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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 concerned 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
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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 dihydroresorufm, 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 Q6 as the mediator. FDH, a naturally membrane-

bound enzyme, was incorporated along with Q6 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 Iiposomes containing FDH and Q6 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 10'10 cmz/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. Drugs 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 mucosa] 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 dihydroresorufm, 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 a1. 1997;

Mehrvar et a1. 2000), mechanical (Raiteri et al. 2001), thermal (Abel et al. 1996; Ivnitski

et a1. 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-fi'uctose, 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 Q6, 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-H, a cell wall precursor, binds to nisin, resulting in a transmembrane orientation of

the polypeptide; subsequent oligomerization of nisin and lipid-H 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; Lakarnraju et al. 1996; Bani-Jaber et al. 2000; Lee et a1. 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 [ll-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 (n1) strikes

a medium of lower refractive index (n2) at an angle (0) greater than the critical angle ((9,),

10



the beam is totally internally reflected. The critical angle is given by

BC = sin—1(2), n2 < n1 (2.1)

"1

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 (dp) that

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

wavelength of the incident light (’10):

 dp = 40 2 (2.2)

MUM/sin2 t9 —[§l]

"I

The penetration depth is usually on the order of 80mm 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 B-

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 Intemational (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-S-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/For 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 10'5M)

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 10'7M) 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 mI/min (shear rate of 0.435"), 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‘8 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 2-3pW, 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 800nm layer

of water. The bottom slide was coated with polyethylene oxide (PEO, Sigma Chemical

Co., St. Louis, M0) 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.

2.4 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 a1. 1991; Dickinson et al. 1993; Russev et a1. 2000). To minimize shear

at the interface, very low flow rates of approximately 0.045m1/min (shear rates of 0.435")

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 800nm.

In initial experiments, labeled B-casein at a bulk concentration of 10'5M 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 10'5M) 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 B-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

nisin into the flow cell as the experiment proceeded. This is unlikely, because earlier

experiments conducted in our laboratory had demonstrated that the liquid-liquid interface

remains stable at flow rates of up to 0.05ml/min. The second plausible explanation is
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that, since the nisin solution contained no B-casein, the adsorbed B-casein is removed

from the interface by mass transfer resulting from the concentration gradient induced by

the depletion of proteins in the bulk. That is, the bulk concentration of B—casein

continuously decreased as the nisin solution flowed into the sample cell.

To investigate this When we ran the reverse experiment where nisin at the same

bulk concentration (10'5M) was adsorbed at the interface for a period of about 30

minutes, followed by the introduction of B-casein (also at a bulk concentration of IO'SM)

into the flow cell. Upon introduction of B-casein, we observed an increase in the

fluorescence emission intensity, indicating that B-casein was adsorbing at the oil-water

interface, even in the presence of pre-adsorbed nisin (Figure 2-3). This was an

unexpected result, because the presence of nisin at the interface clearly did not preclude

or even significantly hinder B-casein adsorption. In fact, this result appeared to provide

evidence that nisin is less surface-active than B-casein. However, another plausible

explanation was that, at the low bulk concentrations at which the experiments were

conducted, the interface was never saturated, allowing both nisin and B-casein to adsorb

and coexist with essentially no effective interfacial competition.

To evaluate this possibility, we conducted an experiment where we allowed for

equilibrium adsorption of B-casein (IO'SM) at the oil-water interface, after which a

protein-free buffer solution was introduced into the flow cell. Upon introduction of the

buffer solution, a significant drop in the fluorescence emission level was observed,

indicating desorption of B-casein from the interface (Figure 2-4). The extent of apparent
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B-casein desorption from the interface was comparable to what was observed earlier upon

interaction of [El-casein with nisin (Figure 2-2). This indicated that B-casein was removed

because it is reversibly (loosely) adsorbed at the interface, not because nisin has superior

interfacial activity by comparison.

Follow-up experiments were modified to help determine if concentration

gradients play a role in the desorption of B-casein from the interface. Similar to the first

set of experiments, we allowed B-casein (10'5M) to adsorb at the oil-water interface until

the fluorescence signal approached pseudo-equilibrium. We then introduced a mixture

of nisin and B-casein (each at identical concentrations of 10'5M) into the flow cell. The

infiision of both B-casein and nisin was done to maintain the B-casein bulk concentration

at a fixed level, to prevent bulk depletion of the protein. Upon introduction of the

mixture, we observed a significant increase in fluorescence emission intensity, indicating

that B-casein was adsorbing in substantially larger quantities than was observed when it

adsorbed alone at the interface (Figure 2-5). The level of fluorescence emission intensity

represents an increase of about 3 times the level initially observed, which qualitatively

indicates that approximately three times more B-casein was adsorbing at the interface in

the presence of nisin, in comparison to B-casein adsorbing alone. In addition, the slope of

the initial adsorption profiles for B-casein adsorbing alone was essentially identical to that

for the adsorption of B-casein in the presence of nisin (Figure 2-5). The profiles also

clearly show two distinct approaches to equilibrium — one with B-casein adsorbing by

itself and a second with B-casein adsorbing in the presence of nisin. The same result was
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observed when the concentration of B-casein was lowered by a factor of ten (from 10'5M

to 10'6M), with the bulk concentration of nisin maintained at lO'SM. In that case, an

increase of more than 8 times the initial fluorescence emission level was observed, with

the signal not reaching an apparent steady value during the time of the experiment

(Figure 2-6).

