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ABSTRACT

ADSORPTION AND INTERACTIONS OF BIOMACROMOLECULES AT FLUID-
LIKE INTERFACES

By

Sachin Shashikant Vaidya
The adsorption and interactions of biomacromolecules at biologically relevant
interfaces have been characterized in this study. While each chapter addresses a unique
issue, they all share an underlying common theme of increasing our understanding of the
behavior of biomolecules at fluid-like interfaces. The primary tool for all three studies

was total internal reflection fluorescence microscopy (TIRFM).

The first study addressed sequential and competitive adsorption and interactions
of human plasma fibronectin (HFN) and human serum albumin (HSA) at the oil-water
interface. Among key results, fibronectin adsorption is rapid and essentially irreversible,
even over short time scales. This is probably due to the highly flexible nature of the
protein, which allows its domains to quickly attain energetically favorable conformations.
In contrast, HSA adsorption is relatively reversible at short times, and the protein is
readily displaced by fibronectin even after incubation at the interface for as long as two
hours. HSA more effectively resists displacement by fibronectin at longer time scales,
although significant fibronectin adsorption occurred even under those conditions.
Displacement of fibronectin by HSA was essentially negligible under all conditions. This
study is relevant to emerging research thrusts such as the development of biomimetic
interfaces, where effects of interfacial competition, adsorption time scales, and extent of

adsorption irreversibility on interfacial dynamics are important.



The second study addressed the adsorption of bovine serum albumin at a model
oil-water interface. Estimates of protein interfacial coverages were obtained using a
protocol based on a fluorescence recovery after photobleaching (FRAP) technique
previously proposed by Zimmerman et al. (1990). Protein coverages ranged from 0.02-
0.3 mg/m? for bulk concentrations of 0.2 mg/ml to 3.5 mg/ml. These values are an order
of magnitude lower than typical estimates reported in the literature for the solid-liquid
interface. It is likely that coverages at the oil-water interface are lower because more
rapid protein relaxations at this interface result in greater interfacial area per molecule,
thus inhibiting adsorption of later-arriving proteins. Fluorescence lifetime measurements
of BSA-FITC in solution and at the interface (obtained by two-photon time correlated
single photon counting spectroscopy) yielded similar results, suggesting that the quantum

yield of BSA-FITC at the interface and in the bulk solution are identical.

The final study was on the adsorption of liposomes composed of 1,2-Dioleoyl-sn-
Glycero-3-Phosphocholine (DOPC)  and 1,2-Dioleoyl-sn-Glycero-3-Phosphate
(Monosodium Salt) (DOPA) to poly(dimethyldiallylammonium chloride) (PDAC) and
poly(allylamine hydrochloride) (PAH). The liposomes adsorbed preferentially on PDAC,
but in much smaller amounts on sulfonated poly(styrene) (SPS) due to electrostatic
repulsion between the negatively charged liposomes and the SPS coated surface.
Poly(ethylene glycol) (m-dPEG acid) coated surfaces also resisted liposome adsorption.
These results were exploited to create arrays of lipid bilayers by exposing PDAC, PAH
and m-dPEG patterned substrates to DOPA/DOPC vesicles of various compositions.
Such arrays may be useful for high-throughput screening of compounds that interact with

cell membranes.
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1 INTRODUCTION

1.1 Background

The term adsorption, coined in the 19" century, is defined as the preferential
partitioning of a molecule along the boundary of two phases. This partitioning occurs due
to the affinity of regions in the molecule for one phase or the other. Though classical
adsorption has its roots in catalysis, the study of adsorption of molecules at biologically
relevant interfaces (bio-adsorption) is now important to a large number of applications.
For example, protein adsorption at cellular interfaces is among the first and most
important events that take place before the initiation of processes such as cell
differentiation, proliferation and growth, and considerable effort has been expended in

the literature to characterize the adhesion of proteins to surfaces.

In addition to examining the process of biomolecular adsorption, it is also
important to investigate the behavior of these molecules following adsorption at the
interface. For example, proteins are flexible molecules that are known to undergo
relaxation after adsorption. The relaxation occurs as the protein tries to minimize its free
energy, and leads to protein denaturation that may make the adsorption irreversible.
There is considerable focus on studying the conformational changes that such molecules
undergo, during and after the adsorption process. Another area where protein adsorption
is important is in the field of tissue engineering, particularly in the design of implants and
scaffolds. The liquid-liquid interface is an important emerging interface in the field of

tissue engineering as it presents a “soft interface” which can be used for culturing cells.



In the area of biosensor development, current research thrusts lie in developing
sustainable biomimetic interfaces. The interfaces feature lipid bilayers deposited on them,
using vesicular adsorption or Langmuir Blodgett methods, which allows them to mimic
the cellular membrane. When liposomes adsorb to the interface, they typically tend to
fuse and rupture, thus forming lipid bilayers. The lipid bilayers have varying properties
depending on characteristics of the interface such as heterogeneity, surface charge and
roughness. Understanding the mechanisms and controlling thé parémeters that govern
liposome adsorption and rupture to form lipid bilayers is critical to the design of viable

biosensor systems.

This dissertation examines biomolecular adsorption and interactions using a
collage of studies. While each chapter addresses a unique issue, they all share the
underlying common theme of increasing the basic understanding of the behavior of
biomacromolecules at different types of biologically-relevant interfaces. In Chapter 2,
sequential and competitive interactions between human plasma fibronectin and human
serum albumin are examined at a model oil-water interface. Chapter 3 addresses the
development and evaluation of a protocol for quantifying protein interfacial coverages at
the liquid-liquid interface. Finally, Chapter 4 examines the adsorption of liposomes to 3-
dimensional polyelectrolyte multilayers, and characterization of the resulting interfaces
using fluorescence recovery after pattern photobleaching (FRAPP) measurements to
determine the lateral diffusion coefficients of bilayers assembled on the biomimetic

interface.



1.2 Sequential and competitive adsorption between human serum albumin and

human plasma fibronectin at the oil-water interface

The liquid-liquid interface is of vital importance in key areas such as biomedical
engineering and food processing. The hydrocarbon-water interface is a crude first order
approximation of a biological cell membrane'. Drug-ion transfer has been studied across
the oil-water interface as a gauge of pharmacological activity’. An examination of the
literature reveals that a majority of the existing studies on protein adsorption have
concentrated on the solid-liquid interface, with relatively few studies targeting the liquid-
liquid interface. However, a number of techniques have been used to probe the oil-water
interface. These include atomic force -microscopy to probe orogenic displacement of
proteins from the oil-water interface®, neutron reflectivity to probe buried oil-water
interfaces®, total internal reflection fluorescence microscopy to study protein
adsorption>®, optical second harmonic generation studies’, quasi-elastic surface light
scattering to study interfacial tensions at the heptane-water interface® and radiolabeling to

study surfactant adsorption to the oil-water interface’.

Recently, the use of perfluorcarbon liquids as oxygen carriers and as soft interfaces
for cell-growth has come into focus'®. Proteins play a major role in cell attachment,
differentiation and growth at these interfaces. With recent advances in tissue engineering,
there is a need for better understanding of several aspects of protein adsorption in order to
better design such biomimetic interfaces. In particular, effects of adsorption time scales,
interfacial competition, and extent of adsorption irreversibility are among some issues of

key interest. Hence studies of protein adsorption at such fluid interfaces can aid in better



designs for tissue engineering at the liquid-liquid interface as well as shed light on the

underlying mechanisms of protein unfolding.

Chapter 2 of this dissertation presents a study of sequential and competitive
interactions between human plasma fibronectin and human serum albumin at a model oil-
water interface. Protein adsorption experiments were conducted under transport-limited
conditions, characterizing both sequential adsorption and competitive adsorption. These
studies of the interactions between human plasma fibronectin and human serum albumin
have revealed trends consistent with those predicted for protein adsorption in other works
reported in the literature. This study is unique in that it is among the first studies of its

kind that uses TIRFM to probe such interactions at the liquid-liquid interface.
1.3 Estimating protein interfacial coverage at the liquid-liquid interface

Quantifying the amounts of protein adsorbed to the solid-liquid interface is
accomplished easily using techniques such as ellipsometry, radiolabeling, neutron
reflectivity, quartz crystal microbalance, total internal reflection fluorescence
microscopy, surface plasmon resonance, and optical waveguide lightmode spectroscopy.
The interfacial signals detected using these methods can be converted into surface
coverages with models that rely on the evolving refractive index of the adsorbing film, by
monitoring changes in the oscillation frequency or by using other internal or external
calibration methods. Protein adsorption to interfaces is governed by several factors that
influence interfacial saturation coverages. For example, electrostatic interactions between

the protein and the surface play a critical role in determining how much protein is



deposited at the interface. These electrostatic interactions can also influence other factors

such as conformation and structure of the evolving adsorbate layer.

Proteins undergo lateral relaxations during denaturation at interfaces that
eventually increase the total area occupied per molecule. The rate. of transport of proteins
to the interface is another important factor that can significantly influence interfacial
coverages. Surface heterogeneity and roughness can also influence protein adsorption,
though a recent research article has shown that nanoscale roughness has little influence
on the amount or structure of protein adsorption''. The amount of protein adsorbed at an
interface also depends on the type of the protein adsorbing. For example, typical values
for interfacial coverages for albumin are in the range of 0.3-3 mg/m?’ at the solid-liquid

interface, depending on the bulk protein concentration and surface properties'z'”.

Estimates of protein interfacial coverages at the liquid-liquid interface have been
done primarily using radiolabeling'. It is also possible to estimate interfacial coverages
from tensiometry data by using the Gibbs isotherm. In an article published by Graham et
al. in 1975°, the authors commented on the fact that one of the outstanding problems with
respect to liquid-liquid interfaces was the direct determination of interfacial coverages.
Indeed, with the exception of radio-labeling, there does not appear to be an easy, non-
invasive technique that can produce reliable estimates of interfacial coverages at the oil-

water interface to date.

Chapter 3 of this dissertation presents a protocol to quantify adsorbed amounts of
proteins at the liquid-liquid interface using a method that has been previously applied to

making these estimates at the solid liquid interface'®. Included in these studies are



examinations of the lifetimes of the dye-labeled proteins at the liquid-liquid interface.
The fluorescence lifetime of a molecule is a measure of the amount of time a molecule
spends in the excited state before its eventual decay to the ground state. Lifetimes of
fluorescent molecules are strongly dependent on the surrounding environment, and can be
related to the quantum yield of the dye. Lifetime studies can, therefore, provide us with
information about the quantum yields of bulk and interface-associated fluorophores. The

influence of mobile interfaces on interfacial coverages is also discussed.

1.4 Fabrication and characterization of 3D arrays of lipid-bilayers on

polyelectrolyte multilayers

In the last decade, a considerable amount of research has been conducted on the
development of biosensors. Biosensors are molecular devices that combine a biological
recognition mechanism with a physical transduction technique”, and are used for
detection of compounds that may be present in small concentrations. They have been
used for the detection of analytes such as glucose'® and fructose'®, among others.
Biosensors use a variety of methods for detecting the analyte of interest, including
electrochemical, optical and colorimetric methods. Biosensors are engineered for
detection of signals based on their ability to respond to different molecular mechanisms
such as ion-channel activation (sensing of current)!’, fluorescence resonance energy
transfer (FRET)? and redox phenomena (cyclic voltammetry).?! These represent only a

small sampling of the available mechanisms on which biosensors can be based.

Biosensors that rely on ion-channel activity and/or use membrane bound proteins

or enzymes, incorporate lipid bilayers in their design. The lipid-bilayers are necessary in



order to preserve the functional characteristics of the proteins that are bound to them. For
biosensors based on activation of ion-channels, the channel proteins are typically
reconstituted into liposomes which are then deposited on the sensing substrate. Lipid
bilayers are generally deposited on the biosensor substrate using Langmuir-Blodgett
deposition methods or liposome adsorption. The choice of lipids used to construct
supported lipid bilayers is important as the characteristics of the resulting bilayer have a
very strong influence on the activity of the subsequently reconstituted transmembrane
protein/enzyme or ion-channel. Properties such as membrane fluidity, which is an
indicator of the ability of lipid molecules to diffuse freely through the bilayer, play
important roles in maintaining the correct conformation of the biomolecules embedded
within them. It is also important to have bilayers that are highly insulating, since the

presence of large defects will render such sensors ineffective?.

There is considerable research on biomimetic interfaces, where the ultimate goal
is to develop viable, sustainable bilayer interfaces with the smallest number of defects. In
recent years, developments have been made in the area of polymeric cushions upon
which lipid bilayers can be deposited®. In addition to being able to provide ionic
reservoirs, polymeric cushions allow transmembrane proteins to attain their necessary
conformation and to retain biological activity, which would otherwise be impeded by
proximity of the protein to the substrate surface. The use of polyelectrolyte multilayers

has been proposed as one such viable method for a polymeric cushion.

Chapter 4 of this dissertation presents a study to fabricate and characterize
biomimetic interfaces that are based on polyelectrolyte multilayers. This work was done
in collaboration with Neeraj Kohli (co-advised by Dr. R. Mark Worden and Dr. Ilsoon
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Lee) in the Department of Chemical Engineering and Materials Science. The work
consists of equal contributions from Neeraj Kohli and the author of this dissertation. The
biomimetic interfaces employed in this study consist of arrays of lipid bilayers that have
been deposited on polyelectrolyte multilayer (PEM) substrates composed of positively
and negatively charged polyelectrolyte layers. The bilayers were débos‘ited on the
substrate by preferential adsorption of charged liposomes on oppositely charged
polyelectrolytes. Such arrays can be used in applications that may requiré high
throughout screening. The deposition of liposomes on the PEMs was monitored using
total internal reflection fluorescence microscopy, fluorescence microscopy and quartz
crystal microbalance. The resulting bilayers were characterized using FRAPP. Bilayer
formation on two different kinds of PEM substrates was studied. Possible interactions
between the lipid bilayer and the PEM surface are discussed, based on the diffusion

coefficients obtained in the two cases.



2 ADSORPTION AND INTERACTION OF FIBRONECTIN AND

ALBUMIN AT THE LIQUID-LIQUID INTERFACE

2.1 ABSTRACT

The goal of this work was to investigate the dynamics of human plasma
fibronectin (HFN) at the oil-water interface and to characterize its interactions witﬂ
human serum albumin (HSA), using total internal reflection fluorescence microscopy
(TIRFM), along with measurements of interfacial tension. Among key results, fibronectin
adsorption at the oil-water interface was observed to be rapid and essentially irreversible,
even over short time scales. For example, after washout experiments with protein-free
buffer over a 3-hour rinse cycle, fibronectin desorption from the interface was found to
be negligible. This may be due to the highly flexible nature of the protein, which allows
the various domains to quickly attain energetically favorable conformations. On the other
hand, HSA adsorption at the oil-water interface is relatively reversible at short times, and
the protein is readily displaced by fibronectin even after HSA has been adsorbed at the
interface for as long as two hours. At longer adsorption times, HSA is able to more
effectively resist complete displacement by fibronectin, although significant fibronectin
adsorption was observed even under those conditions. Displacement of adsorbed
fibronectin by HSA was found to be essentially negligible under all conditions.
Fibronectin also adsorbs preferentially from a mixture of HFN and HSA, even when the
concentration of HSA is substantially higher. This study is relevant to such emerging

research thrusts as the development of biomimetic interfaces for a variety of applications,



where there is a clear need for better understanding of the effects of interfacial
competition, adsorption time scales, and extent of adsorption irreversibility on interfacial

dynamics.

2.2 INTRODUCTION

Adsorption of plésma proteins to surfaces is one of the first and most important
events before the initiation of key cellular activities such as cell attachment, migration,
differentiation and proliferation. With recent advances in tissue engineering and the
development of synthetic bio-interfaces, there is a need for better understanding of
several aspects of protein adsorption in order to better design such biomimetic interfaces.
In particular, effects of adsorption time scales, interfacial competition, and extent of
adsorption irreversibility are among some issues of key interest. Vitronectin, laminin and
fibronectin are among the more important proteins involved in cell attachment processes,
and several studies have been published on their adsorption and interactions on a variety
of substrates®* %', The present study focuses on the sequential and competitive adsorption

of fibronectin and human serum albumin at a model interface.

Fibronectin belongs to the family of high molecular weight glycoproteins that are
found in the extracellular matrix and in serum, and which are responsible for key
functions including provision of a structural framework for cell attachment, migration
and differentiation, as well as cell-cell and cell-substrate adhesion through integrin
receptors”®. With a molecular weight of 440-500kDa, fibronectin is a relatively large

molecule in comparison to other well characterized proteins such as lysozyme (14kDa),
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serum albumin (67 kDa) and beta-casein (24kDa). Its diffusion coefficient has been
reported to be 2.1 x 107 cm? /s?®. Fibronectin has been reported to have globular and
filamentous forms depending on solution conditions®, and dimensions varying from an
average length of 15 nm®**! to 60nm®**. It is a flexible protein that can adopt a number
of conformations depending on the morphology of the surface. It can adsorb in both an
extended and a globular configuration®, and has been shown to undergo conformational
changes upon binding to dextran, as the molecule goes from a compact to an elongated
conformation® ¢, Bergkvist et al.>’ reported end to end distances of greater than 100nm

for fibronectin adsorbed onto mica and silica surfaces.

The adsorption characteristics of fibronectin also depend on the hydrophobicity of
the surface to which it is adsorbing. Atomic force microscopy studies of adsorption of
HFN-coated microspheres onto hydrophobic and hydrophilic surfaces have shown that
fibronectin has a strong interaction with both surfaces®®. Ellipsometric measurements of
HFN adsorption on modified silica show greater HFN surface coverages and
irreversiblility on hydrophobic surfaces than on hydrophilic surfaces, which demonstrate
a slightly lower HFN coverage and some degree of reversibility’®. Studies of HFN
adsorption on titanium indicate that surfaces appear more hydrophobic in the presence of
the protein”’. It has been recently reported that fibronectin exhibits history-dependent
adsorption behavior, i.e., the rate of adsorption depends on the structure of the evolving

adsorbed layer'.

Several techniques have been used for measuring protein adsorption, including
total internal reflection fluorescence (TIRF)*, optical wave-guide light spectroscopy'?,

ellipsometry*', radiolabeling®? and, more recently, atomic force microscopy*’. Most of
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these studies have focused on adsorption of biomacromolecules at the solid-liquid
interface, with relatively few studies concentrating on adsorption dynamics at the liquid-
liquid interface®%'>#24445 " yet, there is general agreement that the liquid-liquid interface
is of considerable importance in biological systems, particularly in biomedical

engint.aeringlo‘“'47

, pharmaceutical sciences, and food processing. The liquid-liquid
interface also serves as an excellent model for interactions of biomacromolecules at

relatively mobile interfaces.

In an earlier article’, our laboratory reported studies of protein adsorption at a
model oil-water interface using total internal reflection fluorescence microscopy
(TIRFM). The present study reports on dynamic interactions between fibronectin and
human serum albumin (a protein present in substantial concentrations in blood) under
both competitive and sequential adsorption scenarios. In particular, information is
presented on the influence of timescales on adsorption irreversibility, and on subsequent
replacement by a competing protein at the liquid-liquid interface. Recent studies of
competitive adsorption between albumin and fibronectin have shown that albumin co-
adsorption significantly influences the availability of fibronectin on polymeric
hydrophobic substrates*. Since human serum albumin is typically used as a blocking
agent for elimination of non-specific adsorption, its competitive interaction with

fibronectin is of considerable biological interest.
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2.3 Theory

Total internal reflection occurs when light propagating through an optical dense
medium of refractive index n;, arrives at the interface between the denser medium and an

optical rarer medium n;, at angle exceeding the critical angle,

6, =sin™ (%) @.1)

Upon total internal reflection, an electromagnetic field is induced in the rarer medium at
the interface. This electromagnetic field is known as the evanescent wave. The intensity
of this field decays exponentially with distance z, away from the interface. This distance-

dependent intensity is given by

1(2)=1, exp(—di) 2.2)

P
where I(z) is the intensity at any depth z, and I, is the intensity of the light at z=0.

