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ABSTRACT

OPTICAL AND ELECTROCHEMICAL CHARACTERIZATION OF
BIOMACROMOLECULAR INTERACTIONS AT FLUID-LIKE INTERFACES

By

LAVANYA PARTHASARATHY

This thesis comprises three different studies, each aimed at understanding
biomacromolecular interactions at fluid-like interfaces. The first study is on sequential
and competitive adsorption and interactions of nisin and selected proteins at a model oil-
water interface, using total internal reflection fluorescence microscopy (TIRFM).
Experimental results showed strong evidence of significantly enhanced adsorption of
some proteins in the presence of nisin. Apparent interfacial concentrations of B-casein
were three times higher in the presence of nisin than when the pure protein adsorbed by
itself under identical conditions. Enhanced adsorption was also observed for lysozyme
and bovine serum albumin (BSA) in the presence of nisin, compared to adsorption of
each protein by itself. Very little enhanced adsorption was observed for fibronectin in the
presence of nisin. The exact mechanism for adsorption enhancement by nisin is not clear
at this time. However, the experimental evidence suggests strongly that molecular
weight, size of the adsorbing protein, and bulk protein concentration are all important

factors.

The second study concemed the development of a flow cell to enable
simultaneous optical and electrochemical characterization of biomimetic interfaces.
Modifications were made to our existing optical flow cell to incorporate the capability to

conduct cyclic voltammetry (CV) measurements using a three-electrode system. The






feasibility of the simultaneous optical-electrochemical set-up was tested using the dye
resorufin. On potential scans towards increasingly negative voltages, the fluorescent
resorufin was reversibly reduced to non-fluorescent dihydroresorufin, coincident with a
decrease in fluorescence emission intensity. Similarly, upon scanning towards
increasingly positive voltages, the dihydroresorufin was reversibly oxidized to resorufin,
resulting in an increase in fluorescence emission.

The third study outlines the process involved in the development and
characterization of a fructose dehydrogenase (FDH) biosensor based on indirect
bioelectrocatalysis, using coenzyme Qg as the mediator. FDH, a naturally membrane-
bound enzyme, was incorporated along with Qg into a bilayer lipid membrane (BLM)
deposited on indium tin oxide (ITO). The sensor was evaluated by using CV to monitor
the change in anodic current upon addition of D-fructose. However, this FDH biosensor
exhibited poor sensitivity, because electron tunneling through the BLM was very low.
To improve electron tunneling, octyltrimethoxysilane was used to form an 8-carbon
monolayer on ITO, and liposomes containing FDH and Qg were deposited to form the
outer leaflet of a biomimetic layer. This sensor demonstrated a clear dependence of the
anodic current on D-fructose concentration, with a linear dependence over D-fructose
concentrations of 0.056mM to 1.98mM, and a plateau at higher D-fructose
concentrations. The bilayer was characterized optically using fluorescence recovery after
pattern photobleaching (FRAPP). The diffusion coefficient of the upper leaflet of the
biomimetic layer was 4.4 x 10™'° cm?¥sec, with a membrane fluidity of 0.59. These

values are characteristic of what have been reported in the technical literature.
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1 INTRODUCTION

The adsorption of proteins at interfaces and their behavior in the adsorbed state
are critical in controlling the function of many biological systems. For example, protein
adsorption at oil-water interfaces is important in stabilization of emulsions in food
products and cosmetics (Dickinson 1977; Dickinson 1994). Protein adsorption also plays
an important role in biosensors and in biomedical applications such as rapid diagnostic
assays and development of biocompatible devices. Protein adsorption is the first step that
occurs when a body reacts to an implanted biomaterial (Andrade 1985), and its
adsorption to biomaterials is important in modulating cell adhesion (Hynes 1992; Sanocki
2004). Understanding of competitive interactions between proteins adsorbed at interfaces
is also important in biological systems, because most processes involve adsorption of

proteins from complex media such as blood or serum which contain a variety of species.

