figure 4.04. (A) Initial SPR image of arrayed epitopes at various surface densities.
(B) Cross section showing similar signal intensity for each epitope. (C) Difference
image after exposure of array to 3.08 pg/mL Sel55-4 MAb. (D) Cross-section of
difference image shows exclusive binding to SMA-17.
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Figure 4.05. Binding of Se155-4 MAb to mixed monolayers of Salmonella epitopes and
MUO was measured by SPR imaging. Solution proportions of when forming SAMs were
10% SMA-17 (filled triangles), 5% SMA-17 (open circles), 10% SMA-9 (filled circks),
and 10% SMA-27 (open triangles). Curvilinear fits are based on equation 4.1.
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% SMA-17 Kq M A%R i AR s b R?
5 3.4(0.3) x10°® 0.0 (0.4) 129 (04) | 1.50.2) | 0.9985
10 3.6(0.1) x10°® 0.1 (0.2) 14.7(0.2) | 1.8(0.1) | 0.9996

Table 4.2. Curve-fitting parameters for Se155-4 binding curves in Fig. 4.05. Values in
parentheses are standard deviations of the indicated values.
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Figure 4.06. Chemical structure of Starfish 2 inhibitor (FW 8703.8847). The P*
trisaccharide unit is presented twice at each end of five radial spacer arms.
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Figure 4.07. Chemical structure of Daisyl inhibitor (FW 9660.79). The P trisaccharide
unit is presented twice at each end of five radial spacer arms.
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carbohydrate portion of the mammalian Gbs receptor. In mammalian cells, the Gb;
glycolipid is the recognition element responsible for the binding of the Shiga-toxins.>'
The inhibition of SLT activity by the multivalent Starfish and Daisy ligands has been
previously demonstrated by ELISA* ** and mass spectrometry”' as well as by in vitro™
and in vivo™ studies. The principal ELISA methods used required separate steps for
labeling, blocking, binding interaction and colour development for detection. The
inhibition of SLT was studied in order to demonstrate the efficacy and simplicity of
microfluidic patterning and SPR imaging as an alternative to ELISA. The arrays for
detection of the toxin were produced using mixed monolayers of a disulphide-modified
P trisaccharide (C16Pk) and an Asialo-GM; disaccharide (C;6AGM») expected to have no
interaction with the SLT (Figure 4.08).

The differential binding of SLT by the C16Pk and C;sAGM; was demonstrated
using SPR imaging as shown in Figure 4.09. Fig. 4.09(A, B) describes the array surface
initially observed, in which the reflectivity at the P* addresses was markedly greater than
that of the AGM,. The exposure of the array to 5 ug/mL SLT resulted in an increase in
signal on the P* trisaccharide, with no detectable adsorption on either the AGM, or the
EG3-OMe background. In this work, it has been a common observation that monolayers
presenting oligosaccharide groups at the surface are quite resistant to non-specific protein
adsorption. While SAMs presenting mannitol groups at the surface have been shown to
be at least as protein-resistant as oligoethylene glycols,” the observation has not been
generalized to the broader class of saccharide-terminated SAMs. The property of protein

resistance would come as little surprise given the role of cell surface saccharides in
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Figure 4.08. Chemical structures of C;¢ linker-modified (A) P¥ trisaccharide and (B)
Asialo-GM; disaccharide used to produce arrays for studies of SLT inhibition.
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AGM, P<  AGM, Pk

Figure 4.09. (A) SPR image of arrayed AGM, and PX. (B) Cross section showing
greater initial signal on the P¥ regions than on the AGM,. (C) Difference image after
exposure of array to 5 pg/mL SLT for 10 min. (D) Cross-section of difference image
shows exclusive binding to P¥; cross indicates the zero level for the difference image.
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specific protein recognition. Given this high protein resistance, the AGM; species was
used as a diluent for further studies involving the surface-bound P* trisaccharide.

Given the fixed locations of the binding sites on the SLT Bs subunit, the effect of
ligand density in the monolayer was studied using IRRAS. By tracking the changes in
the amide II band intensity upon SLT binding to mixed C16Pk/ Ci16AGM, SAMs, it was
possible to determine the optimal C;sP*/ C1sAGM, concentration ratio. Figure 4.10(A)
shows a spectrum before and after adsorption of SLT. The increase in the amide II band

is thought to correlate approximately linearly with the amount of protein,** **

making it a
good diagnostic peak for SLT adsorption. Measurements of band intensity were made
after subtracting the spectra before and after SLT adsorption, thus ruling out variations in
contributions from the C;6AGM,, which itself contains amide groups.

The plot in Fig. 4.10(B) shows the change in amide II intensity with changes in
C16Pk density on the surface. The percentages indicated reflect the solution
concentrations used to form the SAMs, and not necessarily the actual surface coverage.
This plot showed a maximum in binding at around 15% C16Pk, with a slow decrease as
the concentration increased. The observed decrease in binding with increasing receptor
concentration is not nearly as dramatic as with the Salmonella epitopes due to the
shallowness of the binding site on the SLT in comparison with the Se155-4 antibody.
The fact that most lectins have weak binding interactions is partly a result of the lack of
depth in the binding sites. The greater factor in undermining the strength of
carbohydrate-protein interactions, however, is the lack of hydrophobic contact area
between the carbohydrate and the receptor site. That is, because of the competition for

hydrogen bonding sites from the ~56 M water in aqueous systems, the interactions
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Figure 4.10. (A) Examples of IRRAS spectra used to assess SLT binding to SAMs of
varying P* trisaccharide density. (B) Amide II band (vam) intensity was used to track the
amount of bound SLT froma 1 pg/mL solution.
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between the carbohydrate and the receptor are unfavourable, necessitating multiple
interactions in order to effect strong binding. In addition to the five strong binding sites,
SLT also has ten weak binding sites for the P* trisaccharide, allowing for enhanced
interactions even at non-optimal ligand densities.