The penetration depth d, represents the characteristic depth at which the light

intensity approaches 1/e of its maximum magnitude /,, and is given by

d 4 (2.3)

’ 47ml\/sin2 6-(n,/n)

where A, is the wavelength of the incident radiation in vacuum, and @ is the angle of
incidence. The penetration depth in our apparatus lies within 100nm of the interface,

depending on the geometry and the properties of the denser and the rarer medium. Thus,
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this is an interfacially selective technique as only molecules within the proximity of the

interface are illuminated.
2.4 Experimental Protocol

2.4.1 Materials:

Human plasma fibronectin (HFN), at a purity greater than 95% as determined by
SDS-PAGE®, was purchascd from Chemicon Intemational (FC-010, Temecula, CA).
Human serum albumin (HSA) was purchased from Sigma (A8763, Sigma-Aldrich Corp.
St. Louis, MO). Both proteins were used without further purification. The proteins were
labeled with fluorescein-5-isothiocyanate (FITC), purchased from Molecular Probes
(Catalog # F-1907, Eugene, OR). The labeling reaction was carried out in the dark, as
described in the literature®® in 0.1 M carbonate buffer at a pH of 9.2 for a period of 6
hours. The unbound labels were removed by a 2-stage dialysis process performed over a
period of 36 hours. This procedure was determined to be sufficient to remove all
unreacted FITC. The reaction mixture was dialyzed against 0.05 M phosphate buffer at a
pH of 7.4, using a molecular porous regenerated cellulose dialysis membrane
(Spectra/Por 1, MWCO 6000, The Spectrum Companies, Gardena, CA). The solutions
were either divided into aliquots and frozen for later use, or stored at 4°C and used within

one week of preparation.

In the case of samples containing fibronectin, no vigorous stirring or vortexing
was used; instead all mixing was done using gentle swirling, to avoid precipitation of the
protein®®. Absorbance spectroscopy was used to measure the protein concentrations and

labeling ratios at 280nm and 496nm, respectively, using a diode array spectrophotometer
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(8452 A, Hewlett-Packard, Brielle, NJ). After subtracting the corresponding absorbance

contribution from FITC at 280 nm, protein concentrations were computed using optical

cm

densities (A"""’ m )of 1.3* and 0.53°! for fibronectin and albumin, respectively. It was

observed that conjugation of FITC to human serum albumin causes an increase in
absorbance of the protein 4t Ajs to an "'extent gredter than the contribution from
fluorescein’s computed concentration dependent absorbance. We believe that this is
because the extinction coefficient for human serum albumin at 280 nm is influenced by
FITC conjugation, which may result in an overstatement of labeled protein
concentrations. For the purpose of this study, no correction was made to account for this
and further studies are continuing in our laboratory to understand this effect. Dilutions
from protein stock solutions were made just prior to infusion into the flow cell, to
eliminate or minimize the tendency of fibronectin to rapidly adsorb to the sides of the
storage container. The oil used in this study was an immersion oil with a refractive index
of 1.46 at 589.3nm, largely comprising long chain aliphatic hydrocarbons (Cargille

Laboratories, Cedar Grove NJ Cat. # 19572; code 06350).

Quartz slides (n=1.46, Heraeus Quarzglas) were used as substrates onto which the
oil was deposited to form layers of film thicknesses typically ranging from 20 to 50 um,
as estimated using a microbalance. All slides were cleaned using the protocol described
by Cheng et al.”’. The oil was deposited in a smooth film on the quartz slides using
previously described protocols™®. Prior to assembling the flow cell, the bottom slide was
coated with polyethylene oxide (Sigma, St. Louis, MO) by immersion in 600 ppm

solution to reduce or eliminate protein adsorption on that surface’*>*.
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24.2 TIRFM Setup

The experimental setup has been described previously5 3. The experimental
layout and a diagram of the flow cell is depicted in Figure 2.1a and Figure 2.1b. Briefly,
the apparatus consists of an inverted microscope (Zeiss Axiovert 135M, Carl Zeiss Inc.
’I"homwood, NY)), the 488 nm line of a 5W continuous wave argon ion laser (Lexel
Lasers Model 95, Fremont, CA), a side-on photo-multiplier tube (PMT) (Hamamatsu
R4632, Bridgewater, NJ) jacketed in a ;hermoelectn'cally cooled housing (TE 177-TSRF,
Products for Research, Danvers, MA), a CCD camera (NTI, VE1000, Dage-MTI,
Michigan City, IN), and a modular automation controller (MAC 2000, Ludl Electronic
Products, Hawthorne, NY) that regulates the voltage supply to the photo-multiplier tube.
A double syringe pump system (Model 551382, Harvard Apparatus South Natick, MA)
was used to infuse and withdraw sample solutions at precisely controlled rates from a
custom-designed flow cell. The photo-multiplier tube can be operated in both analog and
digital (photon counting) mode; however, several experiments were conducted in strictly
analog mode prior to adding a photon counter to the system. In photon counting mode, an
SR400 photon counter (Stanford Research Systems, Sunnyvale, CA) is used for recording
fluorescence emission, and the output signal is amplified by a fast preamplifier (SR445,
Stanford Research Systems, Sunnyvale, CA). Fluorescence intensities were recorded

using software written in Labview 6.0 (National Instruments, Austin, TX)'.

! Labview flowsheets are located in Appendix A: Labview flowsheets. Sample Labview templates for
photon counting using the SR400 were obtained from http://www.ni.com and modified accordingly for our
application.
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An optical chopper (OC) (SR 540, Stanford Research Systems, Sunnyvale CA)
was used to prevent unintended photobleaching of fluorophores during all experiments.
Analog measurements were filtered using a program written in Matlab® (Release 12, The
Mathworks Inc., Natick, MA) to eliminate dark current measurements during the dark
- -phases of the chopper dyclc. For digital measurements, thé'photon counter is triggered by
an output reference voltage from the chopper, so that data collection only occurs during
peﬁods when the sample is illuminated by the laser beam, thereby enhancing the signal to

noise ratio.

An optical chopper was used to significantly reduce the possibility of
photobleaching by the monitoring beam during long experiments. This is because
photobleaching can occur even at the low monitoring beam intensity of 4 pW used in
these experiments, and makes the accurate interpretation of experimental results difficult.
The optical chopper reduces the exposure time of the sample to the laser beam; typically,
in a 17-second data collection cycle, the total time the sample cell is exposed to the laser
beam amounts to less than two seconds. Since the illumination of fluorophores only
occurs during data sampling periods, this ensures that no unintended photobleaching
occurs. The intensity of the monitoring beam was carefully controlled in all experiments.
As a general protocol, no experiments were conducted with a monitoring beam intensity

exceeding 13.5 uW, even over short periods of data collection.

A system of optical flats® (F1 and F2) enables us to easily switch between a low

intensity monitoring beam for observation of adsorption dynamics and a high intensity

2 Matlab programs listed in Appendix B: Matlab programs for filtering and averaging analog measurements

17



beam for conducting fluorescence recovery after photobleaching (FRAP) experiments.
The laser beam passes through the first optical flat and is split into a high intensity
photobleaching beam and a low intensity monitoring beam. An adjustable shutter (D122,
Uniblitz, Vincent Associates, Rochester, NY) placed between the optical flats, blocks the
high intensity beam in the “closed” mode while al]owi'ng the low intensity monitorirfg
beam to pass through. Upon triggering, the shutter allows the passage of the high
intensity beam for a controlled amount of time. The optical flats are aligned so that the
high intensity and low intensity beams are recombined after passing through the second
flat. A second shutter placed below the PMT is synchronized with the first shutter in
order to prevent the photomultiplier from being exposed to high intensity light during the
photobleaching step. This is done to prevent damage to the photomultiplier tube in

addition to avoiding light induced hysteresis in the PMT signal.

The flow-cell where adsorption experiments are monitored is depicted in Figure
Figure 2.1b. The flow cell is formed using two microscope slides separated from one
another by a 900 um aluminium spacer with an oval cut into it. An o-ring (Parker,
Lexington, KY) inside the oval spacer between the top and bottom slide prevents leakage
of sample solution. The underside of the top microscope slide is coated with a thin layer
of oil. The bottom slide is ground to a thickness of 0.75 mm and has two holes drilled
into it (1.60 mm diameter, separated by 42.3 mm, centered) to allow for the infusion and
withdrawal of solutions. The entire assembly is coupled to a prism and is firmly screwed

on to an anodized aluminium shell that sits on top of an inverted microscope stage.

All TIRFM experiments were conducted under conditions of gentle shearing flow.

In most experiments, measurements were made under continuous flow conditions to
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eliminate the possibility of bulk depletion of proteins, which is a possibility at the very
low protein concentrations used in this study. In experiments conducted over long
timescales, flow was allowed into the sample cell until apparent saturation of the
interface has been achieved, which typically took approximately one hour. After that,
flow was terminated, and experiments were conducted under statié conditions. This was

done to prevent destabilization of the interface by continuous flow over long periods.

Interfacial tension measurements: To provide comparative data for the TIRFM
experiments, static and dynamic interfacial tension experiments were also conducted at

the liquid-liquid interface, using a Kruss K12 tensiometer (Kruss USA, Charlotte, NC).
2.5 Results and Discussion

All the experimental data are presented in terms of fluorescence emission
intensity profiles normalized by the maximum fluorescence value in each data set. It is
also possible to convert fluorescence emission data to interfacial surface densities using a
transport-limited model'>*. It is difficult to use this model for these data because, to
avoid inducing instabilities at the liquid-liquid interface, there are limitations on the range
of shear rates over which the TIRFM apparatus can be operated, which prevents model
validation. For the experiments discussed in this paper, no external calibrations were used
to standardize the fluorescence emission profiles. Also, variability in the thickness of the
oil layers formed on quartz substrates, along with potential instabilities in the oil layer
during the course of an experiment, results in variations from one experiment to another,
thus complicating comparative data analyses. The uneven nature of the oil-water interface

can introduce artifacts in the fluorescence data due to light scattering. While every
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precaution is taken to minimize scattering effects, it cannot be fully eliminated. A typical
oil-water interface can be visualized as a wavy interface filled with undulations where
one phase protrudes into the other. This makes such interfaces less reproducible than a
solid-liquid interface such as a hexadecyltrichlorosilane self assembled monolayer (HTS-

SAM) - water interface .

As a result, we have refrained from assigning undue physical significance to small
observed variations in interfacial dynamics, and have concentrated instead on
characterizing general trends. This limitation made it necessary to develop an internal
calibration procedure that would allow precise determination of absolute interfacial
concentrations from fluorescence emission intensity measurements at the liquid-liquid
interface. This protocol will enable more rigorous comparisons to be made between data

sets and will be discussed in the next chapter.

2.5.1 Sequential adsorption of HSA and HFN

Data on the sequential adsorption of unlabeled HFN following the pre-adsorption
of labeled human serum albumin (HSA-FITC) are shown in Figure 2.2. In this
experiment, HSA-FITC was introduced into the flow cell alone at a flow rate of 0.05
ml/min, and adsorption was allowed to proceed for approximately 70 min. At t=74 min.,
a mixture of HSA-FITC (at the same bulk concentration as before) and unlabeled HFN
was infused into the flow cell, and the subsequent emission intensity of HSA was
monitored. All experiments were conducted under continuous flow conditions to ensure

that bulk depletion of protein did not occur. It should also be noted that HSA was infused
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into the flow cell along with HFN to ensure that any observed changes in fluorescence

emission intensity would not be the result of the depletion of HSA in the bulk.

The introduction of the binary protein mixture significantly reduced the
fluorescence emission intensity from its near plateau value to a level near the baseline,
indicating that unlabeled HFN is displacing HSA-FITC from the interface in substantial
amounts, even though the bulk concentration of HSA-FITC is greater tpan that of HFN.
Since the bulk concentration of HSA-FITC was the same before and after HFN was
introduced, its disappearance from the interface cannot be attributed to concentration-

induced mass transfer of the protein from the interface into the bulk.

Figure 2.3a and Figure 2.3b represent data from experiments complimentary to
the one above, with the modification that HFN was labeled with FITC (HFN-FITC),
while HSA was unlabeled. In the experiment depicted in Figure 2.3a, HFN-FITC at a
concentration of 0.1mg/ml is allowed to adsorb for 60 minutes, followed by infusion of a
solution containing unlabeled HSA at 0.1mg/ml and HFN-FITC (at the same bulk
concentration as before). As the data show, there is negligible change in the magnitude of
the fluorescence emission intensity following introduction of the mixture of proteins into
the flow cell. Even when the experiment was repeated with a 10-fold increase in the bulk
concentration of HSA (1mg/ml), there is no discernible change in the fluorescence

emission intensity (Figure 2.3b).

The steady fluorescence emission levels in the two experiments following
introduction of the protein mixture indicate that adsorbed HFN was not displaced from

the interface by HSA, even at the much higher bulk albumin concentration. Since the
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adsorption of non-labeled species at the interface cannot be detected, we cannot
completely rule out HSA adsorption into empty pockets due to incomplete HFN
adsorption at the interface. However, there is little discernible increase or decrease in the
HFN-FITC fluorescence emission intensity, suggesting that while there may be
adsorption/desorption occurring between molecules of the same species, there is no
visible change in the total quantity of HFN at the oil-water interface. Comparison of these
results with those obtained in the experiments described earlier using HSA indicate that,
while HFN easily displaces adsorbed HSA from the interface, HSA demonstrates little
tendency to displace HFN from the interface, even at substantially higher bulk

concentrations.

These results are not surprising. Data from long term wash-out experiments
indicate that HFN adsorbs essentially irreversibly at the oil-water interface (Figure 2.3c).
In the first experiment (represented by the upper curve in Figure 2.3c), a pure buffer
solution was circulated in the flow cell as HFN-FITC adsorption approached equilibrium;
in the second experiment (lower curve in Figure 2.3c), a protein solution containing only
unlabeled HSA was circulated through the system, beginning at about the same time as
the buffer wash in the previous case. These experiments were conducted to determine
whether the introduction of the HFN-free solutions would cause the protein to detach
from the interface. Both sets of data reveal very little HFN desorption and/or removal
from the interface over the period of the attempted washout, with only a small reduction
in the fluorescence emission intensity over the duration of the rinse. We believe the small
reduction in fluorescence emission is the result of the elimination of the bulk

fluorescence contribution to the overall signal as the flow cell is flushed free of labeled
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bulk proteins, rather than an indication of the removal of interface-bound species. Thus
adsorption of HFN at the oil-water interface appears to be practically irreversible. Other
researchers have also reported fibronectin adsorption irreversibility on hydrophobic

surfaces and partial reversibility at hydrophilic surfaces™.

The results of the sequential adsorption experiménts above were confirmed in two
additional experiments: (i) adsorption of HSA-FITC following pre-adsorption of
unlabeled HFN at the interface, and (ii) adsorption of HFN-FITC following pre-
adsorption of unlabeled HSA. The differences between these experiments and the ones
presented earlier are that a) the protein initially introduced into the flow cell is unlabeled;
and b) only the competing protein of interest (rather than a mixture of the two proteins) is
introduced into the flow cell following adsorption of the first. Therefore, diffusion due to
concentration gradients can conceivably induce a depletion in the interfacial

concentration of the protein that was adsorbed at the interface.

The profile in Figure 2.4a is an example of a sequential adsorption experiment of
type (i). In a typical experiment, unlabeled HFN was pre-adsorbed at the indicated
concentration for an hour, a duration long enough to obtain adsorption levels near
pseudo-equilibrium coverage in the experimental apparatus. The fluorescence emission
intensity at the interface was periodically measured, with the results essentially giving the
dark current or background noise. HSA-FITC was then introduced into the flow cell after
60 minutes of pre-adsorption of HFN (0.1 mg/ml), and its adsorption profile was
monitored. As Figure 2.4a shows, the introduction of HSA-FITC (0.130 mg/ml) induces a
negligible change in the fluorescence emission intensity, which remains very close to the
background level. After about 40 minutes of apparently negligible HSA-FITC
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adsorption, a higher concentration of labeled HSA was introduced into the flow cell.
Twenty minutes after the introduction of the more concentrated mixture, a small increase
in the fluorescence emission intensity was observed, although this was significantly lower

than what would be observed for HSA adsorption in the absence of HFN.

The experiment was repeated, with the only modification being a five-fold
reduction in the bulk concentration of pre-adsorbed HFN from 0.1 to 0.02 mg/ml. The
lower curve (open circles in Figure 2.4b) represents the HSA-FITC adsorption profile
after pre-adsorption of HFN at this lower bulk concentration. In this case, a small
increase in fluorescence emission intensity due to HSA adsorption can be observed.
However, the maximum signal reached a plateau at a level just slightly above the
background noise. For comparison, the adsorption profile of HSA-FITC at the same
concentration (0.140 mg/ml) at a bare oil-water interface (solid circles) has been
included. The resulting fluorescence emission intensities for this control experiment is
more than an order of magnitude higher than for the case where a low concentration of

unlabeled HFN was pre-adsorbed at the interface.

In Figure 2.4a, the increase in fluorescence upon introduction of the higher
concentration of HSA-FITC is to be expected, since the increased bulk concentration of
labeled proteins contributes additional, albeit small, amount of fluorescence emission to
the observed signal. It is likely that, upon continuation of the experiment beyond 125
minutes, the signal would have increased, though it would have been significantly below
the levels that would be expected in the absence of HFN. Even upon decreasing the HFN
bulk concentration to 0.02 mg/ml (Figure 2.4b), little increase is observed in the

fluorescence emission intensity, suggesting that even at this low fibronectin
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concentration, albumin is effectively unable to displace adsorbed HFN molecules from
the interface. It also appears that even fibronectin concentrations as low as 0.02 mg/ml
are sufficient to preclude HSA adsorption. Thus, we conclude that prior adsorption of
HFN at the oil-water interface effectively inhibits subsequent albumin adéorption, even at
short adsorption timescales. The data in Figure 2.4 also confirm that the previous

observations were not due to labeling effects.

It is important to note that all the above experiments were conducted at a low
shear rate of approximately 0.5 s™', and at flow rates that did not exceed 0.05 ml/min.
This is because, unlike the solid-liquid interface, the liquid-liquid interface may become
unstable at high shear. By comparison, these types of experiments have been conducted
at the solid-liquid interface at shear rates of 1.5 s'or highcr'z. The low shear rates and
low flow rates used in the experiments can reduce the speed at which proteins arrive at
the interface. Thus, once a protein arrives at the interface, it can have a significant
amount of time to adsorb, unfold and undergo conformational changes before a second
protein arrives, all of which can contribute to greater adsorption irreversibility. The
adsorption of early arriving molecules can therefore be less reversible than that of later
arriving molecules. In addition, the low shear rates and resulting expanded relaxation
time can lead to a lower availability of open surface locations at which later arriving
molecules can adsorb. The effect is that the overall surface coverage may be lower than
expected. The results of the sequential adsorption experiments above suggest that HFN
adsorbs rapidly and uniformly at the interface, leaving few or no empty interfacial spaces

that HSA can adsorb to.
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2.5.2 Effect of adsorption timescales

The three profiles in Figure 2.5 are from complimentary experiments conducted
over longer adsorption timescales. The first fluorescence emission intensity profile is for
the adsorption of HFN-FITC at time t=0 onto a clean oil-water interface from a solution
confaining only labeled HFN (curve 1). The second profile is of ﬁbronectin. adsorption
onto an adsorbed HSA layer that has been at the interface for two hours (curve 2). The
third profile is of fibronectin adsorption initiated at t=6 hrs onto an adsorbed albumin
layer which has been at the interface for six hours (curve 3). As the data show,
adsorption of HFN onto a 2-hour old layer of HSA results in an apparently and
unexpegtedly higher surface coverage than for the case when HFN-FITC adsorbs to a
clean oil-water interface. This higher surface coverage after two hours of HSA residence
time was initially surprising, because one would expect that the presence of a pre-
adsorbed layer of albumin would at least partially inhibit fibronectin adsorption, and that
the extent of inhibition would increase with the age of the adsorbed layer. In fact, Wertz
and Santore'? reported nearly complete suppression of fibrinogen adsorption after 4 hours

of albumin adsorption on to a hexadecyltrichlorosilane monolayer on quartz.

However, recent reports on fibronectin adsorption to hydrophobic (methylated)
substrates’ suggest that fibronectin adsorbs in both extended and compact
conformations, but that most of the adsorbed layer is in the compact conformation.
Indeed, the ability of the molecule to undergo transitions from one conformation to the
other is made possible by its flexibility in domain-connecting segments and ionic
interactions. It is known that the compact conformation of fibronectin is stabilized by

intramolecular ionic interactions®’. A recent report by Michael and coworkers®® proposes
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a mass action model comprising two states to describe fibronectin adsorption to surfaces.
They speculated that fibronectin initially adsorbs reversibly and then a fraction of the
reversibly bound molecules undergo a transition to the irreversibly adsorbed state,

occupying a larger area in the process.

The cartoon in Figure 2.6 depicts a possible sequence of events th‘at provides a
plausible physical model for the observation at t=0 and t=2 hours in this study. In the case
of fibronectin adsorption onto a bare oil-water interface, early arriving HFN molecules
undergo the transition from the reversibly bound state to the irreversibly bound state,
which allows them to occupy more of the interfacial area. This results in inefficient
packing and hence a fewer number of molecules at the interface. The slow flow rate used
in the experiments probably further enhances this effect. We speculate that, in the
experiments involving 2 hours of albumin pre-adsorption (curve 2 in Figure 2.5), HFN,
displaces loosely bound HSA from the interface upon introduction into the flow cell, and
occupies the area in the spread conformation (occupying larger area). In areas where it is
unable to displace albumin that has been irreversibly bound, it adsorbs in a compact
configuration into the spaces between existing albumin molecules but, due to spatial
constraints, it is unable to transition into the relaxed state. However, the compact state

results in more efficient packing, thereby increasing the effective interfacial coverage.