Though each chapter of this thesis addresses a unique problem, the common
theme is that they are all geared towards understanding biomacromolecular interactions at
fluid-like interfaces. Chapter 2 presents work on the characterization of the adsorption
and interaction of the polypeptide nisin and selected proteins at the oil-water interface.
Chapter 3 outlines the process of developing an experimental protocol that enables
simultaneous optical and electrochemical characterization of biomacromolecules in total
internal reflection (TIR) geometry, along with proof-of-concept experiments to
demonstrate the feasibility of the set-up, using the dye resorufin. Following this

demonstration, the experimental tool was utilized for optical and electrochemical



characterization of a biosensor based on D-fructose dehydrogenase (FDH). Details of

this study are presented in Chapter 4. Each of these studies is briefly discussed below.
1.1 Enhanced adsorption of proteins in the presence of the polypeptide nisin

Understanding conformational changes and the behavior of proteins upon
adsorption to interfaces is important in a variety of pharmaceutical and biomedical
applications, including rapid diagnostic assays, development of scaffolds for tissue
engineering, and drug delivery. Dmgs have to be delivered to intracellular sites for
effective therapeutic applications. The hydrophobic nature of the membrane does not
allow the drug to translocate across the membrane by itself. Therefore, one of the major

challenges facing drug delivery is achieving drug transport across cell membranes.

Lantibiotics possess a unique physical structure which makes them highly surface
active. They are also amphiphilic, thus enhancing their potential for use as emulsifiers in
drug formulations. One of the lantibiotics of interest is nisin, which has a unique
property in its ability to translocate across the cell membrane. Its small size, surface
activity and ability to translocate across the membrane makes it a good candidate for
transporting therapeutic compounds across the membrane (Bower et al. 2001). In
particular, the potential for transporting drugs such as insulin in nisin-formulated
emulsions through the mucosal membrane in the nasal passage is very promising, and
was a primary motivation for this study. As part of the preliminary experiments towards
achieving this goal, we characterized the adsorption and interactions of nisin at the oil-

water interface, generally considered a crude but effective approximation of a biological



membrane (Volkov 1998). For example, the oil-water interface has been used to model
drug transport across cellular membranes, as a gauge of pharmacological activity (Arai et
al. 1993). In Chapter 2 of this thesis, we present results of a study investigating the
adsorption and interactions of nisin with selected labeled proteins at the oil-water
interface, and report observations of enhanced interfacial adsorption of certain proteins in

the presence of nisin.

1.2 Development of a protocol for simultaneous optical and electrochemical

characterization of biomacromolecules in TIR geometry

Analytical devices such as biosensors are characterized by complex interactions at
their biomimetic interfaces. However, most characterization techniques use one protocol
at a time. We believe the ability to characterize interactions using more than one
technique simultaneously would be very useful in providing additional information to aid
in understanding and interpreting phenomena in these complex systems. As a result, we
have incorporated the ability to conduct electrochemical measurements in our existing
optical flow cell, to provide an important tool for situations when optical and
electrochemical characterization can be used together to corroborate occurrence of the
same event on one sample. For example, in enzyme-based biosensors which utilize
nicotinamide adenine dinucleotide (NAD), the reversible conversion of NAD to NADH
can be monitored optically by the emission of fluorescence at 450nm. The conversion
between the two redox forms NAD and NADH can also be tracked electrochemically

using cyclic voltammetry (CV).



Alternatively, this tool would also be useful in situations when optical and
electrochemical measurements can give two independent pieces of information about a
single sample. For example, in enzymatic sensors based on bilayer lipid membrane
(BLM), optical measurements can be used to confirm the formation and integrity of the
lipid bilayer, and electrochemical measurements can be used to study redox reactions

catalyzed by enzymes at the same biomimetic interface.

To this end, we have modified the flow cell used in our total internal reflection
fluorescence microscopy (TIRFM) apparatus to incorporate the capability to also conduct
electrochemical measurements. The details of this work are given in chapter 3. The
functionality of the modified set-up was tested and confirmed by monitoring the
reversible redox conversion of resorufin to dihydroresorufin. When the potential was
scanned to reduce resorufin to dihydroresorufin, a decrease in fluorescence was observed.
Similarly, when the potential was scanned to oxidize dihydroresorufin to resorufin, an
increase in fluorescence emission was observed. In addition to allowing the estimation of
interfacial concentrations, the resulting data could potentially be used to understand the

kinetics of the reaction.

1.3  Development and optical-electrochemical characterization of a biosensor

based on D- fructose dehydrogenase (FDH)

During the past decade, there has been widespread interest in the development of
biosensors for applications in areas such as food technology, agriculture, environmental

monitoring, and biomedical devices (Castillo et al. 2004; Mehrvar and Abdi 2004).