Having determined an optimal concentration for SLT binding, assays were
performed in order to determine values for ICsy, the key parameter in inhibition studies.
The ICsy value is determined from isotherm fits, and is analogous to the Ky value
determined for surface adsorption. By definition, ICsq is the inhibitor concentration at
which 50% of the receptor is inhibited. The equation for the curves used to fit the
binding data follows equation 4.1, with values of % inhibition replacing values of A%R.

Assays were performed by incubating 1.6 pg/mL (42 nM) SLT in PBS with
varying inhibitor concentrations overnight, then using SPR imaging on a pP* array to
detect the unbound SLT. Inhibition curves for SF-2 and Daisy are shown in Figure 4.11
and Figure 4.12, respectively; the fit parameters are listed in Table 4.3. The measured
parameter was the adsorption of the SLT to the array. The resulting values of A%R were
then fit to equation 4.1 to obtain the maximum and minimum values. The range defined
by these extremities was then normalized to 100% by dividing all values by the range and
multiplying by 100 (%). The results were then converted to % inhibition values by
subtracting all the values from 100%; i.e. the inhibition values plotted reflect the fraction
of the maximum signal which was not observed as a result of the inhibition. The values

were then fit to equation 4.1 once more in order to obtain the parameters listed in Table

4.3.
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Figure 4.11. Inhibition of 1.6 pug/mL SLT by SF-2 inhibitor. Points are average
values measured by SPR imaging on a four-line array; error bars represent standard
deviations of the data points. Curvilinear fits are based on equation 4.1. Asymptotic
values of % inhibition based on the curve fitting results gave upper and lower limits.
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Figure 4.12. Inhibition of 1.6 pg/mL SLT by Daisy inhibitor. Points are average
values measured by SPR imaging on a four-line array; error bars represent standard
deviations of the data points. Curvilinear fits are based on equation 4.1. Asymptotic
values of % inhibition based on the curve fitting results gave upper and lower limits.
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inhibitor | ICso (M) | %Inhibitionm, | %Inhibitionmax b R?
SF-2 1.3(0.2) x10°® 0.9 (2.1) 102 (2) 0.62 (0.05) | 0.9985
Daisy | 2.6(0.3) x10?® 0.6 (1.6) 102 (1) 0.69 (0.04) | 0.9996

Table 4.3. Curve-fitting parameters for SF-2 and Daisy inhibition curves in Fig.s 4.11

and 4.12. Values in parentheses are standard deviations of the indicated values.
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The values of the slope parameter b from equation 4.1 were 0.62 for the Daisy
inhibition curve and 0.69 for the SF-2 inhibition curve. Although the multivalent nature
of the binding between the inhibitors and the SLT may predict a cooperative influence,
these values suggest that such an effect may not be dominating the interaction. Given the
large number of possible binding sites within each SLT, and the fact that these inhibitors
may bind across two SLTs, there may be some heterogeneity in the binding modes in
solution.’> The ICso values are in the low nanomolar range for each inhibitor, in
agreement with ELISA work performed previously. The value of 2.6 nM for Daisy is
slightly less than the reported value of 8.05 nM using ELISA (protocol B, see next
paragraph).24 The value of 1.3 nM for SF-2 is slightly larger than the values of 0.24 nM
(protocol A) and 0.4 nM (protocol B) for a similar inhibitor.”® The values reported here
tend towards a lower end of the ranges of ICsy values determined by various methods in
the literature, and likely reflect the differences in the methods used for the
determinations. The clear advantages of SPR for this type of assay are operational
simplicity and, more importantly, a minimization of the number of interactions necessary
to produce a signal.

In previous ELISA studies of SLT inhibition, two separate protocols, termed
protocols A and B, were used.”? Tn protocol A, SLT was coated on a 96 well ELISA
plate, blocked with milk protein (MP) and then exposed to solutions with 10 pg/mL of a
biotinylated BSA-P* trisaccharide conjugate and varying concentrations of inhibitor.
Analysis was performed by adding a streptavidin-horseradish peroxidase conjugate and

developing with tetramethylbenzidine (TMB)/hydrogen peroxide and phosphoric acid.
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The absorbance was then detected at 450 nm. In protocol B, CisP* was applied to a 96
well ELISA plate before blocking with BSA. SLT with varying inhibitor concentrations
was then added. Surface-bound SLT was detected by first adding a rabbit anti-SLT
antibody to bind the SLT, then adding HRP-conjugated anti-rabbit IgG antibody. The
detection was again performed by developing with TMB/peroxide and reading the
absorbance. A schematic comparison of the interactions employed in the ELISA
protocols and the SPR imaging protocol used in this work is shown in Figure 4.13. The
SPR imaging method is shown to be advantageous in that far fewer reaction steps are
necessary in order to perform the assay. As a result, there are fewer steps at which a
systematic or random error can be introduced to the assay. In addition to the time
savings, by which a 2 day procedure essentially becomes a 1 day procedure, the
elimination of many tedious pipetting and washing steps, which require high precision
and training, is a major advantage of the SPR imaging methodology presented. The
colour development step for detection is a kinetic process that also requires a high degree

of precision.
4. Conclusions
SPR imaging of microarrays has been shown to provide a simple and effective
means for analyzing protein-carbohydrate interactions. For both systems studied, those
of the surface Salmonella epitopes and the receptor for SLT, complementary protein

binding was maximized by lowering the surface receptor density to a level reflecting 10-
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Figure 4.13. Comparison of SPR imaging with ELISA. Green ovoids are SLT,
magenta triangles are P¥ trisaccharide, orange pentamer is multivalent inhibitor. (A)
Competitive assay in which P¥- and biotin-labelled BSA competes with multivalent

inhibitor for surface-bound SLT. (B) Competitive inhibition assay in which SLT can
bind to either the inhibitor or the surface-bound PX. (C) Direct inhibition assay

- adsorbs non-inhibited SLT at mixed PYAGM, monolayer. (D) Detection by binding
of HRP-labelled streptavidin; development with TMB. (E) Detection with anti-SLT,
followed by HRP-labelled antibody to anti-SLT; development with TMB. (F) SPR
detection.
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15% mole fraction in solution. The inhibition assays were shown to be far simpler and

reliant upon fewer interactions than typical ELISA protocols.
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Chapter V

Surface Chemical Modifications with Microfluidics

1. Introduction

Self-assembled monolayers (SAMs) are a valuable tool for manipulating the
surface chemistry of gold. The gold-alkylthiolate monolayers have been widely studied
and employed for controlling surface chemistry. The resultant body of knowledge has
enabled a variety of researchers to use SAMs in the study of diverse aspects of interfacial
chemistry and nanotechnology. Given that the nature of the terminal functional group
can dictate the reactivity or influence adsorption, much interest was generated in the
patterning of SAMs. Interest in patterning geometrically defined regions of a surface
with different thiolates, usually with differing terminal functionalities, has led to the
development of a variety of patterning methods.