In the third experiment (curve 3 in Figure 2.5), HSA is essentially irreversibly
adsorbed after 6 hrs'?, resulting in significantly reduced fibronectin adsorption. We
believe this is due to the occurrence of two simultaneous processes: a) as albumin unfolds

and undergoes molecular relaxation, it reduces the ability of HFN to displace it; b) at the
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same time, it also occupies more area per molecule, thereby decreasing the size of the

interfacial area where direct attachment of HFN can occur.

This hypothesis appears to be supported by the results of experiments conducted
to assess displacement of labeled HSA by uplabeled HFN. HSA-FITC (0.130 mg/ml)
was adsorbed at the oil-water interface for periods ‘of one (1) and three (3) hours in
separate experiments (Figure 2.7). After each adsorption profile approached pseudo-
steady state, a solution of unlabeled HFN at a concentration of 0.1 mg/ml was infused
into the flow cell and the HSA fluorescence emission intensity was monitored for a
period one (1) hour. In the case of albumin that had adsorbed at the oil-water interface for
one (1) hour (solid circles), a significant portion of the adsorbed protein was removed by
the HFN wash. In contrast, albumin that had adsorbed to the oil-water interface for three
(3) hours (open triangles) appeared to more effectively resist desorption by HFN.
Therefore, while significant amounts of HSA was displaced from the interface by HFN in
both cases, the longer HSA residence time at the interface significantly mitigated HFN

adsorption.

It was also observed that pre-adsorption of higher concentrations of albumin (0.5
mg /ml) at the bare interface followed by introduction of 0.05 mg/ml HFN-FITC still
resulted in significant adsorption of fibronectin (Figure 2.8). A subsequent wash with
buffer also resulted in little desorption of fibronectin. Sagvolden and others®® measured
interaction forces between fibronectin-coated microspheres and bovine serum albumin-
covered substrates and found low interaction forces between the two surfaces, indicating
no direct binding between fibronectin and albumin. Their experiments also suggested that

fibronectin displaced albumin on hydrophilic polystyrene but was unable to do so on
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hydrophobic polystyrene. These observations of fibronectin adsorption at the oil-water
interface suggest that, even in the presence of pre-adsorbed albumin, fibronectin still
adsorbs in significant amounts. This indicates that fibronectin may either displace the
adsorbed albumin or adsorb onto the albumin film as a second layer. If the latter case
were true then, since fibronectin does not directly bind to albumin®, flushing of the flow
cell with protein-free buffer should result in significant quantities of fibronectin being
desorbed, as such a layer would at best be only loosely bound to the prior adsorbed‘iayér.
However, the desorption of HFN-FITC after introduction of protein-free buffer is not
very significant (at a flow rate of 0.05 ml/min) as has shown in Figure 2.8. Based on
these observations, it is likely that albumin has limited affinity for the oil-water interface,

even though the interface is essentially hydrophobic.

2.5.3 Competitive adsorption of HFN and HSA

The lower curve (open triangles) in Figure 2.9 represents the adsorption profile of
a mixture of labeled HSA (0.125 mg/ml) and unlabeled HFN (0.05 mg/ml) adsorbing
onto a bare oil-water interface. For comparison, the closed circles show HSA alone at the
same concentration adsorbing to a bare oil-water interface (solid circles). It is clear that
albumin has very limited affinity for the interface in the presence of HFN. While no
overshoots were observed in the adsorption profiles in any of these experiments, it
appears that, over the time scale of the experiments, fibronectin preferentially adsorbs
and effectively limits HSA adsorption. HSA adsorption is visible but very low over the
entire duration of the experiment. One other group has reported similar results. Malmsten
and Lassen® reported preferential adsorption of fibrinogen (a protein similar to

fibronectin) from a binary mixture of albumin/fibrinogen onto methylated surfaces. They
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observed that albumin was unable to frustrate fibrinogen adsorption, in comparison to the

ease with which it inhibited gamma-globulin adsorption.

To assess the observations of fibronectin’s strong interaction with the oil-water
interface in the TIRFM apparatus, some long duration experiments were conducted at the
oil-water interface, using a K12 Kruss Interfacial Tensio.meter. Figure 2.10 depicts the
interfacial tension profiles at the oil-water interface for different compositions of a
mixture of fibronectin and albumin. In Figure 2.10a, adsorption from a solution of HFN
(0.1 mg/ml) and HSA (0.125 mg/ml) is monitored. For comparison, the curves above and
below are the interfacial tensions of the pure proteins at their respective concentrations.
The strong interaction of fibronectin with the surface and its tendency to easily displace
albumin from the interface is apparent. At short times (<5000 seconds), the interfacial
tension profile of the mixture follows that of pure albumin adsorbing to the interface due
to the higher diffusion coefficient of albumin (6.1 x 107 cm?¥s%®) . At longer times,
however, the adsorption profile rapidly approaches that of pure fibronectin. Figure 2.10b

depicts the a similar experiment with a higher concentration of HSA (1mg/ml).

In general, it has been shown that smaller molecular weight proteins arrive earlier
at the interface (due to their higher diffusion coefficients). The smaller proteins are then
preferentially displaced by the higher molecular weight (hence, later arriving) proteins, in
a sequence commonly known as the Vroman sequence6"62. Recent modeling work on
competitive adsorption between proteins has shown that, for the Vroman sequence to
occur, the bulk solution must have an excess composition of the small protein, and a
stronger interaction between the larger protein and the surface®®. This study clearly

provides strong experimental evidence of the Vroman effect.
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2.6 Conclusions

The principal aim of this work was to study the competitive interaction of
fibronectin and human serum albumin at a model oil-water interface, using TIRFM. All
the experiments reported here were conducted under low shear conditions, to prevent
destabilization of the oil-water interface. Under these conditions, it has been
‘ demonstrated that it is possible to use TIRFM to study competitive and sequential
adsorption interactions at the liquid-liquid interface. The results of this work have
revealed adsorption dynamics of the two proteins consistent with previous reports in the
literature for solid-liquid interfaces. These results are among the first TIRF measurements
describing the sequential and competitive interactions between competing proteins at a

model oil-water interface.

It was observed that adsorbed albumin at the oil-water interface is readily
displaced by fibronectin, even when albumin is present at much higher bulk
concentrations. It was also observed that albumin demonstrated no tendency to displace
adsorbed fibronectin at the interface, even when it is present in much higher
concentrations in the bulk. Albumin adsorption at short time scales is also reversible at
the oil-water interface. However, at longer adsorption time scales, albumin adsorption is
somewhat less reversible, and the protein is able to prevent subsequent fibronectin
adsorption to some extent, although sigr;iﬁcant amounts of HFN still adsorbs at the
interface. On the other hand, fibronectin adsorption appears to be irreversible over all
timescales examined, and albumin adsorption is almost completely frustrated by pre-

adsorption of even small quantities of fibronectin at the interface.
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This work addresses some key issues on adsorption dynamics between two
proteins of much biological interest. The work was also accomplished at an interface that
has received relatively little attention, but is clearly relevant to biological systems. The
careful measurements of protein dynamics presented in this work were all obtained
within 85 nm of the oil-water interface. Therefore, thé data represent some of the most
interfacially sensitive measurements of protein dynamics accomplished by total internal

reflection fluorescence microscopy at a liquid;liquid interface.
2.7 Recommendations for future work

Since albumin adsorption is almost completely frustrated by pre-adsorption of
small quantities of fibronectin, it would be interesting to examine this sequential
adsorption behavior under conditions where very low concentrations of fibronectin are
used to pre-treat the oil-water interface. It would also be interesting to conduct
fluorescence recovery after photobleaching experiments on adsorbed layers of proteins,
when a mixture of the two competing proteins is present in the solution. Some
preliminary FRAP experiments have been initiated with HFN at the oil-water interface
and further investigations are in progress to fully characterize the bulk and lateral
diffusion coefficients of this fibrous protein at the oil-water interface. Ongoing work in
our laboratory is targeted at investigating the influence of the oil-layer thickness on the

reversibility of HSA and HFN adsorption to the liquid-liquid interface®.

Atomic force microscopy is another useful technique for observing the adsorbed
state conformation of proteins and other bio-macromolecules. Adsorbed fibronectin has

already been characterized by AFM on silica and mica surfaces®’. Cluster formation
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during the adsorption of vitronectin, another glycoprotein similar to fibronectin, has also
been reported using AFM®. HFN and HSA molecules adsorbed to HTS coated surfaces
have already been imaged. It would be interesting to image a similar surface after
sequential adsorption of HSA and HFN is complete, to visualize the conformation of the
adsorbed proteins. Finally, direct visualization of protein adsorption using AFM at the
oil-water interface can give us much insight into the topography of such interfaces.
Mackie et al.> used an indirect method of AFM imaging to study orogenic displacement
of protein films adsorbed at the oil-water interface by transferring the protein films from
the oil-water interface to a mica surface using Langmuir-Blodgett methods. Given the
‘roughness’ of the oil-water interface, studies involving AFM imaging are very
challenging and, to date, direct imaging of protein adsorption at liquid-liquid interfaces

has not been reported in the literature.
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Figure 2.1: a) Experimental layout for TIRFM set-up: NDF: Neutral density filter, OC:
optical chopper, F1,F2: optical flats, Sh: shutter, M1,M2: Mirrors, C: coatings b) Layout
of flow cell for TIRF experiments.
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Figure 2.2: Sequential adsorption of unlabeled HFN (0.1 mg/ml) at the oil-water
interface, following adsorption of labeled HSA (0.130 mg/ml) to near interfacial
equilibrium. In this experiment, a mixture of labeled HSA and unlabeled HFN was
introduced into the flow cell approximately 75 minutes after the adsorption of labeled

HSA had been initiated. The plot gives strong evidence of displacement of adsorbed HSA
at the interface.
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Figure 2.3: Sequential adsorption of HFN/HSA at the oil-water interface. In this
experiment, a mixture of labeled HFN and unlabeled HSA was introduced into the flow
cell approximately 60 minutes after adsorption of labeled HFN had been initiated. The
profiles show that HSA had no apparent effect on HFN adsorption. In the top graph (a),
HSA and HFN are at the same bulk concentration (0.1 mg/ml); in the bottom graph (b),
the concentration of HSA is an order of magnitude higher (1 mg/ml). (c) Desorption of
HFN from the interface by interfacial rinsing. Based on this data, adsorption of HFN at
the oil-water interface is essentially irreversible. Little reduction in HFN fluorescence
emission intensity is observed upon introduction of a protein-free rinse (solid circles) or
circulation of unlabeled HSA (solid triangles) after 60 minutes of HFN at the interface.
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Figure 2.4: Sequential adsorption of HSA and HFN at the oil-water interface. Figure 2.4a
shows that pre-adsorption of HFN completely frustrates subsequent HSA adsorption. In
this experiment, unlabeled HFN was adsorbed for 60 minutes. Subsequently, labeled
HSA was introduced into the flow cell. In the top graph (a) HFN is present in the bulk
solution at a concentration of 0.1 mg/ml; in the bottom graph (b), the concentration of
HFN is at a much lower bulk concentration of 0.02 mg/ml. Curve 2 in this plot (solid
circles) is for HSA adsorbing by itself at the same bulk concentration, and is given for

comparison.
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Figure 2.5: Effect of pre-adsorption of HSA on HFN adsorption at the oil-water interface:
Curve (1) (solid circles) shows adsorption of labeled HFN to a bare oil-water interface.
Curve (2) (open squares) shows adsorption of labeled HFN to an oil-water interface at
which unlabeled HSA had been pre-adsorbed for 2 hrs. Curve (3) (open triangles) shows
labeled HFN adsorption at an oil-water interface at which unlabeled HSA had been pre-
adsorbed for a period of 6 hrs. Bulk concentrations of HSA and HFN are 0.1 mg/ml and
0.05 mg/ml, respectively.
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Figure 2.6: Cartoon of a model proposed for adsorption of HFN at an oil-water interface
at which HSA has been pre-adsorbed. Curves A, B and C represent models for proposed
interfacial organization, under conditions corresponding to curves 1, 2 and 3 in Figure 5.
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Figure 2.7: Displacement of labeled HSA by unlabeled HFN at the oil-water interface. In
each experiment, unlabeled HFN (0.1 mg/ml) is introduced into the flow cell after HSA-
FITC (0.130 mg/ml) adsorption for 1 hour (solid circles) and 3 hours (open triangles),
respectively (t=0 minutes). In each set, the data has been normalized by the pseudo-
saturation intensity obtained prior to the buffer wash. Clearly, HSA is more effective at
mitigating displacement by HFN after three hours at the interface than after one hour.
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Figure 2.8: Effect of pre-adsorbed HSA concentration on subsequent HFN adsorption.
Clearly, pre-adsorption of a higher bulk concentration of albumin (0.5 mg/ml) does not
significantly inhibit subsequent HFN (0.05 mg/ml) adsorption at the interface.
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Figure 2.9: Competitive adsorption of HSA and HFN at the oil-water interface: This plot
shows preferential adsorption of HFN from a mixture of HFN (0.05 mg/ml) and HSA
(0.125 mg/ml) to a bare oil-water interface. The bottom curve (open triangles) is
adsorption of a mixture of unlabeled HFN and labeled HSA to a bare oil-water water
interface, and is shown for comparison.
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Figure 2.10: Interfacial tension measurements of a mixture of HFN (0.1 mg/ml) and HSA
(0.125 mg/ml) adsorbing to an oil-water interface (middle curve) are shown in Figure
10a. For comparison, interfacial tension measurements of pure HSA (top curve) and pure
HFN (bottom curve) are also presented. In Figure 10b, the concentration of HSA is
increased to 1mg/ml. Over long times, the interfacial tension of the mixture approaches
that of pure fibronectin.
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3 ESTIMATING PROTEIN INTERFACIAL COVERAGE AT THE

LIQUID-LIQUID INTERFACE: A TIRF - FRAP STUDY

3.1 ABSTRACT

The adsorption of bovine serum albumin labeled with FITC (BSA-FITC) to a
model oil-water interface has been étudied, using total internal reflection fluorescence
microscopy (TIRFM). Estimates of the interfacial coverage of proteins at the oil-water
interface were obtained using a protocol based on TIRFM-FRAP, previously proposed
by Zimmerman and Gaub (1990). Protein coverages ranged from 0.02-0.3 mg/m? for bulk
concentrations in the range of 0.2 mg/ml to 3.5 mg/ml. These values are an order of
magnitude lower than typical estimates reported in the literature for the solid-liquid
interface. It is speculated that the lower coverages at the oil-water interface may be due to
more rapid protein relaxations at this fluid interface, which would tend to inhibit late
arriving protein molecules by occupying a greater interfacial area per molecule.
Measurements of fluorescence lifetimes of BSA-FITC were also made to examine if there
were differences in the lifetimes between molecules at the interface and those in the bulk
using two-photon excitation spectroscopy. No differences were found between these two
lifetimes, suggesting that the quantum yield of BSA-FITC at the interface is the same as

its quantum yield in the bulk solution.



3.2 Introduction

Proteins are among the most important molecules involved in key biological
processes. Protein adsorption is one of the first and most important steps that must occur
before key cellular processes such as cell attachment and differentiation can occur. They
function as enzymes, which are responsible for catalyzing several important reactions.
Proteins also play important roles in the storage and transport of biologically important

molecules such as oxygen“.

Protein adsorption to interfaces has been monitored using several methods.

15,42

Techniques such as radio-labeling ™", tensiometry67, optical reﬂectometry“, neutron

69,70 59,71

reflectometry” ", ellipsometry and TIRFM>*'? have been commonly used to

characterize interfacial adsorption behavior. More recently, methods such as quartz

crystal microbalance (QCM)", surface plasmon resonance (SPR)‘(’l

, optical wave guide
light mode spectroscopy (OWLS)'? and AFM**™>7 are becoming increasingly popular. It
is important to be able to accurately estimate the quantity of adsorbed protein because
this allows us to make quantitative and qualitative predictions about the structure and

characteristics of the adsorbed protein film, including predictions on whether the

adsorption is limited to a single monolayer.

Techniques such as reflectometry and ellipsometry rely on the evolving refractive
index of the protein film to estimate the surface coverage. Research groups that use
TIRFM for observation of protein adsorption conduct their experiments in regimes where
adsorption is strictly transport-limited, so that surface coverages are calculated by direct

application of the Leveque solution'>®. This results in conversion of fluorescence
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intensities to surface coverages by application of a simple conversion factor. Other
TIRFM-based calibrations use angle scanning methods where the penetration depth of the
evanescent wave is varied””, or use external and internal standards to calibrate the
fluorescence signal'®. Adsorbed amounts can also be computed by a visual count of

individual protein molecules, from AFM images of adsorbed protein layers®.

In contrast with the considerable literature on protein adsorption at the solid-
liquid interface, there are relatively few reports on estimating interfacial coverages at the
liquid-liquid interface. Estimates of surfactant and protein interfacial coverages at the
liquid-liquid interface have been obtained by radiolabeling®'> and neutron reflectivity*
Because of the instability of the interface boundary, estimating coverages at liquid-liquid
interfaces is a challenging problem. For example, quantitative interfacial concentrations
of proteins at the interface can be easily obtained by scraping the adsorbed protein off the
surface. For obvious reasons, this cannot be done at liquid-liquid interfaces. Also, the

curvature of the interface presents additional problems for optical experiments.

In the experiments on sequential and competitive adsorption between human
plasma fibronectin and human serum albumin at the oil-water interface, it was observed
that HFN preferentially adsorbs over HSA. It was also observed that HFN displaces pre-
adsorbed albumin over nearly all adsorption time scales. However fluorescence studies at
the oil-water interface are subject to greater amounts of “noise” induced by light
scattering than at the solid-liquid interface, due to the uneven interface. Such scatter can
also occur due to contaminants such as dust particles which can stick to the oil, even after
taking the utmost experimental precautions. Electromagnetic energy from the increased

light scattering can further excite both bulk and surface associated molecules, inducing a
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level of fluorescence emission beyond what is induced by the direct laser beam. This can
result in artificial elevations in the level of fluorescence emission that is collected by the
objective, which complicates direct comparison of fluorescence emission data between
different experiments. Thus, a calibration technique that allows us to directly convert
fluorescence emission intensities into interfacial mass coverages will eliminate such
artifacts. This will also allow us to make more rigorous comparisons between data sets

obtained under different experimental conditions.

Gajraj> in our laboratory had previously adapted a technique for estimation of
coverages at the liquid-liquid interface, using the technique first proposed by Zimmerman
et al'® and is based on a combination of total internal reflection fluorescence microscopy
(TIRFM) and fluorescence recovery after photobleaching (FRAP). The technique relies
on the ability to discriminate between fluorescence recovery from bulk species and that
from surface-associated molecules. Gajraj reported interfacial coverages that were greater

than an order of magnitude lower than similar values reported in the literature.

In the present study, a calibration protocol has been developed to obtain an
adsorption isotherm for BSA at the oil-water interface. One of the important assumptions
of this internal-standard technique was that the quantum yield of a fluorophore in the bulk
solution remains unchanged upon its adsorption at the interface. The validity of this
assumption was examined by conducting two-photon excitation spectroscopy studies of
fluorescence lifetimes of BSA-FITC adsorbed at the oil-water interface and in the free
solution. The influence of shear rate (flow rates) on the ultimate interfacial coverage of

BSA at the liquid-liquid interface was also assessed, along with shear rate studies of
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protein adsorption at a hydrophobic solid-liquid interface (Octadecyltrichlorosilane

(OTS) self assembled monolayers on glass) and compared.
3.3 Theory

3.3.1 Total internal reflection

A detailed derivation of Maxwell’s equations governing the theory of total
internal reflection is available elsewhere (see Reichert et al.”®, for example). In brief,
when a light beam traveling through an optically dense medium of refractive index n;
approaches the interface between the dense medium and a rarer medium or refractive
index n; (n2<n;) at an angle of incidence exceeding the critical angle 6, it undergoes total
internal reflection. The critical angle at which this occurs is given by Equation (2.1).
When the beam undergoes total internal reflection, the reflected ray travels through the
same medium as the incident ray. However, an electromagnetic field is generated in the
rarer medium beyond the interface. The intensity of this field (called the evanescent
wave) decays exponentially with perpendicular distance z from the interface as given by
Equation (2.2). The characteristic penetration depth of this wave, d,, is given by
Equation (2.3) and indicates the distance at which its intensity has reduced to 1/e of its
maximum value at the interface. Typical values for d, vary from 50 to a few hundred
nanometers. Thus, only fluorophores located in the vicinity of the interface are excited by
this energy field. This interfacial selectivity makes this optical technique ideal for

studying surface and interfacial phenomena.
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3.3.2 The calibration protocol

The theory for estimating protein interfacial coverages using TIRFM and FRAP was
developed by Zimmerman et al'®. A complete discussion of this technique can be found
in Gajraj5 5 and the key steps towards developing this theory has been outlined below for

completeness .The fluorescence emitted by an excited fluorophore is given by
F(t)= [ q,1(2)9(2)C(2)dz G.1)
0

Here, I(z) is the intensity of light striking fluorophores of concentration C(z)
located at a distance z from the interface, g(z) is the quantum yield of the fluorophore at
z, and gy is an instrument constant. The total fluorescence collected by the objective is a
function of contributions from surface-bound proteins and fluorescently labeled proteins

present in the bulk that are illuminated by the tail of the evanescent wave:
F(t) = F:surface (t) + Fbulk (t) (32)

Incorporating the expression for the decaying evanescent wave given by Equation

(2.2) gives

P

l
F(t)=q,l, I exp [—;—}C(z)q(ddz (3.3)
0

where [ is the depth of the flow cell. This integral can be deconvoluted into bulk and

surface contributions and represented as
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Z
F(t)=F e + Fp =0,4,1,C, +4,9,C, 1, [ exp| - ~
)

surface

< (34)
P
where g; and g, are the quantum yields of fluorophores at the interface and in the bulk,

respectively.