Biosensors are being increasingly used due to their ease of miniaturization, high
specificity and sensitivity, short response times, and the fact that analyte detection does
not require prior separation of the sample (Castillo et al. 2004). A biosensor is an
analytical device that detects biochemical and physiological changes. It comprises a
receptor (biological recognition element) and a transducer in close proximity to each
other. It converts a specific recognition event between the receptor and the target analyte
into a measurable signal. There are two main classes of biosensors — catalytic or
bioaffinity. Catalytic biosensors enable measurement of the steady-state concentration of
analytes formed and/or consumed during a biocatalytic reaction. Bioaffinity biosensors,
on the other hand, are used to detect specific interactions between a receptor molecule

and a target analyte (antibody-antigen interactions).

Some common modes of transduction in biosensors are electrochemical
(potentiometric, amperometric, conductometric) (Chaubey and Malhotra 2002;
Dzyadevych et al. 2002; Gerard et al. 2002), optical (absorbance, fluorescence,
luminescence, light scattering, refractive index) (Cush et al. 1993; DiazGarcia and
ValenciaGonzalez 1995; Barak et al. 1997; Karlsson and Falt 1997; Lin et al. 1997,
Mehrvar et al. 2000), mechanical (Raiteri et al. 2001), thermal (Abel et al. 1996; Ivnitski
et al. 1999; Ramanathan and Danielsson 2001), piezoelectric (Muramatsu et al. 1987;
Davis and Leary 1989; Saini et al. 1991), and magnetic (Baselt et al. 1998). The
preferred transduction modes are usually electrochemical for catalytic biosensors, and
optical for bioaffinity biosensors. The most widely used catalytic biosensors are enzyme-

based electrochemical sensors, which are of special interest because of the high



specificity, selectivity and efficiency of the enzyme towards the target analyte.

We have developed an electrochemical catalytic biosensor based on the enzyme
fructose dehydrogenase (FDH) for the detection of D-fructose, and have characterized it
both optically and electrochemically (Chapter 4). FDH, a membrane-bound enzyme was
immobilized in a lipid bilayer membrane with the mediator coenzyme Qs, also
incorporated into the bilayer. The biomimetic layer was deposited on transparent indium
tin oxide (ITO)-coated glass, allowing us to characterize the biosensor both optically and
electrochemically. The formation of the lipid bilayer on the ITO-coated slide was
confirmed optically, using fluorescence recovery after pattern photobleaching (FRAPP).
The functionality of the biosensor was confirmed electrochemically, based on increased

catalytic current upon addition of D-fructose to the flow cell.



2 ENHANCED ADSORPTION OF PROTEINS IN THE PRESENCE OF THE
POLYPEPTIDE NISIN

2.1 ABSTRACT

We present sequential and competitive adsorption experiments on interactions
between nisin and selected proteins at a model oil-water interface. We used total internal
reflection fluorescence microscopy (TIRFM) with an evanescent wave configured to a
depth of 85 nm, to confine the area of observation to the interface and its immediate

vicinity. All proteins except nisin were labeled with fluorescein isothiocyanate (FITC).

Experimental results showed strong evidence of significantly enhanced adsorption
of some proteins in the presence of nisin. Apparent interfacial concentrations of B-casein
were nearly three times higher in the presence of nisin than when the pure protein
adsorbed by itself under identical conditions. Enhanced adsorption was also observed for
lysozyme and bovine serum albumin (BSA) in the presence of nisin, in comparison to
adsorption of each protein by itself. Very little enhanced adsorption was observed for

fibronectin in the presence of nisin.

The exact mechanism for adsorption enhancement by nisin is not fully clear.
However, the experimental data suggest strongly that molecular weight, size of the

adsorbing protein, and bulk protein concentration are all important factors.