The typical method for single-component monolayer formation is the exposure of
a gold surface to a solution of a given alkylthiol or disulphide, although it is also possible

to enact SAM formation via the gas phase.” ?

While this method forms a predictable
surface with controllable surface chemistry, it allows only for a homogenous distribution
over the exposed gold surface. Several methods for spatially-defined removal of thiolates

from gold have been reported in the literature, including UV photolithography,3’ 4

electron beam etching,5 and scraping away regions of a SAM using a sharp tool® or AFM
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probe.”® Following up the removal of thiolates with the adsorption of a second thiolate-
generating species results in the controlled patterning of the surface chemistry.

An alternative to removal of thiolates from a pre-existing monolayer is to select
the placement of thiols, for example, by nanoscale writing methods using an atomic force

microscopy (AFM) probe.®

An inexpensive, convenient, and flexible platform for
patterned monolayer formation was developed in the laboratories of Prof. G. M.
Whitesides. By using relief patterns in polydimethylsiloxane (PDMS) as a contact stamp,
and alkylthiols as the ink, the technique of microcontact printing (WCP) enabled rapid,

spatially-controlled monolayer formation.'" '

There are several advantages of this
method for generating patterned monolayers. Firstly, LCP is very operationally simple
since no monolayer removal step is necessary. The characteristic self-lamination of
PDMS onto macroscopically smooth surfaces, along with the ability to conform to
microscopically rough surfaces, allow for high fidelity patterns to be printed over
irregular surfaces. The area over which a desired pattern can be printed is dependent only
on the stamp design. In addition, the speed of monolayer formation allows for rapid
repeatability, especially since the stamps are reusable. The method involves partitioning
alkylthiols from solution or neat liquid in to the polymer. During the contact with a gold
surface, the alkylthiols can undergo diffusion from the surface and bulk of the PDMS
stamp onto the gold surface, with a particular enhancement of transport at the edges of
the contacting structures.'> One of the limitations of the technique, however, is the
difficulty in inking the highly hydrophobic PDMS with alkylthiols containing hydrophilic

termini.
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The work presented herein demonstrates two strategies for the formation of SAMs
with hydrophilic termini. A key motivation for the work was to enable the patterning of
hydrophilic SAMs over dimensions compatible with surface plasmon resonance (SPR)
imaging. That is, the methods developed were desired to be compatible with preexisting
technologies for patterning adsorbates at scales on the order of tens or hundreds of
microns. One of these strategies involved enhancing the aqueous solubility of
hydrophobic adsorbates using micelles in order to be compatible with surface patterning
via PDMS microchannels. Aqueous micelles of the surfactant Tween 20 were used to
solubilize carboxylate-terminated alkylthiols ordinarily only sparingly soluble in water.

The other strategy employed was to modify the PDMS microchannels in order to
facilitate the microfluidic patterning of alkylthiols from organic solvents or aqueous-
organic solvent mixtures. The modification consisted of an oxidation in oxygen plasma
followed by silanization with a perfluorinated alkyl chain. A large effort in the
modification of PDMS surface chemistry has been driven by the need to control
electroosmotic flow and protein/reagent absorption by the polymer in microfluidic
analytical systems.14 The efforts made in this chapter could potentially apply to the

confinement of organic liquids in bonded microfluidic systems.
2. Experimental
Octadecanethiol (ODT; Aldrich) was purchased and used after recrystallizing
from acetone; 11-mercaptoundecanoic acid (MUA), 11-mercaptoundecanol (MUO), and

HS(CH3)11(OCH,CH;);OCH;3; (EG3-OMe) were synthesized in general agreement with
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published methods."> The synthesis of MUA was detailed in the experimental section of
Chapter II, that of EG3-OMe was in Chapter III, that of MUO was in Chapter IV.
(Tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane (TFS) was purchased from
United Chemical Technologies and used as received. Poly(oxyethylene)sorbitan
monolaurate (Tween 20) was obtained from Fisher and used without further purification.
16-Mercaptohexadecanoic acid (MHA) was obtained from Aldrich and used as received.

Proteins used in this work were obtained in the highest available purity and used
as received. Bovine fibrinogen (BFG) and bovine serum albumin (BSA) were obtained
from Sigma. Bovine immunoglobulin G (bIgG) was obtained from ICN Biomedicals
(Aurora, OH). All protein solutions were prepared in phosphate-buffered saline (PBS:
8.1 mM Na,HPOy, 1.5 mM KH,PO,4, 137 mM NaCl, 2.7 mM KCl in 18MQ water).

Poly(dimethylsiloxane) (PDMS) microfluidic channels were fabricated according
to established methods.'> Briefly, a relief pattern of photoresist on a silicon wafer was
created photolithographically. By curing the prepolymer and cross-linker (Sylgard 184,
Dow Corning; Midland, MI) 10:1 by weight against this relief structure, a negative of the
relief was formed in the PDMS. The microchannels measured 200 pm wide by 10-15 pm
deep. The stamp was also through-bored at the ends of the channels to allow fluids
access to the channels when the PDMS device was applied to a surface. Fluid flow was
driven by applying vacuum to one access point on the microchannel while connecting the
other access point to a reservoir of solution.