In developing Equation (3.4), Zimmerman et al.'® assumed a model where a layer
of adsorbed proteins of thickness s and two-dimensional concentration C; is in
equilibrium with fluorescently labeled proteins in the bulk solution at a three-dimensional
concentration Cp. This equation also assumes that that plane of total internal reflection
occurs at the interface between the protein film of thickness s and the bulk solution. This
interface can facilitate total internal reflection as the refractive index of the protein film is
assumed to be close to that of the oil (n=1.51). It is important to note that the presence of
an intermediate film of arbitrary refractive index and nanometer scale thickness between
the dense medium and the rare medium will not prevent total internal reflection from
occuring. For proteins such as serum albumin, a typical value of film thickness estimated
using ellipsometry is approximately 5 nm'®**. This value of s is considerably smaller than
the thickness of the flow cell (/). Therefore, the definite integral in Equation (3.4) can be
solved after noting that s<<l. Thus the term corresponding to F. can be rewriten as

follows:

{’—sJ l
d
F. =q,1,C,q, dz=9,1,9,C,(-d, )| e""”

je{%‘f]

=q,1,9,Cd,

(3.5)
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Combining this with Equation (3.7) leads to the following relationship for the

total fluorescence emission from the sample:
F(t)=1,4,4,C, +q,Cd,) (3.6)

The assumption that the quantum yields of surface and bulk associated
fluorophores are equal (g,) (an assumption that would be discussed in detail later) leads

to,
F(t)=q,1,4,(C,+Cd,) (3.7
The bulk contribution to the total intensity is simply
Fu.()=q4,1,Cd, (3.8)

Thus the unknown constants can be factored out and Equations (3.7) and (3.8) can

be combined and rearranged to give

Cs=dep( ) -IJ (3.9)

Fyue (1)

The variables in the above equation can be easily estimated as shown in Figure
3.1. F{(t) represents the total fluorescence measured prior to initiation of the bleaching
pulse, and is obtained at the end of a typical adsorption experiment at the oil-water
interface. Fpuft) is the fluorescence after a series of bleach pulses are applied. Both

values are corrected for background fluorescence before incorporation into Equation (3.9)
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This technique relies on the ability of the evanescent wave to selectively and
primarily excite surface fluorophores, along with only a small number of bulk associated
fluorophores. It also relies on the fact that the diffusion coefficient of proteins in the bulk
is significantly higher than that of proteins bound at the interface. As a result, surface
bound fluorophores can be considered irreversibly bleached within the time scale of
observation, while bleached bulk fluorophores would be instantaneously replaced by
unbleached fluorophores, thus resulting in an apparently unbleachable bulk fraction. The
diffusion coefficient of proteins such as albumin and fibronectin is in the range of 107
cm®/s. For a freely diffusing molecule undergoing Brownian motion, the time required to

travel through a bleached region of depth d,, based on the Stokes-Einstein equation is

1=+ (3.10)

For a penetration depth of approximately 80 nm, this results in a characteristic
time of diffusion on the order of approximately 1 to 10 milliseconds. As a result,
fluorophores in the bulk that are bleached by the evanescent wave are quickly replaced by
unbleached fluorophores that essentially instantaneously diffuse into the bleached zone.
Hence, bulk species can be treated as an unbleachable fraction that maintains a constant
contribution to the total fluorescence emitted. A cartoon showing the sequence of
photobleaching and bulk recovery is shown in Figure 3.2. This cartoon shows a region
near the interface that is filled with fluorophores that are adsorbing to the interface. The
open circles represent unbleached fluorophores while the closed circles represent

bleached fluorophores.
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Prior to application of the bleach pulse, all the fluorophores are unbleached and
contribute to the total emission F(?). Immediately after the application of the bleach
pulse, all the fluorophores in the illuminated region would be bleached. However, after a
few milliseconds have elapsed, the bulk fluorescence would recover due to the rapid
replacement of bleached fluorophores in the bulk with unbleached fluorophores by
diffusion as predicted by Equation (3.10). Since the immobilized fluorophores at the
interface would remain bleached, the fluorescence emission at this point is represented by
Foui(t). This procedure is an elegant method of separating bulk and surface contributions
to the total fluorescence emission intensity. In the current experimental configuration, the
typical dwell time between measurements is 100 milliseconds, thus providing sufficient

time for bleached bulk molecules to be replaced by unbleached ones.

The bulk and surface fluorescence contributions can also be separated by rinsing
the flow-cell with a protein-free buffer, which would presumably deplete the bulk of
labeled protein species, while leaving interface-associated species in place. However

there are several disadvantages to using this method at the oil-water interface.

(i) Since the interface is mobile, it is necessary to conduct such a wash at very low
flow rates to prevent inducing interfacial destabilization. As a result, ensuring that all the
labeled protein present in the bulk solution has been eliminated requires a thorough wash-
out that wou]d take approximately three hours (this corresponds to the time required to
exchange about 10 volumes of the flow cell). In such an extended wash-out period, there
is no reliable method of preventing adsorbed species and the oil film from being

entrained and removed from the interface.
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(ii) The quantum yield of fluorophores is dependent on the local environment.
Thus, eliminating labeled proteins from the bulk would change the local environment
around the surface-bound fluorophores. This may result in changes in their quantum

yield, thereby introducing artifacts in the data.

Equation (3.9) was developed on the underlying assumption that the quantum
yields of the surface and bulk associated fluorophores are equal. However, as noted
above, the quantum yield of fluorophores is a very sensitive function of the environment
surrounding it. Thus the proximity of a tagged protein to other fluorophores (which
results in quenching) or its location in a highly viscous or hydrophobic environment can
affect the quantum yield. Hence, if ¢;< g, this can result in significant underprediction of
interfacial coverages by Equation (3.9). It is, therefore, necessary to test the validity of
this assumption at the oil-water interface. While the estimation of absolute quantum
yields is a challenging problem, it can be related to the fluorescence lifetime 7, a variable
that describes the length of time a molecule resides in the excited state before eventually
transitioning to the ground state. The fluorescence lifetime is more readily measurable,
and comparison of the lifetimes of molecules at the surface and in the bulk can provide us
with insight into the relationship between g, and g,. This approach is discussed in greater

detail below.

3.3.3 Two-photon fluorescence lifetime spectroscopy and the quantum yield

problem

3.3.3.1 Rationale

In the development of the calibration protocol outlined in the preceding section, it
was assumed that the quantum yield of surface-associated and bulk-associated
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fluorophores are identical. Although this assumption has been made to simplify the
mathematical analysis, it is a well known fact that the quantum yield of a fluorophore is
highly sensitive to the surrounding environment. As noted above, direct measurement of
fluorescence quantum yields is difficult. In fact, the estimation of the relative quantum
yield of fluorophores to within 5% precision is extremely difficult and the values against
which the relative yields are standardized are themselves subject to greater than 5%
variation’”"’8. Estimation of the absolute quantum Yyield is considerably more difficult and
requires sophisticated instrumentation. The two most common methods used for
measuring quantum yields are calorimetry”® and by comparison with known standards.
Therefore, estimating the quantum yield of a fluorophore adsorbed to (or in the proximity

of) an interface is obviously very difficult.

The quantum yield of a fluorophore is defined as the ratio of the number of

photons emitted to the number of photons absorbed, and is given by*°

q= L (3.11)

where k&, and k, are the rates of radiative and non-radiative decay, respectively. The

lifetime 7 of the fluorophore is given by:

1

T=—— :
k +k 012
r nr

The variables k, and k,, can be calculated as
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_9q
k, = p (3.13)

1-
k, = (—qj (3.14)

Thus fluorophores with a large radiative decay rates have high quantum yields
and short lifetimes. In fact, the radiative decay rate %, is a function of the oscillator
strength of the electronic transition®', which is only slightly sensitive to the environment
around the fluorophore. Thus &, can be treated as a constant for a given fluorophore.
Variations in fluorescence lifetimes and quantum yields of fluorophores resulting from
changes in non-radiative decay rates are due to events such as collisional quenching and
fluorescence resonance energy transfer®. Thus, in principle, the quantum yield and the
fluorescence lifetime are directly proportional to each other, assuming that there are no
changes in the radiative decay rate. Then, the lifetime and quantum yield of a fluorophore
will increase or decrease togethersz. Thus, the quantum yield of a given fluorophore can

be indirectly probed by measuring its associated lifetimes.

It is relatively easy to obtain estimates of the fluorescence lifetimes of
fluorophores. The lifetime of the fluorophore is the length of time a molecule spends in
the excited state, prior to its eventual transition to the ground state. It is related to the
quantum yield (please see Equation (3.13)). To estimate the quantum yield, the time
interval between the application of the input pulse and the arrival of the first emitted

photon was measured, using time correlated single photon counting (TCSPC). Since
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fluorescence emission is a random event, the distribution of these arrival times represents

the fluorescence decay for a large number of photons.

Estimating the lifetime (7) for BSA-FITC molecules in the bulk solution using
conventional TCPSPC spectroscopy is relatively easy. However, estimating the
parameter for BSA-FITC molecules adsorbed at the oil-water interface is a much more
challenging problem. In addition to the constraints imposed by the geomeffy of the
experimental set-up and detection equipment, there is the serious challenge of isolating
the interfacial signal from the background bulk fluorescence signal. Since the beam
excites a large region around the interface, a significant portion of the emission signal can
. be considered to originate from bulk contributions. This results in “noise” that is difficult
to deconvolute. Finally, the oil-water interface is not a “smooth” interface when
compared to the solid-liquid interface. There are “ridges and bumps” at the boundary of
the two phases due to the juxtaposition of one phase into another at various points along
the interface. In addition, the relative affinity of the aqueous phase for quartz causes
water to creep around the oil phase at the cuvette walls, producing a curved interface. All
these factors combine to produce a more complicated optical path. Thus, using the
conventional set-up for exciting the fluorophores does not produce reliable estimates of
the dynamics at the interface. Therefore, to obtain more reliable estimates of the
fluorescence lifetimes of the adsorbed protein molecules, two-photon time correlated

single photon counting spectroscopy was used.

3.3.3.2 Theory

Two-photon fluorescence occurs when a fluorophore simultaneously absorbs two

photons of wavelength 2A and then undergoes an electronic transition at a wavelength
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A¥. The number of photons absorbed in two-photon spectroscopy is directly proportional
to the square of the incident light intensity. The fluorescence emission from a sample

undergoing a two-photon transition can be described as,
F =off|C(r, )% (r, 2)dV (3.15)

where C(r,z) is the concentration profile of the fluorophore undergoing the
electronic transition, I(r,z) is the intensity of the incident light, and the integration is

computed over a volume in space.

The non-linear dependence of the absorption on the square of the incident light
intensity is responsible for the spatial selectivity of this technique. Since the amount of
light absorbed is proportional to the square of the number of incident photons, very high
intensities are required in order to obtain a measurable amount of 2-photon excitation®.
This excitation occurs at the focal point of a laser beam that has been focused through a
converging lens (or an objective). As a result, fluorescence is emitted only from regions
illuminated by the focal volume occupied by the beam at its waist, thereby affording
excellent spatial selectivity. An additional advantage of 2-photon spectroscopy is that the
excitation and emission wavelengths are widely separated, so there is little possibility of
data contamination due to spectral overlap. For example, for experiments discussed in
this chapter, the excitation wavelength was 700 nm while the emission wavelength was

set near the emission maximum of FITC at about 530 nm.

Two-photon excitation has primarily been used to study the excited states of

molecules, because it follows different selection rules for electronic transitions as
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compared to single photon absorption processes®*®>. However, in the last decade, it has
been used extensively for studying biological samples because of its excellent spatial
selectivity and low background fluorescence®®*°. In most cases, the emission spectra for
1-photon and 2-photon excitation are the same. This is an important point because, in this -
study, lifetimes were measured using 2-photon spectroscopy. These results are then
extrapolated to speculate on possible changes in quantum yield that occur during the
TIRFM experiments, which use single-photon excitation. All TIRFM studies in this
dissertation were conducted with excitation at 488nm, whereas the two-photon studies
were conducted at an excitation of 700 nm. It has been previously demonstrated that
emission spectra for most dyes such as fluorescein or Cascade Blue is independent of the
excitation wavelength, which would indicate that the fluorescence quantum efficiency is

independent of the excitation wavelength®.

3.3.3.3 Measurement of Fluorescent Lifetimes

Fluorescence emission curves can typically be described by single or multi-

exponential decay. For a fluorophore undergoing exponential decay®,
_ —tlt
F(t)=Fe (3.16)

where F, is the fluorescence intensity at t=0, and zis the lifetime. For decays that
are not adequately described by a single exponential, the decay profiles are typically

fitted to a sum of exponentials,

-tlt,
FO=Yae (3.17)
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where ¢; is the pre-exponential factor representing the fractional contribution to

decay of the fluorophore with a lifetime 7.

Decay profiles that are best fit to multi-exponential models can suggest the
presence of multiple fluorophore populations, or the presence of a single fluorophore in
different environments. For example, the presence of two lifetime components for BSA-
FITC can be attributed to FITC being present in two different kinds of regions on the
protein. Multi-exponential fits can also be merely statistical in nature and may not imply
any underlying physical phenomenon. These decay profiles are usually analyzed using
the method of least squares which minimizes the sum of the weighted squares of residuals

defined as
1 n
x =n—-;ZW.-[y,--f(t,~ 10,7 (3.18)
- i=1

where n is the total number of data points, p is the number of fittable parameters

and the factor w;is the weight associated with each square residual.

This weight is related to the standard deviation associated with each count
interval. For photon counting applications, it is reasonable to assume that the error
follows Poisson counting statistics®®. Thus the variance at each interval is directly

proportional to the number of counts at that interval.
o =Y, (3.19)

Thus, the decay curves can be weighted as,
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=— (3.20)

3.4 Experimental Methods

3.4.1 Materials and Methods

BSA was purchased from Sigma Aldrich (St. Louis, MO). Fluorescein
isothiocyanate (F-1907) was obtained from Molecular Probes (Eugene, OR). The oil used
for the experiments was an immersion oil (Type A) obtained from Cargille (Cedar Grove
NJ). This oil had a refractive index of approximately 1.515. Octadecyltrichlorosilane

(OTS) was obtained from Sigma Aldrich (St. Louis, MO)

3.4.2 Protein labeling

BSA was labeled with FITC in 0.1M carbonate buffer at pH 9.2 for 4-6 hours.
The solution was then passed through a PD-10 column (Amersham Biosciences,
Piscataway, NJ) that had been pre-equilibrated with 0.05M phosphate buffer (pH 7.4).
The column was then eluted with 0.05SM phosphate buffer to recover the protein
conjugate. This was followed by ovemnight dialysis against phosphate buffer to
completely remove unbound labels from the solution and to ensure complete buffer
exchange. Labeling ratios were determined by measuring the absorbance of the conjugate
at 4996nm and 280nm. In all experiments, the labeling ratio was kept below 1.3. All
protein solutions were stored at 4°C and used within a week. All adsorption experiments

were conducted in 0.05M phosphate buffer.
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3.4.3 Preparation of surfaces

The microscope slides (Fisher Premium slides) used for TIRFM experiments were
purchased from Fisher Scientific (Pittsburgh, PA). Slides on which oil films were
deposited were cleaned by ultrasonication in RBS-35 detergent solution. The slides were
rinsed thoroughly in deionized water and then immersed in concentrated nitric acid for 30
minutes. The slides were stored in deionized water to prevent dust accumulation on the
surface. Microscope slides on which OTS monolayers were deposited were cleaned by
ultrasonication in RBS-35 detergent solution. After rinsing the slides thoroughly with
deionized water, they were immersed for 30 minutes in piranha solution (70% sulfuric
acid and 30% hydrogen peroxide)®. The slides were subsequently rinsed with deionized
water and dried thoroughly under nitrogen. They were then immersed in 1% (vol/vol)
solution of OTS in hexadecane for approximately 15 minutes, after which they were
thoroughly rinsed with methylene chloride and chloroform®. The contact angle of the
self assembled OTS monolayers was measured using a home-built contact angle

instrument and was found to be greater than 110 degrees in all cases”.

3.44 TIRFM instrumentation and experimental set-up:

The TIRFM instrumentation, flow cell design and optical configurations for
FRAP were described in detail in Chapter 2. The oil layer was deposited on a clean glass

slide by rolling a clean glass rod through a drop of oil placed at one end of the glass slide.

3 Piranha solution is extremely corrosive. Face mask, acid-resistant gloves and protective clothing must be
used while handling piranha. Use extreme caution.

4 Static contact angle measurements were made using a homemade contact angle instrument in Dr. Michael
Mackay’s laboratory at Michigan State University.
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For adsorption and FRAP experiments, monitoring beam intensities ranged from 1-4 pyW
and photobleaching beam intensities were at least 10mW or higher. The duration of each
photobleaching pulse varied from 350ms to 1 s. Typically, bleaching was carried out for
a total duration of 5 to 10 seconds till no further recovery was observed from the sample.
It was found that longer bleaching times are required to completely bleach fluorophores
at the oil-water interface as compared to the OTS-water interface. This may be due to a
higher fraction of reversibly associated protein at the oil-water interface than at the OTS-
water interface. In some experiments, the observation area was reduced by placing an
aperture before the photomultiplier tube. This was done to ensure that fluorescence
emission was collected from only a small portion in the center of the bleached region to
counter the effects of lateral diffusion. No significant difference in computed interfacial

coverage was observed in the presence of the aperture.

Experiments were initiated by introducing the buffer solution into the flow cell
using an infusion/withdrawal syringe pump. After beam alignments and fine-focusing
were completed, BSA-FITC was introduced into the flow cell at a controlled flow rate
and adsorption was allowed to proceed until the fluorescence emission intensity reached a
stable value. A series of rapid bleach pulses were then applied to completely bleach the
interfacial fluorophores. The residual fluorescence emission corresponded to the
contribution of bulk-illuminated fluorophores to the pre-bleach emission intensity.
Typically, three to four different sites on each interface were bleached to determine the
degree of variation in surface coverage across the interface, and to ensure that the data are

statistically relevant.
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3.4.5 Two photon lifetime spectroscopy: Experimental set-up.

Estimates of the fluorescence lifetime of FITC and BSA-FITC were obtained
using a two-photon time correlated single photon counting spectrometer (2P-TCSPC).
The experimental layout of the 2P-TCSPC spectrometer is shown in Figure 3.3. A
description of the experimental set-up can be found in DeWitt et al.%, although the
system has been modified slightly from its original implementation. Briefly, the outpui
from a 30 W CW mode-locked Nd:YAG laser (Coherent Antares 76 S) at 1064 nm was
frequency doubled using a temperature tuned Type I LBO crystal to produce a 532 nm
beam. This light was used to excite a cavity dumped dye laser (Coherent 702-2). For
these experiments, pulses at 700nm were generated using LDS-698 laser dye (Exciton).
In all experiments, the fluorescence light is collected at 90° with respect to the incident
light. The emitted light was polarization-selected using a Glan-Taylor prism. The
polarization of this light was then scrambled and wavelength selection is carried out
using a subtractive double monochromator (CVI Digikrom 112). The collected light was
focused on to a cooled two-stage microchannel plate photomultiplier tube (MCP-PMT,
Hamamatsu R3809U). The PMT signal was sent to one channel of the quad constant
fraction discriminator (CFD Tennelec TC454), where it is processed for input to the time-
to-amplitude converter (TAC, Tennelec TC 864). This system can measure lifetimes from
several microseconds to the instrument response function of 35 picoseconds FWHM. The
experiments were conducted in quartz cuvettes, and the oil-water interface was assembled
by depositing an oil-layer over the protein solution. After adsorption had been initiated,

the laser beam was carefully focused at the oil-water interface and the collection lens was



adjusted to maximize the collected signal. The excitation beam was at 700nm, while

emission was monitored near the emission maximum for FITC (530nm).