2.2 INTRODUCTION

2.2.1 Nisin

Nisin is a small (3.5 kDa) positively charged amphipathic polypeptide, produced
by Lactococcus lactis. It contains dehydrated residues and lanthionine or thioether rings,
has antimicrobial activity against a large variety of gram-positive bacteria, and has been
widely used as a food preservative in the dairy industry (Hurst 1981). Its antimicrobial
activity stems primarily from permeabilization/pore formation of the cytoplasmic
membrane of target organisms (Breukink et al. 1998; Van Kraaij et al. 1998; Breukink
and de Kruijff 1999; Breukink et al. 1999; Enserink 1999; Van heusden et al. 2002). The
peptide initially binds to the membrane with its C-terminus through electrostatic
interactions; after that the N-terminus is inserted into the lipid phase of the membrane.
Lipid-II, a cell wall precursor, binds to nisin, resulting in a transmembrane orientation of

the polypeptide; subsequent oligomerization of nisin and lipid-II leads to pore formation.

Because of its antimicrobial properties, there is interest in using nisin in
formulations that could effectively transfer drugs across the cellular membrane (Bower et
al. 2001). To realize this promise, it is necessary to understand the interactions of nisin at
fluid-like interfaces. Thus, the goal of this study was to characterize the adsorption
dynamics and interactions of nisin at a model oil-water interface, and to assess its

potential for use in pharmaceutical formulations.

The primary tool for characterizing protein adsorption and interactions in our



laboratory is total internal reflection fluorescence microscopy (TIRFM), which requires
proteins to be labeled with fluorophores. However, nisin was not labeled in this work
because a previous study in our laboratory had demonstrated that fluorescent labels can
markedly affect both protein diffusion and interfacial dynamics (Gajraj and Ofoli 2000b).
Due to its small size (3.5 kDa) in relation to the fluorophore we commonly use to label
proteins in our laboratory (FITC, ~0.350 kDa), attaching this label to nisin had the
potential of significantly affecting its interfacial dynamics. To avoid this, we decided to
track nisin’s interfacial dynamics through its competitive interactions with selected
labeled proteins at the interface. This decision was based in part on several studies that
had reported that nisin adsorbs strongly at the hydrophobic/hydrophilic interface (Bower
1995; Giffard et al. 1996, Lakamraju et al. 1996; Bani-Jaber et al. 2000; Lee et al. 2000).
We hypothesized that the combination of its high interfacial activity and small size
(which usually translates into high diffusivity) (Dickinson 1977) would enable nisin to
relatively easily displace other proteins from the interface. This would enable us to
monitor its interfacial behavior by measuring the dynamics of displacement of labeled

proteins from the interface.

This interfacial characterization was done in sequential and competitive
adsorption experiments, using a diverse group of labeled proteins of varying
characteristics. We measured interactions of nisin with two fibrous proteins [B-casein
(24 kDa) and fibronectin (440 kDa)] and two globular proteins [lysozyme (14.3 kDa) and
bovine serum albumin (66 kDa)]. This group of proteins was selected to provide a range

of hydrodynamic size, molecular weight, and structure. In addition, the interfacial
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behavior of each of these proteins has been characterized in our laboratory (Gajraj and
Ofoli 2000b; Vaidya and Ofoli 2005), so their adsorption characteristics were well

understood.

2.2.2 Total Internal Reflection Fluorescence Microscopy (TIRFM)

Protein adsorption was measured using total internal reflection fluorescence
microscopy (TIRFM), an optical technique that enables molecular level investigations of
macromolecular adsorption and interactions at a variety of interfaces. It provides the
ability to selectively illuminate macromolecules within tens of nanometers of the
interface and is a non-intrusive, in situ technique. TIRFM has been used at the liquid-
liquid interface to study protein dynamics (Tupy et al. 1998; Gajraj and Ofoli 2000a;
Gajraj and Ofoli 2000b; Vaidya and Ofoli 2005), and at the solid-liquid interface to study
receptor-ligand interactions (Asanov et al. 1998), living cells and single molecules,
adsorption and relaxation kinetics of proteins (Wertz and Santore 1999; Wertz and
Santore 2001; Wertz and Santore 2002; Wertz and Santore 2002), diffusion, adsorption
kinetics and lateral mobility of proteins (Giffard et al. 1996; Yuan et al. 2003, Thompson
et al. 1981, Gajraj and Ofoli 2000b; Vaidya and Ofoli 2005), and formation and
morphology of lipid bilayers (Wagner and Tamm 2000). We present here only a brief
introduction to TIRFM. Further detail can be obtained from Axelrod et al. 1983; Axelrod

1989; Axelrod 1992; Gajraj 1999; Gajraj and Ofoli 2000a.