Plasma oxidation was performed in a home-built RF plasma generator operating
at 27.12 MHz in the laboratory of Prof. J.-B. Green. The plasma was ignited at pressures

of 15-40 um Hg (0.015-0.040 Torr) after evacuating and repressurizing the plasma
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chamber several times with oxygen. The plasma was used at a forward power of 75 W,
with reflected power generally less than 12 W. Silanization was accomplished by
exposing the PDMS to TFS vapour in a dessicator under house vacuum for 1-2.5 h. TFS
was used neat and dispersed in paraffin oil, with the latter method providing a slower rate
of reaction.

All SPR imaging utilized sensing films consisting of 45 nm gold films deposited
on SF10 glass (Schott; Toronto, ON, Canada) with a 1 nm adhesive layer of chromium.
Imaging was performed using the GWC Instruments SPRimager (GWC Instruments;
Madison, WI). Gold substrates for infrared reflection absorption spectroscopy (IRRAS)
were prepared by sputtering 10 nm Ti and 300 nm Au onto clean glass microscope slides.
IRRAS spectra were collected on a Mattson Infinity spectrometer with an externally
housed low noise MCT-A detector at a resolution of 2 cm™. Transmission infrared
spectra were obtained through the Department of Chemistry spectral services laboratory.

X-ray photoelectron spectra were obtained through the Alberta Centre for Surface
Engineering and Science on an Axis 165 XPS spectrometer (Kratos, Chestnut Ridge,
NY). The source was monochromated Al Ka; survey and high-resolution spectra were

spectra were collected with a bandpass of 160 eV and 20 eV, respectively.

3. Results and Discussion

The utility of PCP for the patterning of methyl-terminated SAMs has been well
documented.'” '* In contrast, uCP of alkyl thiols with polar tail-groups using PDMS

stamps is relatively rare; a literature search excavated only one example of data showing

127

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



HCP of MUA, but no characterization of the resultant SAMs were presented.'® Figure
5.01 shows an example of how this barrier may be overcome in the case of a hydroxyl-
terminated alkylthiol. By inking the PDMS for an extended period (>1 h) in a relatively
high concentration (41 mM) solution of MUO, the stamp was able to absorb enough
alkylthiol to print a SAM. As was also seen in Chapter IV, MUO is able to permeate
PDMS. In Fig. 5.01(A), the printed regions comprise the “background” while the four
vertical lines are SAMs of ODT formed by backfilling the unprinted regions in solution.
Adsorption of 100 pg/mL BFG showed a preferential adsorption to the ODT regions, as
expected. The profile in Fig. 5.01(D) shows that the background MUO regions adsorb a
significant amount of protein due to the use of the tenaciously surface active fibrinogen'’
for visualization of the pattern. Although this method appeared to be a solution to the
problem of patterning @-functionalized alkylthiols with polar terminal groups, it was not
acceptable since some alkylthiolates, such as the glycosides used in Chapter IV, would
not be available in large enough quantities to make high-concentration “inks”.

Alternative methods for the direct printing of hydrophilic molecules have made
use of surface-modified PDMS stamps. Delamarche et al showed that the key to printing
high quality patterns of proteins and water soluble catalysts was to modify the surface of
PDMS microchannels using a covalently end-grafted poly(ethylene glycol) layer.18 The
modifiéd surface layer maintained a sufficient hydrophilic capacity to allow for the
printing of various hydrophilic species, but difficulties in inking resulted in poor printing
of hydrophilic thiols and similar molecules.'®

As was demonstrated in Chapter I, it was possible to pattern aqueous MUAM

through PDMS microchannels. The water-solubility of MUAM combined with the low
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Figure 5.01. SPR images of a microcontact printed MUO SAM (A) before and (B)
after adsorption of 100 ug/mL BFG. The difference image (C) and corresponding
image profile (D) indicate the preferential adsorption on the ODT regions.
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volumes required by the use of microchannels allowed for the use of very small mass
quantities of MUAM in the patterning process.'” Applying this method to carboxylate-
terminal alkylthiols was not possible due to their lower observed solubility in water.
Although simply using an aqueous PBS at high pH (11.2 in tribasic sodium phosphate)
was discovered to solubilize MUA, the monolayers formed were of poor quality. In order
to avoid extremes of pH, which may adversely affect exotic terminal groups with
multiple functionalities, another approach was sought. A typical method for enhancing
the solubility of organics in aqueous media is the use of micelle-generating surfactants.

It has been shown by others that SAMs deposited from aqueous micelles can be of

high quality,?®%

possibly even surpassing the alkyl chain densities observed with SAMs
deposited from organic solvents.” For the present study, the surfactant Tween 20 was
chosen due to its availability and non-ionic character.

Figure 5.02 shows a series of IRRAS spectra of MUA monolayers formed from 1
mM aqueous solutions in 10 mM Tween 20 (CMC=0.06 mM) for various times. Also
included is a spectrum of neat Tween 20 collected in transmission mode for comparative
evaluation of any surfactant inclusion in the MUA SAMs. The negative peaks in the
IRRAS spectra correspond to the C-D stretches of the deuterated ODT background. As
indicated in the C-H stretching region (2800-3000 cm™) and the C=O stretching region

(~1700 cm™), largely complete SAMs are formed over the range of adsorption times
examined, with no apparent inclusion of Tween 20 within the monolayer structure. The
most obvious spectral diagnostic of Tween 20 inclusion was the large C-O-C stretch
present at ~1100 em’ (that of EG3-OMe typically occurs at 1130 cm™). The absence of
this band in the monolayer spectra indicates that the rinsing procedure used was sufficient
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Figure 5.02. IRRAS spectra comparing SAM formation of MUA from 1 mM
solutions in ethanol and 10 mM Tween 20 (aq). Bottom spectrum is an absorbance
spectrum of neat liquid Tween 20. The scale bar corresponds to S=0.0004 a.u. for
IRRAS spectra, S=0.4 for the Tween 20 spectrum.
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to remove any adsorbed or included Tween 20 molecules. The quality of the MUA
monolayers was assessed by peak characteristics listed in Table 5.1.