3.4.5.1 Data analyses for TIRFM and calibration protocol

Interfacial coverages were computed using Equation (3.9). The prebleach
fluorescence was estimated by averaging a few data points before the bleaching pulse.
Typically, the interface was bleached with a series of pulses for approximately 5-10
seconds, in order to eliminate fluorescence emission from interfacially-bound molecules.
An arithmetic average of the first few points after the completion of bleaching was used
to calculate Fp,u Typically, the first point right after the bleach pulse is applied is
ignored because this may be influenced by a partial opening of the shutter while the
photon counter is sampling data. Each data point consisted of the photon count rate
collected for 50 milliseconds. A dwell time of 200 milliseconds was used between each
reading. Since the repeated photobleaching of interfacial species may also induce some
photobleaching of bulk associated fluorophores outside the evanescent wave area, the
longer dwell times provide sufficient time for complete recovery of the bulk fluorescence
emission. The background counts were subtracted from both F and Fp,x prior to applying
Equation (3.9). This subtraction is important, because the background contribution cannot

be ignored due to a slight fluorescence emission from the oil.

34.5.2 2-pTCSPC lifetime measurements

Fluorescence lifetimes were estimated by fitting the decay to Equations (3.16) and
(3.17), using OriginPro 7.5 (OriginLab Corporation, Northampton, MA). The data used

for fitting were not normalized against the maximum value (at t=0). Also, no constraints
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(such as Za,. =1 ) were imposed on the fit. Although normalization and constraints are

i
routinely used in fitting lifetime data, we chose not to implement this because relatively
low fluorescence emission intensities (counts) were obtained using 2p-TCSPC for the
protein sample. To avoid making a biased estimate of the maximum count at t=0 (there is
considerable scatter around this value), the program was allowed to fit all parameters

with no imposed constraints.
3.5 Results and Discussion

3.5.1 Adsorption isotherm for BSA-FITC at the oil-water interface

The adsorption isotherm for BSA-FITC at the oil-water interface is shown in
Figure 3.4. Experiments were conducted for BSA-FITC bulk concentrations of 0.2, 0.5,
1.0, 2.0 and 3.5 mg/ml. Interfacial coverages obtained were in the range of 0.02 to 0.3
mg/m>. The values obtained are much improved in comparison to the results of earlier
work done in our laboratorySs primarily due to (i) improved detection equipment, and (ii)
the modified bleaching protocol, where longer bleaches were utilized to ensure that all
interfacial fluorophores were adequately bleached. However, the values obtained are an
order of magnitude lower than typical values that have been reported in the literature for

the solid-liquid interface.

There are very few reports in the literature on the adsorption of BSA at the liquid-
liquid interface to provide comparative data. Beaglehole et al.”! studied BSA adsorption
to the oleyl alcohol-water interface using ellipsometry. They reported interfacial
coverages of 0.45 mg/m’ for BSA at a bulk concentration of 3.5 mg/ml, with no apparent

signs of saturation. In contrast, Sengupta and Damodaran reported much higher
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equilibrium saturation values of 4.1 mg/m’ for BSA at the triolein-water interface using

radiolabeling‘z. This value appears abnormally high.

Estimates of adsorbed amounts of BSA at the solid-liquid interface vary,
depending on surface properties and the technique used for making the measurements.
Hlady and co-workers reported BSA interfacial coverages ranging from 0.4 mg/m2 to 1.2
mg/m2 on hydrophilic silica using TIRFM'. Malmsten and Lassen reported HSA
coverages of 4+2 mg/m2 on hydrophobic surfaces using ellipsometry”. Calonder and co-
workers' reported interfacial coverages of 1.25 mg/m’ for HSA on Si-Ti-O, surfaces
using OWLS. Wertz and Santore used TIRFM to study BSA adsorption to HTS-SAMs
and obtained interfacial coverages in the range of 1 to 3 mg/m’ by modeling the initial
adsorption rate under transport-limited conditions'?. Finally, Choi et al® reported
interfacial coverages ranging from 0.4 to 1 mg/m2 for HSA adsorption to HTS SAMs
depending on the transport conditions, and the density of the SAMs, using optical

reflectometry.

We believe that some of the lower interfacial coverages obtained at the oil-water
interface can be attributed to competition between slow arriving molecules and quick
relaxation of already adsorbed molecules (because relaxed molecules occupy more area
per molecule), and the slow transport of new albumin molecules to the interface.
Evaluation of this hypothesis and supporting experiments/arguments are summarized in a

later section.
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3.5.2 Molecular relaxations and its influence on ultimate coverages at the oil-water

interface

The interfacial coverage reported above at the oil-water interface is an order of
magnitude lower than typical values reported in the literature, which are on the order of 1
mg/mz, and points to the fact that the total adsorption at this oil-water interface is limited
by other processes. A plausible hypothesis is that the reduced interfacial estimates reflect
the competition for interfacial space between adsorbed molecules quickly undergoing
interfacial relaxations and protein molecules arriving at the interface. As discussed
earlier, proteins are extremely complex entities that contain several hydrophobic and
hydrophilic regions. All proteins exist in energetically favorable conformations that
minimize the free energy of the system. Upoq adsorption, they undergo conformational
changes (or re-orientations) to minimize the free energy in the changed environment
around them. This can amount to relaxation, by which the molecule undergoes
denaturation and typically expands, thus occupying a larger surface area in the process.
The rate of this process is significantly influenced by the properties of the

surface/interface to which the protein is adsorbing, and the conditions of the experiment.

In these experiments, the flow rate is held constant at 0.047 ml/min. This low
flow rate was chosen to minimize the possibility of generating destabilizing forces that

can sweep away the oil-film. The wall shear rate is given by

3.21)

where Q is the flow rate and w and h are the width and height of the flow channel.
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For the geometry of the flow cell, y has an approximate value of 0.27 s'. Thus,
transport of proteins to the interface occurs at a very slow rate under these experimental
conditions. Figure 3.5 depicts a plausible model for the reduced interfacial coverages.
This model is similar to that proposed in Chapter 2, at short adsorption time scales.
| Initfally, the albumin molecules that arrive first at the oil-water interface adsorb and
occupy a small area. However, with time, protein unfolding and relaxations cause the
adsorbed molecules to occupy a greater surface area per molecule, thereby limiting the
space available for adsorption of later arriving molecules. It is conceivable that if this rate
of relaxation is high enough in comparison to the rate of transport of protein to the

interface, it can result in reduced interfacial coverages.

For example, Wertz and Santofe have proposed that albumin can increase its
molecular area by a factor of at least five as it undergoes relaxations'2. Thus the protein
molecule expands from an initial mblecular area of 25 nm*/molecule to approximately
140 nm*/molecule during the relaxation process. In the same paper, the authors have
shown that albumin interfacial coverages are influenced by protein concentration and
wall shear rate. They further reported that the ultimate coverage is more strongly

influenced by molecular relaxations than by a fundamental isotherm shapeu.

The profiles in Figure 3.6 depict BSA-FITC adsorption (0.2 mg/ml) to the oil-
water interface at three different flow rates: (i) 0.024 ml/min (3=0.13 s, (ii) 0.048
ml/min (3=0.27 s™), and (iii) 0.096 m!/min (7=0.54 s1). The profiles indicate a significant
increase in albumin interfacial coverage at 0.048 ml/min and 0.096 ml/min, in

comparison to the coverage at a flow rate of 0.024 ml/min. An interfacial coverage of
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approximately 0.040 mg/m® was obtained at flow rates of 0.048 ml/min and 0.096

ml/min. On the other hand, the surface coverage at 0.024 ml/min was 0.016 mg/mz. There

are two possible reasons for the lower coverage at 0.024 ml/min'2.

@)

@i1)

If the adsorption follows the convective-diffusion model for gentle shearing
flow, then the initial adsorption rate is proportional to the third power of the
shear rate (;)’3). Thus a reduction in the shear rates (or flow rate) will reduce
the interfacial coverage. However, it should be noted that, at the above flow
rate, the initial adsorption rates probably do not strictly follow the transport-
limited adsorption kinetics predicted by the Leveque equation, because of the

higher bulk protein concentrations (0.2 mg/ml)'2.

With reference to the model proposed in Figure 3.5 along with the arguments
made in the preceding paragraph, we hypothesize that interfacial relaxation of
the adsorbed albumin molecules are primarily responsible for the apparently
low interfacial coverage obtained at the lowest flow rate. Due to slowly
arriving molecules at this flow rate, the adsorption proceeds very slowly and
continues for almost 90 minutes after the first increase in fluorescence is
detected. Thus, there is sufficient time for molecules arriving earlier to undergo
the molecular relaxations that reduce the interfacial area available for the

adsorption of later arriving molecules.

The difference between the interfacial coverage for adsorption at the two flow

rates of 0.048 ml/min and 0.096 ml/min are not significant. While this is initially

surprising, it should be noted that the oil film in contact with the glass is likely to become
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unstable at a flow rate of 0.096 ml/min, and hydrodynamic shear may be sweeping some

of the oil and adsorbed proteins from the interface.

It is worthwhile to conduct a modeling exercise to compare the coverage obtained
above with that predicted by medels for transport-limited adsorption from a solution in
fully developed laminar slit flow™®. The Leveque solution to the convective diffusion

equation is given by

173
ar_ 0.538(1) D¥’C (3.22)
dt x

where I is the two-dimensional interfacial concentration and x is the distance along the

flow channel.

The Leveque equation only applies when a steady-state concentration near the
interface is established at times well before the surface coverage reaches the point where
it starts decreasing the adsorption rate. Thus, this equation applies when the adsorption

rate does not decrease before a characteristic time given by

xz 1/3
t = 3.23
‘ (Y’D} G2

where 7. is the time required to establish the steady-state concentration profile.

This corresponds to 940 seconds for =0.13 s, 580 seconds for 3=0.27 s!, and
360 seconds for y=0.54 s'. Assuming no errors in the experimental model, if the

experimental adsorption rate is lower than that predicted by Equation (3.22), then the
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experimental adsorption rate is considered to be limited by some property of the
interface®*2. The profiles in Figure 3.6 were analyzed to compare the initial adsorption
rates obtained using this model with those predicted by Equation (3.22). Table 3.1 shows
these comparisons. The fact that the experimental adsorption rate is orders of magnitude
lower than that predicted by the Leveque solution is indicative of surface effects that
lower the initial adsorption rate. The parameter R, which is the ratio of the initial
adsorption rate for any shear rate to that obtained at the shear rate of 0.27 s (which we
arbitrarily chose as a standard), was also calculated. If it is assumed that there is a
calibration error in our protocol that causes underestimation of the surface coverage (due
to light scattering artifacts) by a constant factor, the ratio R will account for this. When
comparing experiments conducted at #=0.13 s with those at #=0.27 s™', we obtained a
value of Rj2= 0.17, which is much lower than the corresponding theoretical value of 0.8
predicted by the Leveque solution. This is an indicator that factors other than transport
rates are strongly influencing the interfacial coverage. Rapid molecular relaxations that
reduce the available interfacial area or lower binding affinities to the surface are possible

factors.

The data presented in Figure 3.6 has been re-plotted in Figure 3.7 for the cases of
v=0.13 s and y=0.27 s™. A closer examination of this data indicates that in each case
protein adsorption proceeds linearly until surface crowding causes the profile to deviate
from its linear profile. During the initial stages of protein adsorption, the only limiting
factor controlling protein adsorption is the rate of protein transport to the interface.
However, in later stages, interfacial crowding causes the amount of available space to

limit the adsorption kinetics. The departure of the adsorption behavior from the linear
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profile as predicted by Equation (3.22) due to crowding effects is further complicated by
protein relaxations, which serves to enhance this effect. Thus, in Figure 3.7 the departure
of the adsorption profile from the solid line occurs at 0.027 mg/m* and 0.014 mg/m? for
y=0.27 s and y=0.13 s respectively. In the absence of protein relaxations, these
departures would occur at the same interfacial level. The occurrence of these departures
at different levels for shear-rates that differ by a magnitude of 2, is further confirmation

of the presence of protein relaxations that effectively lower pseudo-saturation coverage.

3.5.3 Relaxations at the OTS-water interface

Preliminary investigations of albumin molecular relaxations at the OTS-water
interface have been initiated, by using the TIRF-FRAP calibration protocol for
quantifying interfacial coverage. Wertz and Santore have conducted detailed
investigations of the influence of albumin molecular relaxations on ultimate coverages at
the hexadecyltrichlorosilane (HTS) SAMs by modeling the adsorption process as
transport-limited'z'“. In their studies, they used shear rates ranging from 1.1 s to 42 s™.
A limited number of experiments at the OTS-water interface were run to compare the
influence of shear rate on molecular relaxations at the solid-liquid interface and the oil-
water interface. Figure 3.8 shows results of adsorption of BSA-FITC at a bulk
concentration of 0.2 mg/ml to the OTS-water interface. The OTS SAM interface is
hydrophobic. These studies were conducted at flow rates of 0.47 ml/min (3=2.7 )
(Figure 3.8, upper curve) and 0.047 ml/min (}3=0.27 s") (Figure 3.8, lower curve).
Interfacial coverages computed using the TIRF-FRAP protocol was approximately 0.25

mg/m® and 0.13 mg/m’ at shear rates of 2.7 s and 0.27 s™, respectively. Choi et al
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reported similar HSA coverage at the HTS-water interface at shear rates of 1.1 s . The

following observations were made:

@)

(1)

(iii)

The BSA-FITC interfacial coverage at the OTS SAM is 4-5 times higher than
the corresponding coverage for BSA-FITC at the oil-water interface at the

same bulk concentration (0.2 mg/ml) and shear rate (0.27 s").

While on the same order of magnitude, the ultimate coverage obtained is lower
than the coverage reported by Zimmerman et al. for the same concentration,

using the TIRF-FRAP technique (> lmg/mz).

Molecular relaxations do appear to influence BSA-FITC adsorption at the
hydrophobic solid-liquid interface for the two shear rates chosen, even at the
relatively high bulk concentration of 0.2 mg/ml. Wertz and Santore reported
similar results at the HT'S-water interface for a much lower bulk concentration

of 0.01 mg/ml'2.

From the observations above, it is apparent that the interfacial coverage at this

particular oil-water interface is much lower than that obtained at the OTS-water interface.

Also, since molecular relaxations appear to reduce the interfacial coverage from 0.25

mg/m? (3=2.7 s™") to 0.13 mg/m?® (3=0.27 s) at the solid-liquid interface, it is certainly
q

plausible that the relaxations could occur at a greater rate at the relatively more mobile

oil-water interface, where the interconnecting segments of the protein are much freer to

move, thereby reducing the coverage at the liquid-liquid interface. The slow transport rate

to the interface possibly exacerbates the situation. Finally, the reason for the discrepancy

between these results and those obtained by Zimmerman and co-workers is unclear.
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However it should be noted that an exhaustive study at varying concentrations and shear-
rates at the OTS-water interface have not been conducted. This is the focus of ongoing
work in our laboratory. Therefore, the results at the solid-liquid interface are only

preliminary.

3.5.4 Sequential adsorption experiments

In order to examine the influence of molecular relaxations of pre-adsorbed protein
molecules on subsequent protein adsorption, sequential protein adsorption studies were
conducted. In these experiments, adsorption of 0.2 mg/ml BSA-FITC was initiated and
after 60 minutes of adsorption, the ultimate interfacial coverage was estimated by
utilizing the calibration protocol. Subsequently, BSA-FITC at a concentration of 0.5
mg/ml (step 2) was introduécd and the coverage upon 60 minutes of adsorption was
estimated. This was then followed by the introduction of BSA-FITC at a concentration of

1 mg/ml (step 3).

In sequential adsorption experiments, molecular relaxations of the existing layer
can affect the adsorption of proteins that are introduced later. This can happen in two
principal ways: (i) Molecular relaxations of existing protein molecules result in reduction
of the available space for later arriving molecules to adsorb and (ii) These relaxations
change the structure of the adsorbate film, thus potentially influencing the interactions of
later arriving molecules with the existing layer. Thus, it is expected that such sequential
adsorption experiments will result in lower amounts of protein adsorption occurring in
steps 2 and 3 as compared to single shot experiments, where initial protein adsorption is

occurring at a bare oil-water interface. However Figure 3.9, shows little difference
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between the coverages obtained in the sequential adsorption experiments and those
obtained in the single-shot experiments shown in Figure 3.4. This is a surprising result,
and suggests that transport rates have a more dominating influence on protein adsorption

at the oil-water interface.

3.5.5 Fluorescence Lifetime measurements

Fluorescence decay curves obtained using 2p-TCSPC were fit to Equations (3.16)
and (3.17). The results are summarized in Table 3.2 and Table 3.3. A typical fluorescence
decay curve is shown in Figure 3.10. In all cases, the two-parameter exponential model
provided a better fit than the single-exponential model as confirmed with hypothesis
testing using the F-test statistic. The single-exponential model also provided a reasonably
good fit. For the purpose of discussion, we have chosen to use the parameters obtained
from the single-exponential model to facilitate easy comparison. Figure 3.11 and Figure
3.12 depict the profiles of the fluorescence decay and the fit to the single exponential

model.

The lifetime of the interfacially bound molecules was approximately 3.37 ns,
while the lifetimes of the proteins present in the bulk solution was approximately 3.31 ns.
Since there is no significant difference in the two lifetimes, we conclude that the quantum
yield of BSA-FITC immobilized at the interface is unchanged from its value in solution,
thus justifying the simplifying assumption made during the development of the TIRFM-
FRAP model. The similarity in fluorescence lifetimes indicates that the emission

characteristics of the fluorophore are not influenced by the mobile interface.
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The similarity in lifetimes also indicates that the dye molecules adsorbed to the
interface are free of concentration quenching effects which would lower the quantum
yield. In solution, Lakowicz et al®® has reported mean decay times of 3.12 ns for HSA-
FITC conjugated at a labeling ratio of 1. In the same study the authors reported a mean
decay lifetime of 1.84 ns for HSA-FITC adsorbed to quartz surfaces. Since HSA is
known to form a complete monolayer on glass, we speculate that the rigid interfacial

properties are responsible for the decreased lifetimes.

Fluorescence decay curves were also measured for unbound FITC dissolved in
phosphate buffer. The profiles and the single-exponential fit are shown in Figure 3.13,
and the fitted parameters are given in Table 3.2 and Table 3.3. The fluorescence lifetime
calculated was approximately 4.96 ns. The lifetime values obtained compare reasonably

with typical values in the literature’®.

3.5.6 Other sources of error

The protocol utilized in this study is an excellent method of internally calibrating
adsorbed amounts. While care has been taken to minimize all experimental errors, there
are some sources of measurement errors that can cause influence the interfacial estimates.

These are discussed below.

3.5.6.1 Possibility of incomplete bleaching of interfacial fluorophores

Bleaching experiments were conducted using a beam intensity of 15 mW. At this
intensity, it takes 2-5 seconds of pulses to bleach the interface until no further recovery is
apparent from the interface. It was observed that longer durations are required to bleach

fluorophores at the oil-water interface than at the solid-liquid interface. Longer bleach
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durations are generally not advisable, because this can result in unintended
photobleaching of bulk fluorophores in a zone wider than the evanescent wave profile.
The interfacial coverage calculated by Equation (3.9) is especially sensitive to the value
of Fpu. Thus, small reductions in Fj,; (due to over-bleaching) to near the background

level can translate to large changes in the computed interfacial coverage.

Several experiments were conducted in an attempt to check for incomplete
bleaching of fluorophores by conducting buffer wash-out experiments. In these
experiments, the background fluorescence at the start of the experiment was noted. After
the adsorption and photobleaching steps were completed, a buffer wash (with protein free
buffer) was conducted to remove any fluorescently labeled proteins present in the bulk
solution. In theory, if all the interfacial fluorophores have been bleached, the signal after
the wash should return to the background signal. In these experiments, some residual
fluorescence was found after the buffer wash. However, given the restriction on low flow
rates in the experiment, a thorough wash to remove all fluorophores would take in excess
of 240 minutes. Thus, we cannot rule out the possibility that this residual fluorescence is

due to incomplete washout of the protein solution.