When a beam of light traveling in a medium of higher refractive index (n,) strikes

a medium of lower refractive index (n,) at an angle (6) greater than the critical angle (64,),
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the beam is totally internally reflected. The critical angle is given by

6, = sin_l(n—zJ, ny<m 2.1)
n

Upon total internal reflection, an electromagnetic field or evanescent wave is
induced in the rarer medium at the interface. The amplitude of the evanescent wave
decays exponentially with depth into the rarer medium, with a penetration depth (d,) that

depends on the refractive indices of the two media, the angle of incidence (6) and the

wavelength of the incident light (4():

d, = 2 2 2.2)
4rn, \/sinz 0—(&—)
n,

The penetration depth is usually on the order of 80nm with the setup in our

laboratory, thus making this a truly surface-selective technique.

2.2.3 The Liquid-liquid Interface

Liquid-liquid interfaces are of considerable importance in biological systems,
particularly in pharmacology, food processing, biomedical engineering and
biotechnology. For example, the distribution of proteins and surfactants at the liquid-
liquid interface influences the properties of food systems such as emulsions and
microemulsions (Dickinson 1998). Liquid-liquid interfaces also provide a simple

approximation to cellular interfaces where many important biological processes such as
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receptor-ligand interactions, electron transfer, enzymatic reactions and drug delivery

occur (Arai et al. 1993).

Thus, the study of protein adsorption and interactions at fluid-like interfaces is
relevant in understanding the complex processes taking place in biological systems. In
particular, the oil-water interface serves as a crude approximation of a biological

membrane (Volkov 1998).

2.3 MATERIALS AND METHODS

2.3.1 Preparation of protein solutions

Pure nisin was provided as a generous gift from Dr. Joseph McGuire, Department
of Food Science and Technology, Oregon State University, Corvallis, OR. Bovine -
casein was purchased from the Hannah Research Institute (Lot No. B/6/6, Ayr, Scotland)
at 95% purity. Bovine serum albumin (A-7511) and lysozyme (L-2879) were obtained
from the Sigma Chemical Co. (St. Louis, MO), and fibronectin (FC010) was obtained
from Chemicon International (Temecula, CA). All proteins were used as received,
without further modification. Sodium phosphate monobasic and sodium phosphate
dibasic, which were used in the preparation of the buffers, were purchased from the

Sigma Chemical Company (St. Louis, MO).

Nisin was dissolved in sodium phosphate monobasic (pH 4.5, 0.05M) to ensure
complete solubilization. Sodium phosphate dibasic (pH 9.1, 0.05M) was added to the

nisin solution to bring the pH up to 7.4 (Lee et al. 2000). All proteins except nisin were
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labeled with fluoroscein-5-isothiocyanate (FITC, F-1907, Molecular Probes, Eugene,
OR), using the protocol given by Brinkley (Brinkley 1992). In brief, the labeling reaction
for each protein was carried out at room temperature in carbonate buffer (pH 9.1, 0.05M)
for periods of four to six hours in the dark. The protein solution was then dialysed
against phosphate buffer (pH 7.40, 0.05M) to remove any unreacted dye. Dialysis was
carried out over a period of 24 to 36 hours, in a 4-6 stage continuously stirred operation
with a regenerated cellulose porous membrane (Spectra/Por 1, 132655, molecular weight
cutoff of 6000 to 8000, Spectrum Laboratories, Rancho Dominguez, CA). The solutions
of labeled proteins were initially frozen in aliquots, and thawed and diluted to the
required concentration before each experiment. Absorbance spectroscopy measurements
were carried out on a diode array spectrophotometer (Model 8452A, Hewlett-Packard,
Brielle, NJ) to determine the concentrations of proteins and the labeling ratios. A
labeling ratio (dye to protein) less than unity was usually used for all experiments, to

avoid potential problems with concentration quenching.
2.3.2 Experimental Setup

Our experimental set-up (Figure 2-1) has been described in detail in an earlier
paper (Gajraj and Ofoli 2000a). An important modification to the original setup is that
we have added a photon counter to detect very low fluorescence emission intensities at
the interface.  Experiments at high concentrations (concentrations higher than 10°M)
were conducted in stop-flow mode, where the protein solution continuously flowed into

the sample cell for a period of about 30 minutes, after which flow into the cell was
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terminated. Experiments at lower concentrations (particularly below 10”M) were carried
out in continuous flow mode, to avoid the possibility of bulk depletion of proteins during

the experiment.