The EtOH-deposited SAM was used as the benchmark for comparison, and
showed the most ordered alkyl chain structure. The asymmetric methylene C-H stretch,

1

Va(CH,), was observed at 2923 cm™. The peak position expected for crystalline alkyl

chains in all-trans conformation is 2920 cm™.2 As can be seen from Table 5.1, the
spectra of the films formed from Tween 20 solutions are nearly identical; the peak
positions indicate more disordered structures compared with that formed over 170 min.
In addition, the increased peak intensities are indicative of a less ordered alkyl chain
structure. For the methylene stretching modes, the transition dipole moment of the CH,
groups is aligned perpendicular to the chain axis in a fully extended all-trans
conformation. Given that the tilt angle of the chain in a well-ordered SAM is 20-30°
from normal, and that more disordered chains will be able to tilt to higher angles (away
from the surface normal), the transition dipole will be aligned more perpendicular to the
surface. As a result, the intensity observed would be higher.> The same reasoning
explains the peak intensities for the symmetric methylene stretch, vs(CH;). Thus,
although aqueous micellar solutions were shown to be useful for patterning MUA SAMs,
the monolayers were shown to be disordered at 10 min. and 30 min. adsorption times.
The utility of such solutions in conjunction with PDMS microchannels for patterning of
gold was investigated By SPR imaging.

Surfaces were patterned by flowing aqueous micellar solutions of MUA (1 mM in

10 mM Tween 20) through PDMS microchannels on gold for variable times, rinsing with

water and ethanol, and back-filling the unmodified gold with EG3-OMe. Figure 5.03
132
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V.(CH>) Abs. (a.u.) v(CHy) Abs. (a.u.)
Tween/ 10 min. 2925 0.001022 2856 0.000464
Tween/ 30 min. 2926 0.001019 2856 0.000468
Tween/ 170 min. 2923 0.000881 2858 0.000356
EtOH 2923 0.000869 2850 0.000352

Table 5.1. IRRAS peak analyses for MUA SAMs formed from aqueous micellar

solutions of Tween 20.
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MUA EG3-OMe

Figure 5.03. SPR difference images after adsorption of 100 pg/mL blgG to lines
formed from 1 mM MUA in 10 mM Tween 20 @q) for (A) 10 min. (B) 30 min. (C)
170 min. (D) Section profiles for the 10 min. (red), 30 min. (green) and 170 min.
(blue) adsorption times.
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shows three difference images of patterned SAMs after adsorption of 100 pg/mL bIgG.
The protein was adsorbed in order to provide a contrast for the MUA regions versus the
EG3-OMe regions in the difference images. Figure 5.03(A) shows a pattern of MUA
lines which had been adsorbed for 10 min. via microchannels. From this image, it can be
seen that the patterning appears to have been confined by the channels. In contrast,
longer adsorption times within the channels led to broadening of the lines, as seen by the
expansion of the MUA line widths in Fig. 5.03(B, C). The decrease in surface tension of
the aqueous solution at high concentrations of surfactant may be enough to begin
weakening the seal, resulting in spreading of the solution into the region between the
PDMS and the gold film. Fig. 5.03(D) shows that the edges of the MUA features are
relatively sharp. Also, images viewed over larger areas show local areas of seal failure; if
the MUA were diffusing through the bulk PDMS and being printed onto the regions
adjacent to the channel, it is likely that the distance diffused would be the similar from all
channel walls. Uneven variations in the spreading of the patterns in comparison with the
channel dimensions indicated differences in the tenacity of the seal over different parts of
the channel device, likely due to variations in mechanical properties. Variations in
mechanical properties or topography of PDMS have been observed to occur randomly,
most likely due to irregular restoration of the stamp shape after removal of a highly-
swelling extraction solvent.

Although the likely cause of the feature broadening is the slow penetration of the
PDMS-gold contact regions by the solution, it is interesting to note that, unlike the case
with organic solvents such as ethanol, the seal failure is not immediately catastrophic.

When ethanol is used, for example, seal failure is easily observable as the entire PDMS-
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gold interface is infiltrated with solvent. Thus, while the use of micelle-based self-
assembly in microchannels may prove of use in generating chemically patterned surfaces,
there appears to be a tradeoff between feature resolution and monolayer quality. Fig.
5.03(D) also indicates that the monolayer formed for 170 min. adsorbs more blgG than
the 10 min film, the adsorption is maximal on the SAM formed for 30 min. Thus, there
may be a difference in the nature of the protein adsorption based on the disorder in the
SAMs.”* As a result of this difficulty in maintaining a seal in the microfluidic channels,
as well as the uncertainty in the quality of the resultant SAMs, a method of microfluidic
patterning by which the seal could be maintained for longer time periods was sought.
There has been an increase in interest towards surface-modification of PDMS
microchannels in recent years. The majority of applications have been in the areas of

controlling electroosmotic flow'*

and sorption of apolar molecules or proteins within
microchannels® as well as improving the utility of PDMS for printing hydrophilic
molecules.'® *” 2 Several methods for the modifications have been demonstrated, but
most follow the motif of oxidation of the surface to generate silanol residues followed by
silanization of these residues.'® %> #7!

By first oxidizing the contacting surface of PDMS in an oxygen plasma and then
silanizing the surface with a perfluorinated alkylsilane, a solvophobic surface could be
generated.”’ If this surface were still able to adhere reasonably strongly to a gold surface,
then organic solvents could be flowed through the microchannels without breaking the

conformal seal. The swelling of PDMS by organic solvents necessitated judicious

choosing of the solvent for microfluidic patterning. It was hoped that the silanization of
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the surface of PDMS with a perfluorinated alkylsilane would reduce the susceptibility of
the bulk polymer to swelling due to uptake of solvent.