3.5.6.2 Elevation of the bulk-signal contribution by light scattering:

As discussed above, the background fluorescence which is the number of counts
estimated at the bare oil-water interface prior to the start of the experiment, is subtracted
from all fluorescence measurements. This background fluorescence is due to emission
from the oil layer, which is slightly fluorescent. Due to considerable scattering of light at
the oil-water interface, the background fluorescence can increase as (i) fluorophores fill
the flow-cell, and (ii) as the protein film evolves at the interface. If this scattering is
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significant, it artificially elevates the Fp,; signal by additionally exciting the labeled
fluorophores outside the evanescent field. This can result in significant underestimation
of the interfacial coverage. Consider, for example, the following analysis of the counts of
fluorescence obtained in experiments conducted at the oil-water interface and at the solid-

liquid interface.

In a typical experiment at the oil-water interface that was conducted using BSA-
FITC at a bulk concentration of 1 mg/ml, 3595 counts per sample time were obtained
prior to photobleaching (F). The number of counts obtained after photobleaching was
2135 (Fpun). Prior to the start of the experiment, 1070 background counts per sample time
were recorded. Thus, in theory, the fluorescence from the bulk due to evanescent wave
excitation is presumed to be 1065 counts for this experiment, while the total background
corrected fluorescence prior to bleaching is 2525 counts. The ratio F/Fp. is calculated to
be 2.37. However if the bulk fluorescence has a significant component arising from
scattered light, it is clear that this can make a significant difference to computation of
F/Fp.u. At a bulk concentration of 1mg/ml, the bulk solution is very fluorescent, even at a
labeling ratio of 1.0, and it is likely that extraneous scatter from the oil-water interface is
artificially elevating the bulk contribution by a significant amount. Thus, it is not
inconceivable for computed interfacial coverage to double in the absence of significant

scattering.

Similarly, in an experiment conducted at the OTS-water interface, for an albumin
bulk concentration of 0.2 mg/ml, F was 5860 counts, Fp;x was 846 counts and Fackground
was estimated to be 472. Thus, the background corrected bulk fluorescence is 373 counts

and F/Fp,y is computed to be 14. If scattering effects are elevating the bulk fluorescence
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count and the evanescent wave accounts for only half of the 373 counts, this ratio doubles
to 28. Hlady and coworkers' used TIRFM to quantify protein adsorption, and used
external calibrations to show that that scattering effects can cause a significant (up to a 6-

fold) under-prediction of interfacial coverage.

* It is our opinion that some of the protein coverages reported in the literature are
exéessively high. As a simple modeling exercise, one can consider a surface that has an
interfacial coverage of 3 mg/m’ (a value that has been reported in the literature) for a bulk
concentration of 0.2 mg/ml. Based on Equation (3.9), the ratio F/Fp,u required to obtain a
surface coverage of 3 mg/m’ at a bulk concentration of 0.2 mg/ml is approximately 195.
In other words, assuming a background-corrected total fluorescence count of 5380
counts, this ratio gives us a value of Fp,; of 27 counts, a value which is lower than the
average noise in the system. It is thus very unlikely that the background counts could be

as low as shown above.

Deviation in g,/q, from unity: Although it has been clearly demonstrated that the
lifetime of the surface and bulk-associated fluorophores are similar, assuming that the
quantum yields are also similar requires the reasonable assumption that the radiative rates
are essentially unchanged. However any changes in the radiative rate k, which offsets
changes in the non-radiative decay rate could keep the lifetime constant, while reducing
or increasing the quantum yield. Changes in &, have been reported in the literature for
fluorophores in the proximity of metal surfaces®? and for fluorophores in different

solvents’®,
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3.6 Conclusions

Protein interfacial coverages at the oil-water interface have been estimated using
TIRFM-FRAP. Values obtained at the interface ranged from 0.02 mg/m2 to 0.3 mg/m’.
These values are a significant improvement over those reported previously from our
laboratory, primarily due to improved protocols and more sophisticated detection
equipmentss. We propose that adsorbed molecules undergo relaxations that reduce the
available area where molecules arriving later can adsorb, thereby restricting the
interfacial coverage density. The interfacial coverages at the oil-water interface in this
study are lower, in comparison to the coverage obtained by us at the same bulk
concentration and shear rate at a hydrophobic solid-liquid interface. The values obtained
for the hydrophobic solid-liquid interface using the TIRFM-FRAP methodology is
consistent with values reported in the literature. Several scenarios have been presented to
account for the differences between the results for the two interfaces. 2p-TCSPC studies
indicate that the lifetime of adsorbed BSA-FITC molecules at the oil-water interface is
similar to the corresponding value in solution, indicating that the quantum yields are not

very different.
3.7 Recommendations for future work

It would be interesting to study the influence of objective working distance and
depth of focus on the computed interfacial coverages, since objectives with higher
numerical apertures will offer a shorter depth of focus, which will more accurately reject
stray light contributions to the overall signal®. An alternative method would be to use

variable angle of incidence TIRFM (VA-TIRFM), in which the penetration depth of the
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evanescent wave is varied by controlling the angle of incidence. This method will allow
us to obtain an estimate of scattering effects at the liquid-liquid interface. Finally, similar
measurements at other oil-water interfaces, such as the perfluorocarbon-water interface (a

biologically relevant interface), will help assess the validity of this method.

The use of 2-photon spectroscopy to study lifetimes of fluorescently conjugated
biomolecules at the oil-water interface is among the first of its kind in the literature. It
would be interesting to supplement the lifetime data with measurement of rotational
diffusion and reorientation dynamics of molecules that are adsorbed at the oil-water
interface. Such studies will also provide us with information about dye and protein
partitioning at the oil-water interface. Additionally, probing the adsorbed layer using the
intrinsic fluorescence of the protein (say, tryptophan) will allows us to examine the
protein in its unaltered state. At the same time, this will make it possible to obtain
information about reorientation dynamics of the adsorbed protein in presence of an
extrinsic fluorophore and compare it against measurements obtained using the intrinsic

fluorescence™.
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Figure 3.1: A typical photobleaching experiment for calibrating interfacial
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Figure 3.2: Schematic showing the photobleaching steps involved in the calibration
protocol. The black circles bleached fl ph while the white circles

unbleached fluorophores. Due to the high diffusion coefficient of the bulk
assocna(ed fluorophores, the bleached fluorophores in the bulk are rapidly replaced by
unbleached fluorophores thereby resulting in an “unbleachable bulk fraction”, while
the surface bound fluorophores remain bleached.
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Figure 3.3: Experimental layout for 2-photon time correlated single photon counting. G-
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Figure 3.4: Adsorption isotherm of BSA-FITC at the oil-water interface using TIRFM-
FRAP protocol.
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Figure 3.5: Proposed model of interfacial relaxations for albumin at an oil-water
interface. Molecules that arrive early, occupy a small area per molecule. However with
time, they spread and occupy larger areas, thereby restricting available area for molecules
that arrive much later, due to slow transport rates.
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Figure 3.6: Adsorption of BSA-FITC (0.2 mg/ml) at the oil-water interface as a function
of flow rate. Three flow rates were used in this experiment: (1) 0.024 ml/min (3=0.13 s");
0.048 ml/min (3=0.27 s') and (3) 0.096 ml/min (3=0.54 s') At a flow rate of 0.024
ml/min, considerably less protein adsorbs to the oil-water interface presumably due to
molecular relaxations of adsorbed protein that reduce the available interfacial area.
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Figure 3.7: Influence of molecular relaxations on the adsorption of BSA-
FITC (0.2 mg/ml) to the oil-water interface:. The data shown above has
been re-plotted from Figure 3.6 for y=0.27 s? and y=0.13 s, The departure
of the adsorption profile from the straight line, at different interfacial levels
for different transport conditions suggests the presence of relaxations.
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Figure 3.8: Adsorption of BSA-FITC (0.2mg/ml) to octadecyltrichlorosilane self
assembled monolayers at flow rates of 0.47 ml/min (}=2.7 sT, top curve) and 0.047
ml/min (y=0.27 s, bottom curve).
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Figure 3.9: Sequential adsorption experiments at the oil-water interface:
BSA-FITC at a concentration of 0.2, 0.5 and 1 mg/ml was sequentially
introduced into the flow-cell and in each case, interfacial coverages were
computed using the calibration protocol.
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Figure 3.10: Typical fluorescence decay profiles obtained for BSA-FITC adsorbing to the
oil-water interface at a concentration of 1 mg/ml using 2-photon TCSPC.
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Figure 3.11: Single exponential fit to fluorescence decay profile for BSA-FITC (1
mg/ml) adsorbed at the oil-water interface.
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Figure 3.12: Single exponential fit to fluorescence decay profiles for BSA-FITC
(Img/ml) in phosphate buffer.
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Figure 3.13: Single exponential fit to decay profiles of unbound FITC (0.15mg/ml) in

phosphate buffer.
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Table 3.1: Comparison of initial adsorption rates obtained using the photobleaching
model with that predicted by the Leveque equation.

Initial adsorption rate ar gL/ dn),
Shear e 2. (dT'/dr),
i rate (mg m™s™)
Y™ (s)
photoblea- photobleac-
ching Leveque “hing Leveque
1 0.13 940 4.65¢-6 0.026 0.17 0.8
2 0.27 580 2.67e-5 0.032 1 1
3 0.54 360 2.74e-5 0.041 1.03 1.28
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Table 3.2: Results of fitting of the fluorescence decay to the single exponential model

given by Equation (3.16).

Molecule Location No. o 7; (nS) xzmy
BSA-FITC 1 85.73 3.38 1.34
Oil-water
adsorbed
from1 mg/ml | Interface 2 57.18 3.36 1.26
solution
Bulk 1 34.86 3.36 1.26
BSA-FITC solution
1 mg/ml (buffer) 2 36.69 3.27 1.29
Bulk
FITC .
solution 1 229.13 4.96 122
0.15 mg/ml (buffer)
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Table 3.3: Results of fitting of fluorescence decay to multi-exponential model given by

Equation (3.17).

Molecule | Location No. a as 71(ns) % (ns) zz,,d
BSA-
FITC 1 53.81 47.8 1.35 498 1.11
Oil-water
adsorbed
from 1 Interface
mg/ml 2 40.7 | 28.32 1.38 5.45 1.05
solution
BSA- Bulk 1 36.26 | 4.37 2.11 38.03 1.115
FITC solution
1 mg/ml (buffer) 2 30.04 | 14.28 36.69 1.51 6.29
Bulk
FITC .
solution 1 | 1307 11942 | 231 840 | 098
02 mg/ml (buffer)
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4 3-D ARRAYS OF LIPID BILAYERS ON POLYELECTROLYTES

MULTILAYERS

4.1 ABSTRACT

This paper presents novel and robust methods to produce 3-D arrays of lipid bilayers on
polyelectrolyte multilayer surfaces. Such arrays may be useful for high-throughput
screening of compounds that interact with cell membranes, and for applications in
biosensors and biocatalysis. Liposomes composed of 1,2-Dioleoyl-sn-Glycero-3-
Phosphocholine (DOPC) and 1,2-Dioleoyl-sn-Glycero-3-Phosphate (Monosodium Salt)
(DOPA) were found to adsorb preferentially on poly(dimethyldiallylammonium chloride)
(PDAC) and poly(allylamine hydrochloride) (PAH). Liposome adsorption on sulfonated
poly(styrene) (SPS) surfaces was minimal due to electrostatic repulsion between the
negatively charged liposomes and the SPS coated surface. Surfaces coated with
poly(ethylene glycol) (m-dPEG acid) also resisted liposome adsorption. These results
allowed us to create arrays of lipid bilayers by exposing PDAC, PAH and m-dPEG
patterned substrates to DOPA/DOPC vesicles of various compositions. The patterned
substrates were created by stamping PDAC/PAH on SPS multilayers and m-dPEG acid
on PDAC multilayers, respectively. Total internal reflection fluorescence microscopy
(TIRFM), fluorescence recovery after pattern photobleaching (FRAPP) and fluorescence
microscopy were used to characterize the resulting interfaces and to check the feasibility

of the desired approach.
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4.2 Introduction

Cell membranes are complex moieties composed of lipids, with membrane
proteins and other biomacromolecules interposed between them. They represent one of
the major structural components of biological cells. Systems that can mimic biological
cell membranes and their functionality have great potential for applications such as
biosensors and can also provide a platform for fundamental investigations of
biomolecular behavior”**. To mimic biological cell membranes, supported bilayer lipid
membranes (sBLMs) have been formed on glass, silica surfaces and unfunctionalized
metal surfaces® !, Such BLMs enabled researchers to probe lipid properties such as
phase transition, lateral diffusion, permeation and lipid protein interactions 114 However,
there were some limitations associated with these supported membranes: (1) there was no
cushion between the substrate and the lipid bilayer to provide space for the hydrophilic
moieties of the membrane proteins and to give lateral mobility to the membrane
components, (2) they were fragile, and (3) no ionic reservoirs were present on either side

of the bilayer, a typical characteristic of cell membranes.

To overcome these drawbacks and allow transmembrane molecular transport, the
use of hydrophilic cushions (on which lipid bilayers are deposited) is becoming popular.
Such cushions have consisted of hydrogels, polymeric tethers or polymer films and

22,115-130

polyelectrolytes Polyelectrolytes offer the following advantages as

cushions!?131-133, (1) they are robust and easy to fabricate, (2) they can be deposited on
many surfaces, (3) they can provide a reservoir for electron mediators and cofactors for

sensor applications and (4) their porosity and flexibility may allow the protein to exist in

its natural conformation inside the lipid bilayer. Lipid bilayers composed of negatively
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charged lipids like 1,2-Dioleoyl-sn-Glycero-3-Phosphate (Monosodium Salt) (DOPA)
and 1,2-Dimyristoyl-sn-Glycero-3-[Phospho-rac-(1-glycerol)] (Sodium Salt) (DMPG)
with other zwitterionic lipids have already been shown to form on poly(allylamine
hydrochloride) (PAH) and poly(ethyleneimine) (PEI) coated substrates. These studies'??
indicate that lipid coverages increase and diffusion coefficients decrease on increasing
the quantity of charged lipids. In another approach, polyelectrolyte multilayers were
adsorbed on melamine formaldehyde latex particles, which were soluble at low pH,
resulting in the formation of thin polyelectrolyte shells upon dissolving the core. Lipid
bilayers were then formed on the empty shells by exposing them to charged vesicles and

the properties of this new model system as an artificial cell were then evaluated'**.

Arrays of lipid bilayers have also been fabricated and characterized on glass
surfaces'28*138 A patterned polydimethyl siloxane (PDMS) stamp was brought into
contact with a supported lipid bilayer formed on a glass slide for a short time and then
removed. Approximately 90% of the lipids in areas in contact with the stamp were
transferred to the stamp surface, resulting in an array of patches of lipid bilayers
separated from one another by regions of bare glass. The same group showed that a
bilayer can be preassembled directly onto oxidized PDMS surfaces and then transferred
intact onto a glass slide. Bilayer patches in the resulting arrays were found to be fully
fluid and stable under water. To date, this methodology can only be applied to glass
surfaces. Thus, techniques that can extend the approach to other surfaces and address the

previously described limitations of sSBLMs are of interest.

The approach described in this chapter, is based on the ionic layer by layer

139

assembly technique introduced by Decher'*®, microcontact printing by Whitesides'* and
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the polymer-on-polymer stamping process (POPS) developed by Hammond'*"'*2, Layer
by layer assembly can be used to deposit polyelectrolyte multilayers (PEMs) on most
substrates. PEM:s are thin films'*® formed by electrostatic interactions between oppositely
charged polyelectrolyte species to create alternating layers of sequentially adsorbed ions.
PEMs are effective and economical approaches to depositing ultrathin organized films
whose uses have included functional polymersm, colloids'**'** biomaterials'*® and

selective electroless metal 'depositionm.

Microcontact printing (uCP) is a soft
lithographic technique used in physics, chemistry, materials science and biology to
transfer patterned thin organic films to surfaces with sub-micron resolution. Unlike other
fabrication methods that merely provide topographic contrast between the feature and the
background, puCP also allows chemical contrast to be achieved via selection of an
appropriate ink. Microcontact printing offers advantages over conventional
photolithographic techniques because it is simple to perform and is not diffraction-
limited. This technique has been used to make patterns of various small and large

148-150

molecules on metals and silicon substrates as well as to deposit proteins, biological

131153 and polyelectrolyte aggregates.'™ Polymer on polymer stamping is an

cells
approach that combines LBL assembly technique and microcontact printing to generate
alternating regions of different chemical functionalities on a surface by using graft

polymers, diblock copolymers or polyelectrolytes as ink.'*"'*?

In this chapter, we present a new approach for generating arrays of 3-D lipid
bilayers and liposomes on polyelectrolytes. The height of these arrays can be precisely
controlled depending on the number of polyelectrolyte layers used to form the PEMs. The

arrays offer potential advantages over previous approaches and provide solutions to some
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of the limitations discussed earlier. They also have excellent potential as biomimetic
interfaces for high-throughput screening of compounds that interact with cell membranes,
and for probing, and possibly controlling interactions between living cells and synthetic
membranes. Arrays of lipid bilayers were created by  exposing
poly(dimethyldiallylammonium chloride) PDAC patterns, polyethylene glycol (m-dPEG
acid) patterns and poly(allylamine hydrochloride) (PAH) patterns on PEMs to liposomes
of various compositions. Total internal reflection fluorescence microscopy (TIRFM) was
used to monitor liposome adsorption and desorption to the PEMs. Fluorescence recovery
after pattern photobleaching (FRAPP) and fluorescence microscopy were used to
characterize the resulting interfaces. The fabrication of the 3-D array patterns and quartz
crystal microbalance studies was conducted by Neeraj Kohli while TIRFM adsorption
studies and FRAPP characterization studies were conducted by the author of this

dissertation. All results obtained are reported for completeness.

4.3 Experimental section

4.3.1 Materials

Sulfonated poly(styrene) (SPS) (M,~70,000), poly(allylamine hydrochloride)
(PAH) ( M,~50,000) and poly(diallyldimethyl ammonium chloride) (PDAC)
(M,~100,000) were obtained from Sigma. 1,2-Dioleoyl-sn-Glycero-3-Phosphate
(Monosodium Salt) (DOPA), 1,2-Dioleoyl-sn-Glycero-3-Phosphocholine (DOPC) and 1-
Palmitoyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]-sn-Glycero-3-
Phosphocholine(16:0-06:0 NBD PC) were purchased from Avanti Polar Lipids. 1-

tetradecanethiol, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid sodium salt
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(HEPES) was obtained from Fluka. The m-dPEG molecule was purchased from Quanta
Biodesign. Sylgard 184 silicone elastomer kit (Essex Brownell) was used to prepare the
PDMS stamps used for microcontact printing. Structures of PDAC, SPS and m-dPEG are
shown in Figure 4.1. The fluorosilanes were purchased from Aldrich Chemical. Ultrapure
water (18.2MQ) was supplied by a Nanopure-UV four-stage purifier (Barnstead

International); the purifier was equipped with a UV source and a final 0.2 um filter.

4.3.2 Preparation of stamps:

An elastomeric stamp was made by curing poly(dimethylsiloxane) (PDMS) on a
microfabricated silicon master, which acts as a mold, to allow the surface topology of the
stamp to form a negative replica of the master. The poly(dimethylsiloxane) (PDMS)
stamps were made by pouring a 10:1 solution of elastomer and initiator over a prepared
silicon master. The silicon master was pretreated with fluorosilanes to facilitate the
removal of the PDMS stamps from the silicon masters. The mixture was allowed to cure
overnight at 60 °C. The masters were prepared in the Microsystems Technology Lab at

MIT and consisted of features (parallel lines and circles) from 1 to 10 pm.

433 Preparation of liposomes:

Small unilamellar vesicles were prepared by mixing appropriate amounts of
DOPC/DOPA with 1% NBD-PC in chloroform. This mixture was then dried under
nitrogen and care was taken to ensure that the lipids form a thin cake like film on the
walls of the test tube. The residual chloroform was then removed under high vacuum.
The lipids were then reconstituted in either HEPES, pH 7.4 (0.1M NaCl) or 18.2 MQ

water. The resulting liposome solution was then sonicated until they became clear inside
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an ice bath using a Bransonic tip sonicator or bath sonicator. In some of the initial
experiments, vesicles were made by extruding the reconstituted lipids through a mini-

extruder.

4.3.4 Preparation of arrays:

Figure 4.2 and Figure 4.3 show two different schemes used to prepare arrays of
lipid bilayers. Scheme 1: (Figure 4.2) A PDMS stamp was dipped in a 250mM solution
of PDAC (or 200mM solution of PAH) in 75/25 ethanol-water mixture for about 20
minutes. The stamp was then washed with ethanol, dried under nitrogen and brought into
contact with a glass slide that was coated with PDAC/SPS multilayers, with SPS forming

“the uppermost layer. The stamp was removed after 15 min and the resulting PDAC (or
PAH) patterns were then rinsed with water to remove unbound or loosely bound PDAC.
The slide was then exposed to DOPC/DOPA liposomes of varying compositions, and

imaged using a microscope with attached camera.