Solutions were simultaneously infused and withdrawn from the flow cell at a rate
of 0.047 ml/min (shear rate of 0.43s"), using a Harvard Apparatus infusion/withdrawal
syringe pump (Model 551382, Harvard Apparatus, South Natick, MA). Fluorescence
emission was measured with a photomultiplier tube (R4632, Hamamatsu, Bridgewater,
NJ) for protein solutions at high concentrations, and the analog measurements were
filtered to remove dark current during periods where the chopper blocked the laser beam.
Data filtering was carried out using a program written in MATLAB (Mathworks inc.,
Natick, MA) (see Appendix A). Fluorescence measurements for the low concentration
experiments were collected using the same photomultiplier tube, with the signal
amplified by a SR445 pre-amplifier (Stanford Research Systems, Sunnyvale, CA). The
output of the pre-amplifier was sent to a photon counter (SR400 Dual Channel Gated
Photon Counter, Stanford Research Systems, Sunnyvale, CA), which was used to
accurately track both adsorption and desorption, even at bulk protein concentrations as
low as 10® M. Labview 6.0 (National Instruments, Austin, TX) served as the
computerized data acquisition software (Figure 5-1 and Figure 5-3 in Appendix A).

Some images in this dissertation have been presented in color.

Since many of the experiments were conducted over long periods of time

(durations of several hours sometimes), we took precautions to prevent unintended
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photobleaching of the fluorophore by the monitoring beam. First, a beam chopper
(SR540, Stanford Research Systems, Sunnyvale, CA) was continuously used during all
experiments. In addition, the photon counter was triggered by the chopper and gated
such that data were collected only when the flow cell was illuminated by the laser beam.
Secondly, the monitoring beam was blocked during long experiments, to provide
additional protection against photobleaching; the beam was allowed to illuminate the
interface only during periods of fluorescence emission measurements. Finally, the
monitoring beam was configured to a low intensity of 2-3uW, as measured by a Newport

power meter (818-SL, Newport, Irvine, CA).

All experiments were conducted at the oil-water interface, using a flow cell
described in an earlier paper (Gajraj and Ofoli 2000a). For this study, the oil-water
interface was formed by bringing a 20-60um layer of oil in contact with an 800um layer
of water. The bottom slide was coated with polyethylene oxide (PEO, Sigma Chemical
Co., St. Louis, MO) to eliminate protein adsorption on that surface (Jeon and Andrade
1991; Andrade et al. 1996). Readings acquired at different locations at the oil-water
interface were reproducible during a given experiment; data acquired on the same batch

of labeled proteins were also reproducible.

24 RESULTS AND DISCUSSION

We conducted competitive and sequential adsorption experiments using unlabeled
nisin and FITC-labeled B-casein. We chose to work with B-casein because its adsorption

characteristics have been well-characterized in several studies (Graham and Phillips
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1979; Hunter et al. 1991; Dickinson et al. 1993; Russev et al. 2000). To minimize shear
at the interface, very low flow rates of approximately 0.045ml/min (shear rates of 0.43s™')
were used to introduce protein solutions into the flow cell. The time for protein
adsorption to approach pseudo-steady state behavior in our flow cell (as indicated by the
fluorescence emission intensity profile) varied between 30 and 50 minutes. This is much
faster than the characteristic time of adsorption at interfaces of normal depth (which can
be as long as a few hours). The reduced time of adsorption is the result of the thinness of

the oil-water assembly, which is on the order of 800um.

In initial experiments, labeled P-casein at a bulk concentration of 10°M was
introduced into the flow cell and allowed to adsorb at the interface in a continuous flow
format. When the fluorescence emission intensity level approached a pseudo-steady state
value after about 35 minutes, nisin (at a bulk concentration of 10°M) was introduced into
the flow cell (Figure 2-2). As expected, we observed a continuous drop in fluorescence
emission intensity upon introduction of nisin. This behavior appeared to confirm our
initial hypothesis that nisin, being smaller and more surface-active, was displacing
adsorbed P-casein from the interface. However, there are at least two other plausible
explanations for the behavior observed in Figure 2-2. The first is that B-casein was
removed from the interface as a result of the shear induced by the continuous flow of
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