Initial attempts to oxidize the surface of PDMS using a RF oxygen plasma
revealed that the surface could be made highly wettable by an exposure of just a few
seconds. A drop of pure water placed on the freshly oxidized surface quickly spreads to a
thin film in order to maximize contact with the newly hydrophilic surface. It is known
that oxidation of PDMS (-Si(CHj3),-O-), by argon,32 hydrogen® or oxygen plasma,33

arc/corona discharge,14 or UV/ozone treatment™* ¥

creates a silica-like layer (SiO,) with
silanol®® * % and possibly also hydroxyl, carboxyl and peroxide functional groups at the
surface.”> ** The mechanisms for this reaction are not completely understood, but are
generally thought to involve various high energy plasma species such as electrons, ozone

and ions.*

The oxidation of PDMS is thought to proceed by bond cleavage and
formation of reactive surface radicals followed by reaction with active plasma species
and crosslinking of the polymer chains.** *® The oxidation of PDMS was explored using
x-ray photoelectron spectroscopy (XPS).

Figure 5.04 shows typical XPS survey spectra of native PDMS, plasma-oxidized
PDMS (PDMS[ox]), and the oxidized PDMS after modification with TFS (PDMS{[ox]-F).
Peak areas measured from such spectra were used to determine atomic compositions at
the surface of PDMS. Under the conditions of pressure and power used in this work, the
surface of PDMS was oxidized within 5 s to a degree so as to enable water to spread into
a flat film over the surface. The plasma conditions were chosen in order to facilitate
ignition at low power and pressure in an effort to minimize the formation of a glassy

silica-like layer (i.e. to preserve flexibility). Figure 5.05 shows high-resolution XPS
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Figure 5.04. XPS survey spectra for native PDMS, a sample oxidized for 30 s, and an
oxidized sample modified with TFS.
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Figure 5.05. High-resolution XPS spectra comparing native PDMS with PDMS
oxidized by plasma for 90 s.
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spectra for native PDMS and PDMS oxidized for 90 s in plasma. The figure shows that
the binding energy of the Si 2p peak was shifted from 100.7 eV to 102.5 eV; the series of
high resolution spectra indicated that this shift in energies was complete after 45 s
oxidation (i.e. beyond 45 s of oxidation, there was no further shift). Given that the
known binding energy of SiO, occurs in the range 103.3-103.7,%* the observed shift is
indicative of the conversion to a more silica-like structure.

Figure 5.06 shows the changes in composition at oxidation times ranging from
30-120 s. The atomic concentrations were determined by taking into account the relative
sensitivity of the instrument for each element and the total composition of the PDMS
surface was normalized to 100%. The expected values for Si, O, and C based on the
formula (-Si(CH3),-O-), are 25%, 25%, and 50%, respectively. Fig. 5.06 uses dashed
lines to indicate these levels, and the values measured for unmodified PDMS at zero
oxidation time are very close to the expected values. Figure 5.07 graphs the changes in
composition after vapour-phase silanization with TES. The level of compositional
change within the surface region reached a limiting value within 45 s, as is shown by Fig.
5.07. The sampling depth in this case was unknown, but would not likely be greater than
10 nm based on the attenuation lengths for Si, O, C, and F.*® Table 5.2 lists the observed
changes in composition after various surface treatments.

The results in Table 5.2 indicate that plasma oxidation resulted in a change
towards greater oxygen content and reduced carbon content in the PDMS[ox] surface.
That the carbon content is not completely eliminated can be attributed to incomplete
oxidation of deeper polymer chains. The Si/O ratio undergoes change from 0.8 to 0.5, as
expected for the conversion of PDMS to a more silica-like structure. In addition, nearly
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Figure 5.06. XPS was used to determine atomic concentrations of PDMS for various
exposure times to the plasma. Dashed lines indicate theoretical composition values of
25% and 50% as a visual guide.
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Si 0O C F
PDMS (theoretical) 25 25 50
PDMS (measured) 22.59 27.07 50.33
PDMS[ox] 27.34 (0.79) | 54.90 (3.46) | 17.76 (3.50)
PDMS[ox] (ex) 26.99 (1.03) | 48.95(6.09) | 23.75(7.14)
PDMS-F 5.19 8.17 32.23 54.42
PDMS-F (ex) 5.40 8.96 33.21 52.43
PDMS[ox]-F 18.90 (0.69) | 41.84(1.93) | 13.91(0.61) | 25.34 (2.34)
PDMS|[ox]-F (ex) 18.78 (0.01) | 40.96 (1.75) | 14.85(0.13) | 25.44 (1.62)

Table 5.2. Percent composition of PDMS with plasma treatment and silanization as
measured by XPS. The (ex) suffix refers to values measured after solvent extraction
of the samples. Numerical values in parentheses indicate standard deviations of the
indicated values, which are averages over all oxidation times.
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all samples, other than those maintained in UHV conditions, contain adventitiously
adsorbed carbon. In fact, the C 1s peak position due to this carbon is a common basis for
calibration of XPS binding energies.39 Solvent extraction with hexanes was performed
on samples oxidized for 0, 30, and 90 s in order to assess the presence of non-covalently
sorbed material. Swelling and extraction of low molecular weight fragments from PDMS
using hexane followed by sonication in ethanol/water mixtures had previously been
demonstrated to prevent the fouling of contacted surfaces by PDMS microdevices.*
Extraction of PDMS[ox] resulted in an increase in the relative carbon concentration,
possibly due to the removal of cleavage products from the original plasma treatment.
While the carbon may have been removed as volatiles it is also possible that some
silicon-oxygen bonds were cleaved, resulting in smaller fragments that could be removed
by solvent extraction.

An interesting feature of native PDMS treated with TES is that this surface
(PDMS-F) contained a far greater amount of fluorine than silicon or oxygen. This was
not the case when oxidized PDMS was silanized (PDMS[ox]-F). It is clear that the TFS
was able to partition into at least the surface region of native PDMS. The fact that this
anomaly is observed only for unmodified PDMS suggests that the silica-like layer formed
by oxidation acts as a barrier to TFS sorption and/or that the initial reaction of TFS with
surface silanol groups creates a barrier against further sorption. It is possible, however,
that this effect may also have been present to a lesser degree for the oxidized samples.
Extraction in hexanes caused little change in the atomic concentrations for either the
native or oxidized PDMS treated with TFS. The swelling of PDMS by hexanes normally
causes a warping of the material in addition to its increase in size. For the PDMS[ox]-F
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samples, exposure to hexanes was seen to cause the samples to curl as the treated surface
resisted the solvent while the other side swelled. The dimensions of PDMS upon
exposure to hexane have been reported to increase by a factor of 1.35.*! Over a period of
minutes, the entire structure is swelled. Although it seems likely that the presence of the
perfluorinated groups afforded resistance against swelling, it may also be possible that
the curling was a result of the greater cross-linking of the silica layer formed by
oxidation.