Scheme 2: (Figure 4.3) A PDMS stamp was dipped in a 100uM solution of m-

dPEG acid in 75/25 ethanol-water mixture for 30 minutes.'>

The stamp was then
washed, dried under nitrogen and brought into contact with the glass slide coated with
PDAC/SPS multilayers with PDAC as the topmost layer. The stamp was removed after

20 minutes and the resulting PEG patterns were then rinsed with water to remove excess

PEG.

All TIRFM and FRAPP characterizations were done on non-patterned slides (i.e.

slides having a uniform top layer).
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4.3.5 Total internal reflection microscopy:

The experimental setup and the flow cell has been described previously® as well
as in chapter 2 (Figure 2.1) . All fluorescence measurements were made using the photon
counter. As in the case of experiments described in Chapter 2 and 3, the optical chopper
was used to prevent unintended photobleaching of fluorophores during all adsorption
experiments. The only modification to the experimental procedure described in Chapter
2, was that the data was sampled continuously, rather than intermittently, since we did
not observe significant photobleaching by the monitoring beam at the incident laser
intensities chosen for these experiments. A 500 nm long-pass band filter was used to
separate the excitation and emission intensities. The photon counter was triggered By an
output reference voltage from the chopper, so that data collection only occurs during
periods when the flow cell is illuminated by the laser beam. For TIRFM experiments, the
flow cell was initially filled with buffer. Subsequently, liposome solution was introduced
into the flow cell at a controlled flow rate for 10-12 minutes. The infusion was then
halted and adsorption was allowed to continue for 1 hour, followed by a buffer wash (for

desorption or TIRF-FRAP experiments).

4.3.6 Fluorescence recovery after photobleaching (TIRF-FRAP):

A system of optical flats® enables us to easily switch between a low intensity
monitoring beam for observation of surface dynamics and a high intensity beam for
conducting fluorescence recovery after photobleaching (FRAP) experiments in TIRF
mode (Figure 2.1). After liposome adsorption was complete, TIRF-FRAP experiments
were conducted by application of one to three bleach pulses followed by monitoring of
the fluorescence recovery. Experiments conducted in the TIRF-FRAP protocol utilize
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spot diameters significantly greater than 50 um and are used to characterize systems with
faster diffusivities. Molecules with lower diffusivities are more accurately characterized
by fluorescence recovery after pattern photobleaching (discussed later) in which the
characteristic length scale for diffusion is much smaller than in TIRF-FRAP

experimentation.

X-Y stage calibrations: In TIR mode, the area illuminated by the laser beam
waist at the interface is typically characterized by an elliptical spot. The accurate
characterization of the dimensions of this spot is not a trivial undertaking due to the
location of the beam waist. Thus, classical methods that employ translation of the beam
across a knife edge in order to determine spot diameters cannot be applied here. Spot
diameters were estimated by photobleaching a spot and translating the stage in the X and

Y planes across the bleach spot’(Refer to Figure 5.3 and Figure 5.4 in Appendix.).

4.3.7 Fluorescence recovery after pattern photobleaching (FRAPP):

The experimental configuration used for FRAPP has been depicted in Figure 4.4.
Stripe patterns were imposed on the substrate by directing the 488 nm laser beam
(expanded through a 5X beam expander (Edmund optics, Barrington NJ) through a 50 or
100 line per inch Ronchi ruling (Edmund optics, Barrington,NJ) placed in a real image
plane. Placing a ruling in a back image plane, results in projection of a sharply focused
pattern of alternating dark and bright fringes on the substrate in the sample plane. This
back real image plane is located near the epi-port of the Axiovert 135M microscope,

coincident with the field iris diaphragm of a fluorescence light illuminator (Zeiss)

3 A complete description of this method and stage calibration charts is presented in Appendix C

107



mounted through the epi-port. The fluorescent light illuminator has a lens that projects
the beam through a Zeiss filter cube (Ex: 450-490/DM: 510/Em: 515-565), and a 32X
Zeiss objective on to the substrate. For focusing the objective, a fluorescent coating was
brushed onto a glass slide using a yellow fluorescent marker (Sanford). The objective
position was then adjusted till the fringes appeared in sharp focus. The fringe spacing was
estimated by using a reticule containing 10 lines per centimeter in the eyepiece. The glass
slide was then replaced by the sample slide. Prior to initiating photobleaching, minute

adjustments were made to the objective focus knob to bring the fringes into sharp focus.

Beam alignment was checked at the start of each experiment and objective
focusing was performed prior to initiation of every FRAPP experiment. For FRAPP
experiments, it is crucial that the monitoring beams and the photobleaching beams be
precisely coincident. Checking that the beams coincided was accomplished with the
following steps. (1) The monitoring and photobleaching beams were projected on to a
screen some distance away from the vibration isolation table, and beam recombination
was checked.(2) Occasionally, as an additional check for recombination, once the laser
beam was directed through the Ronchi ruling so that fringe pattern was formed on the
fluorescently coated glass slide, a CCD camera or the microscope oculars was used to re-
confirm that the beams recombined by observing the overlaying of the faint monitoring
fringes over the photobleaching fringes® 15, For all experiments, the monitoring beam
intensity ranged from 1uW to SuW. For photobleaching, the beam intensity required was

approximately 0.5W. Additional neutral density filters (NDF) were required to attenuate

® Precautionary note:- Laser safety glasses must be used during alignment, especially when viewing the
sample through the oculars.)
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the monitoring beam to the desired level. The use of additional NDFs causes significant
deviation in the path of the monitoring beam, so checking for recombination is especially
crucial. A high bleaching intensity is required to obtain a sufficient bleach depth within a
reasonable time. Typical bleach times varied from 350ms to 1 second. An aperture placed
in the image plane in front of the PMT or CCD camera was used to restrict the
observation area. Thus, the illuminated area was approximately 200 um, while the
observed area was 150 um. Stripe periodicity in the sample plane was approximately 12.5

pm. A typical fringe pattern obtained using this configuration is shown in Figure 4.5.

For FRAPP experiments, liposome adsorption on the polyelectrolyte coated
substrates was initiated by directly introducing the liposome solution at a flow rate of
0.34 ml/min for approximately 10-12 minutes using the syringe pump. The infusion was
then halted and adsorption was allowed to continue for approximately 45 minutes. The
flow cell was subsequently flushed with 4-5 flow cell volumes of buffer in order to

remove the fluorescently labeled liposomes in the bulk solution.

44 Theory and Data Analyses for Fluorescence recovery after pattern

photobleaching

FRAP is a technique that is commonly used to obtain estimates of translational
(lateral) mobilities of proteins or lipids. There are two principal variants of this method.
The first involves using a focused laser beam to create a small spot. This is known as spot
photobleaching and can be effected using epi- illumination as well as using TIRFM. In
the second method (FRAPP), a laser beam is passed through a Ronchi ruling placed in a

back image plane to create a pattern of alternating dark and bright stripes of well defined
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periodicity over a broadly illuminated area. The principle advantage of FRAPP over spot
photobleaching lies in the well defined characteristics of the pattern obtained in the
sample plane. For spot photobleaching, the recovery kinetics and shape depend very
strongly on the shape of the focused spot at the interface. The precise shape of the spot is
difficult to discern as the beam travels through several optics in order to form the spot. As
a result there is considerable uncertainty in measurements of diffusion coefficient
especially for non-ideal samples. In contrast the well defined periodicity of the stripe
pattern produced in the sample plane offers two distinct advantages: (i) It allows us to
measure slow as well as fast diffusion coefficients (10'° cm¥s to 107 cm2/s), as the stripe
periodicity can easily be varied and (ii) It allows us to examine samples where multiple
populations with different mobilities coexist, using models that describe such
populations. Other variants of FRAPP involve creation of the stripe pattern using the
intersection of two beams either in the sample plane (using TIRF illumination) or in a
back image plane (using EPI illumination). The advantage of using TIRFM-FRAPP over
EPI-FRAPP is that due to the surface selectivity of TIRFM, a buffer wash to eliminate
bulk fluorophores is not necessary. The trade-off is the complexity in the experimental

configuration.

4.4.1 Theory

A complete mathematical analysis of fluorescence recovery after pattern

photobleaching has been presented by Starr and Thompson'®’

. A brief description of this
analysis is presented below. Consider a sample of mobile fluorescent lipids with diffusion

coefficient D. The fluorescence emission from such a sample can be described as:
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FO=0[ [1(x,yC(x, y.ndxdy 4.1y

where Q is a proportionality constant that incorporates factors such as fluorophore
quantum yield and the instrument constant , I(x,y) is the monitoring beam intensity and
C(x,y,t) is the concentration of unbleached molecules as a function of position and time.
The equation that describes the intensity profile for a Gaussian-shaped laser beam

intersected by a Ronchi ruling placed in a back image plane is given by

n odd

2 2
I(x,y)= %"exp [_Z(x_:-y)] .[l + Z c, cos(nkx)] 4.2)
s

Here, I, is the intensity at the origin, s is the 1/¢’ radius of the expanded beam, k is the

spatial frequency of the pattern, superimposed on the sample plane, defined by:

4.3)

and a is the spatial period of the stripe pattern. The concentration profile of diffusing

fluorophores is,

©0

l T L] 1
C(x, y,t)=m_“:[°C(x ,y ,0).exp[—

(x-x) +(y-y")*
4Dt

]dx'dy' (4.4)

The initial concentration of unbleached fluorophores in the sample is given by:

C(x,y,0) = Cexp[-KI(x,y)] 4.5)
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where C is the total fluorophore concentration and K is a constant that incorporates the

bleach pulse duration, quantum yield and absorptivity of the fluorophores.

After developing Equation (4.1) using Equations (4.2), (4.3), (4.4) and (4.5), for cases
where the stripe periodicity is small compared to the illuminated area, the following

specific instances can be considered:

4.4.1.1 Samples containing a single diffusive population:

For bilayer systems containing fluorophores with a single diffusion coefficient, the

fluorescence pattern photobleaching recovery profile @(t) is given by'*®

2 2
o(t) = 9(0) + %[1 - ¢(O)].i:l - (%).{exp[— 4z th} + %exp(— 36”2Dt ]}:l (4.6)
V4 a a

fort 20, where @(t) is the ratio of the postbleach fluorescence (¥>0 , after the bleach
pulse) to the prebleach fluorescence @(t<0) ,u represents the fraction of the fluorophores
present that are mobile and a and D have already been defined previously. This analysis

neglects rapidly decaying (higher order) terms.

4.4.1.2 Samples containing multiple diffusive populations (n>1)

For samples containing populations with multiple diffusion coefficients and an immobile

fraction, the recovery profile can be characterized by'>’,

1 n 8 4n’Dyt) 1 367°Dyt
(1) = 9(0) +5[1 - 9(0)). § U, [l —(-iz—z).{exp[- — ]+ ;exp(— o )H 4.7
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where g is the fraction of the fluorescence recovery from mobile fluorophores with

diffusion coefficient D;.

4.4.2 Data Analyses and curve fitting

Data fitting was accomplished using OriginPro 7.5 (OriginLab Corporation, Northampton
MA ) which uses the Levenberg-Marquardt algorithm for non-linear least squares fitting.
The post-bleach fluorescence emission intensity was normalized against the pre-bleach
fluorescence emission intensity (¢<0). All data sets were fitted to the models given
above by weighting datasets with the Poisson error and an F-test of comparison was
conducted to determine whether the model using higher parameters provided a
statistically significant improvement in the goodness of the fit. This F-statistics was

defined as:

- 22N -5)

F=
222

(4.8)

where x12 and x22 are the chi-squared goodness-of-fit statistics for the models described
by Equations (4.6) and (4.7) respectively. If this F statistic exceeds 3.0, the fit using the

model with more parameters is considered as a significant improvement'>'%,

Equations (4.6) and (4.7) describe profiles where the recovery of fluorescence from
diffusing fluorophores comes from diffusion between the illuminated and non-

illuminated stripes. This model does not account for the possibility of recovery
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originating from diffusion between the illuminated region and outside the illuminated

region'”’.
4.5 Results and Discussions

4.5.1 TIRFM Adsorption experiments:

The curves in Figure 4.6 depict adsorption of fluorescently tagged liposomes
composed of varying amounts of DOPA and DOPC on PEMs with either PDAC or SPS
as the top layer. In Figure 4.6, curves A and B depict adsorption of negatively charged
liposomes composed of 90% DOPC / 10% DOPA to PEMs with positively charged
PDAC and negatively charged SPS as the top layers respectively. The higher intensities
obtained in curve A indicate that the liposomes adsorbed onto PDAC preferentially to
SPS (curve B) presumably due to electrostatic interactions. To investigate the role of
liposome charge on subsequent adsorption, we conducted adsorption experiments with
liposomes composed of 80% DOPC and 20% DOPA on PEMs (curves C and D) with
PDAC and SPS as the top layer respectively. (Note: Curves C and D were experiments
conducted with a separate batch of liposomes from those used to obtain curves A and B.
Due to batch to batch variability in liposome characteristics and small changes in labeling
ratios, etc., we are cautious about directly comparing the fluorescence emission data
obtained from different batches.) The higher concentration of negatively charged lipids in
the liposomes further increased the adsorption selectivity for PDAC suggesting that
adsorption of liposomes on PEMs is significantly influenced by strong electrostatic
interactions between the charged lipids and polyelectrolytes. The increasing fluorescence

intensities even after 1 hour for curve C may suggest that multilayer deposition occurs on
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increasing the amounts of DOPA in the liposomes. For the remainder of the studies in
this chapter, liposomes composed of 10% DOPA and 90% DOPC were used, to minimize

the likelihood of multilayer deposition.

To determine the reversibility of liposome adsorption to PDAC/SPS PEMs the
flow cell was flushed with 3-4 volumes of liposome-free buffer. This wash resulted in the
removal of significant amounts of liposomes adsorbed to PEMs with SPS as the top layer
(Figure 4.7). In comparison, the binding of liposomes to PEMs with PDAC as the top
layer is relatively strong and a buffer wash resulted in a smaller reduction in total
fluorescence (Figure 4.8, top curve and Figure 4.9b, top curve). Since the evanescent
wave decays rapidly with distance from the interface, only a small contribution to the
total fluorescence comes from illumination of fluorophores in the bulk solution.
Therefore, while the buffer wash experiments may reflect, in part, depletion of liposomes
in the bulk liquid, it is much more likely that the results suggest that lipid binding to

PDAC is stronger than to SPS.

Liposome adsorption on m-dPEG tailored surfaces was also studied. The ability
of PEG to resist biomolecular adsorption has been well established in the literature'®'. In
Figure 4.8, the upper curve depicts liposome adsorption onto PEMs with PDAC as the
top layer, while the bottom curve depicts liposome adsorption on m-dPEG acid layers.
Thus the m-dPEG layer resists liposome adsorption. In such experiments, buffer wash
steps are more crucial as it allows us to further examine whether the liposomes that do
adsorb are loosely or tightly bound. The results of Figure 4.8 have been re-plotted in
Figure 4.9b, to show the liposome desorption more clearly. Figure 4.9b shows profiles for
experiments in which a buffer wash was initiated after approximately 45 minutes of
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liposome adsorption. At t=0 min, liposome adsorption to PDAC (top curve) and m-dPEG
(bottom curve) PEMs was halted by introducing liposome-free buffer and only the
desorption profiles are shown. In each curve the fluorescence intensity has been
normalized against the corresponding fluorescence value obtained prior to initiation of
the buffer wash in each experiment. There is a 70% decrease in the fluorescence emission
intensity for the m-dPEG case as compared to a 10% decrease in the case of PDAC. A
similar TIRFM study where the adsorption/desorption of liposomes on slides coated with

lipid monolayers is monitored, has been reported in the literature'®?

. That study indicated
that the kinetics of liposome adsorption and desorption were strongly dependent on the
solution ionic strength and the lipid concentration in solution. Much research has been
conducted to determine thé mechanism of PEG resistance to adsorption of biomolecules
and many theories have been proposed to explain the resistive ability of PEG molecules.
While the mechanism for biomolecular resistance is not completely clear, it appears to
163,164

stem either from steric exclusions between the biomolecule and the PEG chain or

from long range electrostatic repulsions'®.

We have observed that in case of liposome adsorption onto multilayers with SPS
and PEG as the top layer, in spite of electrostatic or steric repulsions, some liposome
adsorption does occur. In Figure 4.9a, although the rate of liposome adsorption to the m-
dPEG surface is much diminished in comparison to that for PDAC, no saturation of
fluorescence is detected, and the signal would appear to continue increasing if the
experiment had not been terminated at 45 minutes. Thus, the additional step of flushing

the flow-cell with liposome-free buffer results in removal of large amounts of loosely
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bound liposomes and is an important step during formation of BLM arrays. This was

confirmed with fluorescence micrographs which have been discussed in the next section.

It is also interesting to note the shapes of the adsorption curves obtained for the
different PEM surfaces. For example in Figure 4.9a for adsorption to m-dPEG PEMs, a
sharp break in the adsorption profile occurs at approximately 400 seconds, at which point
there is a change in the adsorption rate, but no apparént saturation. In the case of PDAC
(Figure 4.8), after this break, the fluorescence saturates indicating no additional vesicular
adsorption. Some researchers propose that this characteristic break indicates the point at
which a single bilayer is formed'®>. Beyond this point, any further increase in
fluorescence can be construed as occurring due to the reversible adsorption of vesicles to
the bilayers. Thus multiple breaks can be attributed to the formation of multilayers. It is
interesting then, to note, that in the case of liposome adsorption to m-dPEG, a second
layer of vesicles appears to adsorb in spite of the electrostatic repulsions between the

negatively charged bilayer and vesicles.

It should also be noted that direct comparison of fluorescence emission intensities
in the experiments described in this section, requires the assumption that the quantum
yield of the dye is unaffected by its proximity to the charged polyelectrolyte surface.
While we have not measured fluorophore lifetimes to confirm this, Nollert and coworkers
measured the lifetime of NBD-PE in a POPC BLM on glass and found it to be

comparable to its value in a vesicle'®.
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4.5.2 Arrays of lipid bilayers:

Two different schemes were used to fabricate arrays of lipid bilayers using
methods detailed in Section 4.3. Figure 4.10a and Figure 4.10b show the resulting
fluorescent images of the line and circular patterns respectively. Images in this
dissertation are presented in color. Consistent with the adsorption results, as indicated by
the fluorescent features of the line and circular arrays and the clean background regions,
liposomes bind preferentially to PDAC features and negligibly to the SPS background.
Similar fluoresence results were obtained when we stamped a weak polyelectrolyte PAH
instead of a strong polyelectrolyte PDAC on SPS. Figure 4.10c shows the resulting
fluoresence image. It can be clearly seen that the liposomes adsorb preferentially on PAH
in comparison to SPS as the lines are well deﬁlned. The fluorescence micrographs clearly
indicate that the system is homogeneous with the exception of few bright spots which

may be due to crystalline dye.

In another approach m-dPEG acid was stamped on a glass slide coated with
multilayers with PDAC being the topmost layer. The m-dPEG acid molecule has a
carboxylic acid group on one end; therefore at a pH above the pK, of the carboxylic
group it has a negative charge and can therefore be stamped on PDAC, resulting in
patterns of m-dPEG acid on PDAC'. As discussed earlier, m-dPEG acid also resists
liposome adsorption. Arrays of lipid bilayers could be created in this case by exposing m-
dPEG acid patterns to liposome solution. Liposome adsorption occurred only on the
exposed PDAC while m-dPEG acid patterns resisted their adsorption. Figure 4.11a and
Figure 4.11b show the obtained line and circular patterns. In this case liposomes bound to

the background pattern rather than the circular or line features. Thus the fluorescent
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patterns seen in Figure 4.11 are a negative replica of those seen in Figure 4.10. The
ability to make either the positive or negative image of the stamp adds to the versatility of

this method.

4.5.3 TIRF spot photobleaching:

Figure 4.12 depicts TIRF-FRAP data for bilayers formed on PDAC PEMs. For
this particular experiment, the beam waist was characterized as an elliptical profile 166
pm along the major axis and 70 um along the minor axis (Refer Appendix C, Figure 5.4).
This can be roughly approximated to a circular spot of 108 um diameter. We observed no
fluorescence recovery after application of the bleach pulse. Over long durations, the
fluorescence signal appears to drop due to photobleaching by the monitoring beam
(Figure 4.12a). We also conducted recovery experiments, where the recovery was
intermittently monitored over longer time scales in order to prevent photobleaching
effects by the monitoring beam (Figure 4.12b). We observed no significant fluorescence

recovery under these conditions.