Despite the apparent similarity in the effects of plasma treatment on the surface
structure of the PDMS, several differences were observed in the material as a result of
increased plasma exposure times. The samples treated for a longer time likely were
altered to greater depths as a result of the plasma treatment. This was apparent from the
increase in the formation of a light-refracting surface “halo” which appeared to initiate at
the edges of the flat samples and structured channels. The refractive index of PDMS is
1.405, while that of silica is 1.457.>* In addition, all fluorinated stamps needed to be
pressed into contact at many points on the device in order to form a seal against the
substrate.

Figure 5.08(A) shows an array formed using microchannels modified with a 90 s
plasma exposure followed by silanization with TFS. An ethanolic 1 mM ODT solution
was passed through the channels for 5 and 15 min. Previous experience with unmodified
PDMS had shown a tendency towards leakage due to seal failure and adsorbate diffusion
through the PDMS when patterning from ethanolic solutions. There is an apparent
fouling of the background region, which had been backfilled with EG3-OMe after ODT
patterning. After exposure of the array to 1% BSA for 10 min., however, a very even
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Figure 5.08. SPR image (A) and corresponding profile (B) of a line array formed by
patterning ODT from ethanolic solution through PDMS[ox]-F microchannels,
backfilled with EG3-OMe. The two outer lines were patterned for 5 min.; the middle
line for 15 min. Difference image (C) and corresponding profile (D) after adsorption
of 1% BSA. The horizontal line indicated by the letter z shows the zero difference
level. Average signal on the EG3-OMe regions is —0.5.
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change of signals was observed in both the ODT and EG3-OMe regions (Fig. 5.08(C)).
Fig. 5.08 (C) shows some apparent streaks emanating from the ODT lines. It is likely
that these were caused by cracks in the PDMS induced by the plasma. It has been shown
that oxidation of PDMS can decrease the thickness of a PDMS film and induce cracks in
the shrinking, brittle silica-like surface layer.** *® In addition, the cracks may have been
further enhanced by the greater compressive force applied to the stamp in order to form a
seal with the gold surface. The fact that the apparent fouling did not diminish the protein
resistant character of the background region suggests that although there may have a
variable level of surface contamination, EG3-OMe adsorbed at a sufficient density to bar
adsorption over the entire background region.

The fouling of the surface by PDMS[ox]-F microchannel devices was investigated
qualitatively by stamping the microchannel device against glass. It was found that the
contact between the device and the glass left behind a residue that rendered the contacted
areas hydrophobic. The residue was persistent against rinsing with water or ethanol, and
repeated stamping with the same device left hydrophobic residue over at least three
consecutive attempts. In order to remove the residue, which may have been caused by
unreacted TFS, short PDMS oligomers, and/or plasma oxidation products, the devices
were cleaned exhaustively by extracting with hexanes overnight, sonication in
ethanol/water mixtures twice for 5-10 min., soaking overnight in 1% SDS, rinsing with
water and ethanol, and further sonication three times in ethanol/water mixtures (roughly
1:1) for 10 min. The resulting stamps still printed a small amount of residue on glass, but

the residue was less tenacious than before and was mostly removed by rinsing with water.
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Figure 5.09(A) shows a pattern made by flowing ethanolic 1 mM MHA through a
cleaned PDMS[ox]-F microchannel device for 10 min. The initial surface appeared to
deposit less residue than in Fig. 5.08. A negative tradeoff, however, was that the
extensive cleaning procedure, which included swelling in hexane, may alter the integrity
of the surface chemical modifications. Fig. 5.09(D) shows the section profile of the
difference image after adsorption of 100 pg/mL BSA. It is apparent from the curved
edges of the MHA regions that some of the MHA had been transferred to the surface
beyond the geometric constraints of the channel. The mechanism of this transfer is
unknown, but the shapes of the profiles indicate that diffusion through the polymer was a
possibility.

The examples shown in Figs. 5.08 and 5.09 notwithstanding, the sealing of the
PDMS[ox]-F microchannels was unreliable, with unpredictable failures as a result of
catastrophic seal failures. As a result of the greater seal integrity of native PDMS, it was
decided that solvent systems compatible with both the patterning species and PDMS
would have to be chosen on a case-by-case basis. The patterning schemes for the
glycosides in Chapter IV were a direct result of this conclusion. It was found that
mixtures of methanol and water could be used for solubilization of the amphiphilic
molecules used therein without failure of the PDMS seal for times up to 30 min. Longer

times were not investigated.
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Figure 5.09. SPR image (A) and corresponding profile (B) of a line array formed by
patterning MHA from ethanolic solution through PDMS[ox]-F microchannels,
backfilled with EG3-OMe. Difference image (C) and corresponding profile (D) after
adsorption of 0.01% BSA. The horizontal line marked by the letter z in the line
profile indicates the zero difference level; average signal on the EG3-OMe regions is

-0.7.
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4. Conclusions

Aqueous micellar solutions of Tween 20 were shown to be able to solubilize
MUA for the purpose of generating SAMs. The SAMs formed were found to require
long adsorption times in order to form SAMs of reasonable quality. The solutions were
not well confined by microchannels in PDMS for periods over 10 min. Plasma
modification schemes were enacted in order to allow for functionalization of the PDMS
surface. XPS spectroscopy showed that the surface of PDMS was easily modified by
oxygen plasma and subsequent silanization. The resulting modified channels were found
to require extensive cleaning in order to remove undesirable contaminants. The
perfluorinated alkyl chains grafted onto the PDMS resulted in poor sealing between the
channels and the substrate, leading to the conclusion that the best compromise would be

to adjust solvent systems for use with native PDMS.
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Chapter VI

Conclusions and Suggestions for Future Work

1. General Conclusions

The overall research goals as stated in the Introduction to this thesis were,
broadly, to develop methods for manipulation of surface chemistry and protein adsorption
as well as methods for the analysis of adsorbed films. The preceding chapters have
shown the development of scanning probe microscopy (SPM) and surface plasmon
resonance (SPR) imaging as instrumental probes of the properties of adsorbed films and
the protein-binding interactions taking place at the solid-liquid interface. Of particular
interest was the application of these techniques to the study of adsorbed protein films on
chemically well-defined surfaces.

Chapter II detailed a case study of protein adsorption involving fibrinogen on
patterned self-assembled monolayers (SAMs). The study was based around the discovery
of a difference in the phase shift of the detected signal when an oscillating probe was
used to image films of fibrinogen on a patterned methyl- and carboxylate-terminated
monolayer. A variety of instrumental techniques, including infrared reflectance
absorbance spectroscopy (IRRAS), SPR, and SPM force curve analysis revealed a
difference in the adsorbed state of the fibrinogen depending on the underlying surface.
The SPM phase imaging was shown to be probing local differences in overall
conformational relaxations on the differently patterned regions of the substrate.
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Further application of the manipulation of surface chemistry was shown in
Chapter III. SPR imaging was shown to be a promising method for studying
heterogeneous binding interactions using the example of protein antigen-antibody
interactions. By controlling surface chemistry, it was possible to effect defined
patterning of gold surfaces with thiolates and proteins using microfluidic channel devices
constructed in poly(dimethylsiloxane) (PDMS). The soft lithographic methods employed
in this work included microcontact printing (WCP) and adsorption from solutions via
microchannels. Some of the work towards modifying surface chemistries for expanding
the scope of these modifications was presented in Chapter V. Plasma oxidation was
shown to be a rapid, simple method for producing a functional surface on PDMS.

The utility of SPR imaging for biochemical interactions was expanded in Chapter
IV, in which protein-carbohydrate interactions were analyzed at modified sensor surfaces.
The tremendous advantages of array-based analysis with inherent detection were
highlighted in both Chapters IIl and IV. The advantage of the SPR imaging and
microfluidic patterning methodology in Chapter IV was particularly intriguing in direct
comparison with ELISA methodologies. The SPR imaging-based methodology was
shown to simplify the procedure for analysis of binding inhibition, especially in the

detection of binding interactions.

2. Suggestions for Future Work

A further application of the phase imaging technique would be to evaluate lipid

raft distributions on cell surfaces. Lipid rafts are hypothetical constructs entailing a
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lateral structural organization of particular membrane lipid components, and represent a
break from the traditional view of the laterally homogeneous fluid mosaic." Using the
Bioscope SPM instrument in our laboratory, it is possible to collect optical images from
below a cell under buffer in a transparent petri dish. The configuration of the instrument
is such that in situ SPM imaging can be performed using an inverted scanner with a
cantilever probe attached. In this configuration, it is possible to immerse a sample in
buffer and image individual cells using optical microscopy in combination with tapping-
mode SPM. The advantage to studying cells in this manner would be the ability to
measure changes in mechanical properties or adhesions over the surface of a cell
membrane, potentially indicating the presence of lipid rafts. Of paramount importance in
this endeavor would be the issue of sample preparation. Most studies aimed at imaging
raft-like distributions involve artificial membranes on flat substrates due to the likely
fluidity and transient nature of the structures.' In order to circumvent this problem,
cryogenic sample preparation methods may need to be developed.

Another area of investigation, with a greater likelihood of producing useful data,
would be the characterization of protein distributions in microspotted mixtures for
matrix-assisted laser-desorption ionization mass spectrometry (MALDI-MS). MALDI
for proteins typically involves mixing of sample with an organic molecule which can
absorb radiation and vaporize proteins with a minimum of damage. The identification of
candidate matrix molecules has been empirical, and no consistent set of rules exist to
predict or explain the utility of a given matrix. The distribution of proteins within
MALDI samples is notoriously heterogeneous, and has been studied by various
techniques, none of which offer insight into the local protein-matrix interactions which
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characterize a successful matrix. High-resolution electron microscopy has been used to
examine protein distributions in slowly grown MALDI crystals.2 For real-world samples,
however, phase imaging SPM may provide an operationally uncomplicated means of
assessing the surface distributions of proteins in a matrix mixture.

In order to overcome the limitation of the imaging to the surface, a novel sample
preparation by micro-scale tomography could be developed, whereby a stiff AFM
cantilever would be used to scrape away surface layers at fixed depths, and a second
probe could be used to then image the exposed regions. Such a technique would be
useful for the visualization of nano-scale internal structures in soft samples such as gels
and low-modulus crystals. Micro-toming has been used to prepare biological samples in
hard matrices for TEM and SPM analysis;3 the proposed method differs in the ability to
examine smaller-scale protein distributions and to prepare the sample using the same
instrument for analysis.

Currently, work in our lab is underway employing the surface patterning and SPR
imaging methods described in this thesis. An interesting extension of the work in
Chapters IIT and IV would be to develop arrays for the specific detection of biomolecules
and pathogens from biological fluids. The complex matrices that constitute real
biological fluids, such as blood plasma, would make necessary a research effort into
appropriate surface and sample preparation strategies to allow for detection from
complex fluids without interference and non-specific adsorption.

Further research into the covalent modification of PDMS may also yield
interesting results. The issue of seal failure may be overcome by the grafting of an

alkyltrichlorosilane, allowing stronger dispersion interactions with the substrate. In
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addition, it has been shown that high-density silanization of PDMS can be accomplished
by mechanically elongating the polymer prior to oxidation and silanization.* > When the
stress is released, the PDMS adopts its original dimensions, but with a higher density of
silanes on the surface than would have been grafted without the mechanical assistance.
The hydrophobicity of native PDMS is due to the dense packing of methyl groups. By
using a more densely packed group of long alkyl chains, it may be possible to confer a
high level of resistance against permeation by organic solvents and thiols, as well as to

maintain an integral seal against gold.
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