For bleach spots with length scales in the region of 50-100 microns, recovery
profiles in a reasonable short time duration (<1000s) can be obtained for lipid bilayers
with higher diffusivities (107 cm?/s). However for bilayers with diffusivities in the region
of 10°- 10'° cm?s, characteristic recovery times are significantly larger, and hence
FRAPP is more accurate for interrogating lipid diffusion in BLMs with lower diffusion
coefficients. We did not obtain significant recoveries on PDAC surfaces using
conventional TIRF photobleaching; diffusivities for these bilayers appeared to be

considerably lower and hence we used FRAPP to obtain estimates of these values.
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4.5.4 Fluorescence recovery after pattern photobleaching:

FRAPP was used to determine if the adsorbed liposomes remain intact on the
surface or fused together to form a bilayer. Models used to describe recoveries for species
containing one or more mobile fractions were used to fit the data (Equations (4.6) and
(4.7)"%*'%.  Both recoveries on PAH and PDAC were better described by the two
mobile-species model which is shown to provide a statistically better fit than the one-
mobile species model. Figure 4.13 and Figure 4.14 show typical recovery curves for
lipids deposited on PDAC and PAH respectively. The mobilities and diffusion
coefficients for populations on PDAC have been summarized in Table 4.1 (one mobile
species) and Table 4.2 (two-mobile species) while the mobilities and diffusion
coefficients obtained for bilayers on PAH, have been summarized in Table 4.3 (one-

mobile species) and Table 4.4 (two-mobile species).

Although the data are well represented by the two-mobile species model, it is still
unclear whether there is an actual underlying physical basis for the presence of two
diffusing components. If the data above is indeed described more accurately by a two
component model, there are two principal hypotheses which could explain the presence
of two distinct populations with different mobilities. (i) Since bilayer deposition occurs
through liposome adsorption to the PEM surface, the dye (NBD-PC) is present both in
the lower as well as the upper leaflet of the lipid bilayer. The bottom leaflet is more
strongly bound to the PEM cushion with PDAC or PAH as the topmost layer on account
of favorable electrostatic interactions between the charged lipids and the surface. If so,
diffusion in the lower leaflet would be slower than the upper leaflet. However, in that

case, assuming a random distribution of dye molecules across the two leaflets (since they
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are randomly distributed in the liposomes), one would expect to obtain equal amplitudes
for the two mobile fractions, which does not hold true (Refer Table 4.2 and Table 4.4) (ii)
There may be phase separation in the lipid bilayer due to the immiscibility of the two
lipids. The dye is thus located in two distinct regions, a more viscous (lower mobility)
region and a less viscous (higher mobility region). However for our lipid system, the
phase transition temperature of both lipids is below -8 °C (obtained from Avanti Lipids),
and the lipids (DOPC and DOPA) can be considered to be miscible. Also, fits from the
two-mobile species model show considerable variation in the parameters from one spot
on the sample to another for bilayers on PDAC as well as PAH (Table 4.2 and Table 4.4).
In addition, the error associated with the fit parameters is large. The fits obtained using
the single mobile-species model are much more consistent. In light of these observations,
even though the two-mobile species model offers a superior fit, we chose to characterize
the sample as a system containing a single population of mobile fluorophores in addition

to an immobile fraction.

The results summarized in Table 4.1 and Table 4.3 indicate that bilayers formed
on PAH have higher mobile fractions (>0.65) than those formed on PDAC substrates
(<0.37). Therefore, a substantial fraction of lipids deposited on PDAC are immobile.
Since FRAPP measures long range diffusion much greater than the diameter of a
liposome (20-100 nm), this suggests that some of the adsorbed liposomes remain
unruptured. Nollert and coworkers'® have proposed two possibilities that occur when
liposomes adsorb to surfaces. In one scenario, liposomes adsorb unruptured, as supported
vesicles (which represent the immobile fraction). In the other case, they adsorb, fuse and

spread to form sBLMs. It is also possible that lipids present in the bilayer or liposomes
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may exist in different phases that have varying degrees of mobility. Thus, lipids in phases
of low mobility could also contribute to the immobile fraction. While FRAPP can provide
indirect evidence about the presence of multiple populations, it is difficult to use this

technique to distinguish between an intact liposome and an immobile lipid phase.

We expected higher mobile fractions for bilayers formed on PDAC, because it is a
strong polyelectrolyte that we expect should facilitate liposome rupture and bilayer
formation more then a weak polyelectrolyte such as PAH. However we observed higher
mobile fractions on PAH in comparison to PDAC. The following theories may explain
this observation: (i) An examination of the PDAC and PAH molecules indicates that the
charge on PDAC is shared by more atoms than PAH. This may influence the interaction
of the liposome with the PDAC PEM in a way that reduces inhibits rupture (ii) Jenkins
and coworkers'® have proposed on the basis of experimental observations that the
interactions of vesicles with a hydrophilic/hydrophobic boundary causes rupture and
bilayer formation. A recent theoretical analysis'®® predicted that a heterogeneous surface
(i.e. surface having both hydrophobic and hydrophilic moieties) is more likely to
facilitate bilayer formation than a completely hydrophilic surface. While both PDAC and
PAH have hydrophilic groups and hydrophobic backbones, it is possible that the bulky
side chain on PDAC, reduces accessibility of the liposome to the hydrophobic backbone.
Thus, PAH exhibits greater hydrophobicity than PDAC which may explain the higher
mobile fractions. It is also possible that differences in the extent of swelling of the PDAC

and PAH PEMs can influence liposome rupture.

The diffusion coefficients obtained in this study are comparable to those reported
for bilayers containing SOPS and POPC deposited on PDAC/SPS multilayers (2 x 10°
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cm?/s)'®'™. The diffusion coefficients obtained in this study are lower than values
reported in the literature the literature for DMPC:DOPA (10:1) bilayers deposited on
PSS/PAH multilayers'®'. The average diffusion coefficient for bilayers on PDAC was
0.072+0.03 um?%s, while bilayers on PAH exhibited a diffusion coefficient of 0.0565 +
0.009 pm?/s. One possible explanation for this trend is the location of the dye molecule
with respect to the bilayer. In our study, NBD was attached to one of the hydrophobic
tails of phosphocholine; therefore, its location in the interior of the bilayer may make it
less mobile. For example, diffusion coefficients for lipids have been reported to be four
times greater if the NBD molecule is attached to the head-group than to the tail of the

phosphocholine molecule’>’. Moreover, other groups generally use dye molecules only in

the upper leaflet and, as a result, they measure the diffusion coefficient only of the upper
leaflet. The upper leaflet would be less influenced by the underlying substrate and would

be expected to exhibit a higher diffusion coefficient than the bottom leaflet.

Studies of liposome adsorption and rupture on PDAC and PAH PEMs have also
been conducted using QCM. The results obtained in these studies are consistent with
trends reported using FRAPP and can be found in APPENDIX D: Quartz crystal

microbalance studies.
4.6 Conclusions

3-D arrays of liposomes and BLMs have been fabricated on PEMs. Such arrays have
potential applications in biosensors, biocatalysis and devices that may use high
throughput screening. TIRFM and fluorescence microscopy results suggested that

liposomes composed of DOPA and DOPC adsorbed strongly on PDAC and PAH
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surfaces, but weakly on SPS. Poly(ethylene glycol) (m-dPEG) coated surfaces resisted
liposome adsorption. These results allowed us to create micro arrays of lipid bilayers.
Lipid diffusion coefficients for lipids deposited on PDAC and PAH were in the range of
10® cm?/s. FRAPP results suggest that a higher fraction of liposomes rupture to form
bilayers on PAH surfaces than on PDAC, where a significant percentage of the adsorbed

lipids are essentially immobile.

The mechanism of liposome rupture and bilayer formation is not fully understood.
However, nanoscale surface heterogeneity is known to facilitate liposome rupture. Thus,
the ability to tune the characteristics of the interface using different kinds of
polyelectrolytes may help to elucidate the underlying mechanisms for bilayer formation

and also allow BLM formation to be controlled.
4.7 Recommendations for future work

One possible study for examining liposome rupture and bilayer formation on these
charged surfaces involves making epi-FRAPP measurements on liposomes that adsorb to
the PEMs in the presence of an electric field. The presence of the electric field can alter
the conformation of the charged PEMs thereby altering the surface characteristics which
in turn may influence liposome rupture. This study will allow us to probe the underlying
mechanisms for liposome rupture and bilayer formation, and will also allow us to tune
the characteristics of the surface to optimize it for deposition of BLMs. Another
interesting method to study vesicular fusion and rupture is using Fluorescence Resonant
Energy Transfer (FRET). FRET is the radiationless transfer of energy from a donor

molecule to an acceptor molecule. The amount of energy transfer is dependent on the
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extent of overlap between the emission spectrum of the donor and the absorption
spectrum of the acceptor. This rate of energy transfer varies inversely with the 6™ power
of the distance between the donor and the acceptorso. FRET has been used for studying
the mechanism of initial rupture of liposomes using single vesicle fluorescence assays'’".
It would be useful to probe the mechanism of liposome rupture on the highly charged

polyelectrolyte substrates using such assays.

It will also be helpful to characterize liposome adsorption under a multitude of flow
rates and ionic strengths to examine the shape of the adsorption profile, since the ionic
strength of the solution will have a strong influence on the structure of the highly charged
polylectrolytes. In addition, this study will allow us to examine the phenomenon of
multibilayer formation. In fact, we have already attempted to fabricate 3-D structures
composed of alternating layers of lipid-bilayers and polyelectrolytes in our flow-cell, by
making sequential introductions of liposomes and polyelectrolytes and monitoring the

fluorescence emission.

Another rapidly emerging thrust of research is in the area of lipid rafts. Lipid rafts
are assemblies of lipids and proteins that can agglomerate to form ordered structures.
These rafts are rich in cholesterol and sphingolipids and are considerably more viscous
than the rest of the cell membrane. It is believed that a number of important biomolecules
such as ion-channels or G-protein coupled receptors are localized within these rafts. We
have already commented on the possibility of the presence of different phases in the lipid
system used in our study. Since the ultimate goal of this project is to develop viable
biomimetic interfaces, incorporating rafts and studying their formation is a natural

progression of this research. In addition to more rigorous characterization of such
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systems with FRAPP, studies using two-photon spectroscopy will allow us to probe

phase separation at interfaces®.
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Figure 4.1: Structures for a) common polyelectrolytes and b) m d-PEG.
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Figure 4.2: Illustration showing creation of arrays of lipid bilayers on PEMs
with PDAC or PAH as the topmost layer.
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Figure 4.3: Illustration showing formation of lipid bilayers on PEMs with m-dPEG
acid as the uppermost layer.
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Figure 4.4: Experimental set-up for Fluorescence recovery after pattern photobleaching
using EPI-illumination.
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Figure 4.5: a) Fringe pattern in illuminated region obtained using 100 lines per inch
ruling. b) Observation area restricted by placing an aperture in the camera/PMT image
plane.
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Figure 4.6: Adsorption curves of (A) liposomes (10%DOPA, 90% DOPC) on PDAC. (B)
Liposomes (10%DOPA, 90% DOPC) on SPS. (C) Liposomes (20%DOPA, 80% DOPC)
on PDAC. (D) Liposomes (20%DOPA, 80% DOPC) on SPS.
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Figure 4.7: Shear induced desorption of liposomes from PDAC/SPS PEMs with SPS as
the topmost layer. Binding of liposomes to these surfaces is relatively loose and a large
fraction is removed upon introduction of buffer solution at a flow rate of 0.34 ml/min.
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Figure 4.8: Adsorption curves of liposomes (10%DOPA, 90% DOPC) on glass slide
coated with PEMs with PDAC (upper curve) and m-dPEG acid (lower curve) being the
topmost layer. As can be seen, the lower fluorescence intensitites obtained are indicative
of the ability of PEG to resist liposome adsorption.
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Figure 4.9: a) Adsorption of liposomes (10%DOPA, 90% DOPC) on a glass slide coated
with PEMs with m-dPEG acid being the topmost layer. b) Buffer-wash experiments to
study liposome desorption from PEMs. The top and bottom curves depict desorption of
liposomes from PEMs with PDAC and m-dPEG as the top layer, respectively. At t=0,
adsorption of liposomes (which have adsorbed for at least 45 minutes) is halted by
introducing liposome-free buffer. In each curve, the fluorescence intensity has been
normalized by the corresponding fluorescence value obtained prior to initiation of the
buffer wash in each case.
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(a) (b)

(c)

Figure 4.10: Fluoresence images showing (a) line patterns on a PDAC patterned
substrate (b) circular patterns on a PDAC patterned substrate (c) line patterns on a PAH
patterned substrate.



(a) (b)

Figure 4.11: Fluorescence images showing (a) line patterns on a m-dPEG acid patterned
substrate (b) circular patterns on a m-dPEG patterned substrate.
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Figure 4.12: a) TIRF-FRAP data for DOPA/DOPC liposomes adsorbed on PEMs
with PDAC as the top layer. b) TIRF-FRAP data under conditions of intermittent
monitoring to prevent monitoring beam induced photobleaching over longer time
scales.
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Figure 4.13: Fluoresence recovery after pattern photobleaching (EPI-FRAPP) profiles
on PDAC. The solid line in the plate A represent fits to the recovery data set with a
model"® that describes the sample as containing containing a single mobile and
immobile fraction, while in plate B the solid line is the fit to a model describing a
sample with two mobile populations (with different mobilities) and an immobile
fraction. Average values obtained with these models are summarized in Table 4.1 and
Table 4.2. Also shown below each fit is a plot of the residuals vs. time as an indication
of the goodness of fit.
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Figure 4.14: Fluoresence recovery after pattern photobleaching (EPI-FRAPP) profiles on
PAH. The solid line in the plate A represent fits to the recovery data set with a model'>
that describes the sample as containing containing a single mobile and immobile fraction,
while in plate B the solid line is the fit to a model describing a sample with two mobile
populations (with different mobilities) and an immobile fraction. Average values
obtained with these models are summarized in Table 4.3 and Table 4.4. Also shown
below each fit is a plot of the residuals vs. time as an indication of the goodness of fit.
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Table 4.1: Summary of model parameters obtained from fit of BLM recovery on
PDAC to Equation (4.6) (single mobile-species model)

parameter 1 2 3 Average
fo 0.187 0.31 0.325
PDAC m - 0.363 0.096 0.201 0.2240.13
D .
0.062 0.108 0.0465 | 0.072+0.03
(l()8 cmzls)

Table 4.2: Fit parameters for lipid bilayer formed on substrates topped with
PDAC, using the two mobile-species model given by (4.7). f, represents the
unbleached fraction (at t=0), and m,;, m; and D,, D, are the mobile fractions and
their corresponding diffusion coefficients respectively.

Parameter 1 2 3
f, 0.14611 0.28191 0.28546
my 0.18469 0.10216 0.13883
Substrate
m; 0.35847 0.07429 0.2276
PDAC

D; (10°cm?/s) | 0.44962 | 1.86424 [ 1.01905

D,((10%m%/s) [ 0.02094 | 0.06672 | 0.01802

F-statistic 210 13.16 46.37
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Table 4.3: Summary of model parameters obtained from fit of BLM recovery on PAH
to Equation (4.6) (single mobile-species model)

parameter 1 2 3 4 | Average
f, 0.15213 | 0.16429 | 0.28392| 0.25053
PAH m 0.63635| 0.66456 | 0.65787 | 0.74132| 0.67+0.05
D
0.06+0.009
(10® cm?s) | 0.06066 | 0.06491 | 0.05634 0.0444

Table 4.4: Summary of model parameters obtained from fit of BLM recovery on PAH
to Equation (4.7) (two mobile-species model).

Parameter 1 2 3 4
f, 0.11526 0.14067 0.24257 0.21486
m 0.13961 0.09044 0.13076 0.16178
Substrate
m; 0.58087 0.6402 0.62934 0.72163
PAH

D; (10°cm®/s) | 0.75737 | 0.88423 | 2.25164 | 0.47875

D,((10°cm®/s) | 0.04773 | 0.05385 | 0.04789 | 0.02906

F-statistic 114.3622 7.71 6.49 71
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5 APPENDICES

5.1 Appendix A: Labview flowsheets

5.1.1 Labview flowsheets for TIRFM experiments conducted in analog mode

nter filename:
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{coflriol
[1000] Shuffer sizes =L 0 continuous

| >scan ratex
<number of chans<

el
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Figure 5.1: Labview flow sheets for TIRF data acquisition in analog mode. The
flow sheet is continued on the next page.
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Figure 5.1 (continued): This flow sheet has been continued from the
previous page



5.1.2 Labview flow sheets for photon counting
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Figure 5.2: Flow sheets for computer interfacing with SR400 photon counter. These flow
sheets have been continued on the succeeding pages. These flowsheets have been derived
from Labview templates obtained from National Instruments, Austin, TX
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Figure 5.2(continued): This figure has been continued from the previous page
and depicts subroutines for operating the SR400 photon counter
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READ MEASUREMENT .

Figure 5.2 (continued): This flow sheet has been continued from the previous
page and depicts subroutines for operating the SR400 photon-counter

147



5.2 Appendix B: Matlab programs for filtering and averaging analog

measurements

5.2.1 Filtering program

This Matlab program discriminates the signal from the background

function p = test(data)

delete 'r:\colloid-surface-science\output.txt'
max_val = 0;

min_val = data(l,1);

for i=1:length(data)
if (data(i,l)>max_val)
max_val=data(i,1);
end
if (data(i,l)<min_val)
min_val=data(i,l);
end
end

threshold = (0.72) * (max_val-min_val) + min_val;
counter=1;

finaldata(l, 1)
finaldata(1l, 2)

0;
0;

for i=1:1length(data);
if (data(i,l)>threshold)
finaldata(counter, 1)
finaldata(counter, 2)
counter = counter+l;
end
end

data(i,1);
data(i, 2);

p=finaldata;
fmean and std. dev.$

m=mean (p, 1)
average=m(1l)
s=std(p, 1)
stdev=s(1)

counter=1;
endgame (1, 1)
endgame(1l, 2)

0;
0;

for i=1:1length(p);
diff=p(i,1l)-average;
absolute=abs (diff);
if (absolute<stdev)
endgame (counter, 1)
endgame (counter, 2)

p(i,1);
p(i,2);
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counter = counter+l;
end
end
save 'r:\colloid-surface-science\output.txt' endgame -ASCII;
p=endgame;

5.2.2 Averaging Script

Matlab program for averaging TIRFM fluorescence data obtained in analog mode

1;
1

c
b=1;
g=size(A,1)/8;
p=£floor(g)+1
while b<p

sum=0;

d=c+7;

for j=c:d

sum=sum+A(j) ;

end

avg(l,b)=sum/8;

c=Cc+8;

b=b+1;

end;
n=avg';
delete 'r:\colloid-surface-science\my_data.txt'
save my_data.txt n -ASCII
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5.3 Appendix C: Protocol for estimation of spot diameters for TIRF-

photobleaching

Estimation of bleach spot diameters was determined using the following

procedures.

Calibration of the actual speed of the stage translation: The speed of
translation of the stage in the X-coordinate was determined as follows: Two scratch
marks were made at a precise distance from each other in a microscope slide. The
objective was then centered and focused on one of the marks. The motion of the stage
was then actuated and a stopwatch and reticule in the eyepiece was used to determine the
amount of time required for the second scratch to appear in the field of view. Using this
procedure, a stage speed calibration chart was generated for different motor settings.
This procedure was repeated for speed calibrations in the Y- coordinate. These charts are

shown in Figure 5.3.

Determination of beam waist profile: After adsorption of fluorescently labeled
liposomes was completed and the flow cell was rinsed with buffer, a bleach pulse was
applied. Translation of the stage in the X and Y directions across the spot was then
performed and the fluorescence signal was monitored. The bleached area in each scan
was detected as a momentary drop in the fluorescence. Figure 5.4 shows the fluorescence
collected during such a scan. Since the speed of translation of the stage is known and the

duration of the fluorescence drop can be measured, the spot diameters can be easily
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calculated. This procedure provides a reasonable accurate estimate of the elliptical spot

dimensions.

For these methods, the assumption is made that the lateral diffusivities of the
lipids in the bilayer are considerably slower than the duration of time taken for the stage
to traverse the length of the dimension of the bleach spot. This was confirmed in TIRF-
FRAP experiments where essentially no recovery was observed after photobleaching for

bilayers formed on PDAC substrates.

151



b
N

g "
€ 8]
E
‘g 61e Lo X-transiation
@ 4 o
®
o
@ 2 I
o ] L L} T
0 200 400 600 800
MAC 2000 speed (A.U)

6

i .
.
g 3 - ¢ Y-translation"
\d

2
-
£ {

o T T 1 T

0 200 400 600 800
MAC 2000 speed (A.U)
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speed for both X- and Y motion controllers.
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5.4 APPENDIX D: Quartz crystal microbalance studies
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Figure 5.5: Adsorption of liposomes as studied by QCM on (a) PDAC (b) PAH. Note the
presence of two distinct phases for adsorption on PAH (suggesting vesicle adsorption and
rupture), in contrast with the presence of one phase for PDAC (suggesting vesicle
adsorption without rupture).
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