To evaluate whether this effect is due to factors other than the presence of nisin,

we conducted a control experiment where we allowed B-casein to adsorb at a bulk

concentration of 10‘5M until a pseudo-steady state fluorescence emission level was

attained. At that time, a solution of 1.3-casein at the same concentration was introduced

into the flow cell, to assess the extent of additional protein adsorption. While a small

change in fluorescence emission intensity was observed, the increase was negligible in

comparison to that observed in the presence of nisin (Figure 2-7). These results suggest

strongly that there is increased or “enhanced” adsorption of B-casein in the presence of

nisin.

To investigate this further, we studied the adsorption and interactions of nisin

with three other proteins: bovine serum albumin (BSA), lysozyme and fibronectin. This

particular group of proteins was chosen because of their diverse size, structure and

adsorption characteristics. The experimental protocol was similar to the one used in the

experiments conducted with B—casein and nisin. After pseudo-stabilization of the BSA

adsorption profile, a solution containing BSA and nisin, each at a bulk concentration of

IO'SM, was introduced into the flow cell. We observed little or no change in the
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fluorescence emission level, even after 60 minutes of interaction (Figure 2-8). Therefore,

while the adsorption of B-casein (a fibrous protein of molecular weight 24 kDa) was

enhanced in the presence of nisin, there was no apparent enhancement in the adsorption

ofBSA (a globular protein ofmolecular weight 66 kDa).

To the best of our knowledge, this level of “enhanced” adsorption of one protein

in the presence of another has not been previously reported. We should, however,

present the kinetic modeling work of Fang and Szleifer on the adsorption of an equimolar

solution containing a small and a large protein (Fang and Szleifer 2001). They showed

that the two proteins initially adsorb together but, after a short time, the rate of adsorption

of the smaller protein decreases and that of the larger protein increases, because the

surface-protein interaction is stronger for the larger protein. Fang and Szleifer’s kinetic

modeling studies were conducted at a bare interface while, in the present study, the

mixture of nisin and the competing protein arrived at an interface that already had a pre-

adsorbed layer of the larger protein. It is reasonable to expect that the interaction

between a protein and a bare (clean) surface would be much stronger than that between

the same protein and a pre-adsorbed protein layer.

While we do not know the exact mechanism for its occurrence, there are several

plausible explanations for the observation. First, nisin is a pore forming protein capable

of penetrating cellular membranes (Van Kraaij et al. 1998; Bower et al. 2001; Van

heusden et al. 2002). Therefore, one possible explanation is that, as the original protein

(ll-casein, for example) adsorbs towards its equilibrium concentration at the interface, it
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forms a film that may mimic a cellular membrane. When nisin is introduced into the

flow cell, its interaction with the adsorbed protein film “stretches” the interface, thus

creating additional adsorption sites for the interacting proteins to adsorb. We speculate

that this “stretching” may actually be more of a type of “corrugation” of the linear

adsorbed film at the interface, which results in the creation of a larger surface area over

the same linear horizontal dimension.

Another possible explanation is that nisin causes the adsorbed protein to reorient

itself at the interface, resulting in more efficient packing (Figure 2-9). For example, some

studies have reported a reorientation of lysozyme upon initial adsorption and interaction

with the surface, following which space is created for additional proteins to adsorb at the

interface (Robeson and Tilton 1996; Daly et al. 2003). Nisin apparently accentuates this

effect, because the increases in adsorption reported by these earlier studies were not as

large as the enhanced adsorption observed in our experiments.

Other factors that could influence adsorption enhancement include protein size

and/or molecular weight, and protein type (globular versus random coil). For example,

physical protein size and/or molecular weight would be a factor in adsorption

enhancement if it is assumed that nisin creates identical pore sizes in each adsorbed layer.

Then, the smaller B-casein protein molecules would be better able to pack into the pores

than larger proteins such as BSA. In that case, we would observe more significant

enhanced adsorption for B—casein than for BSA. One could also speculate that, if the

structure and the resulting adsorbed layer influence the process, then nisin may be better
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able to create space in the adsorbed B-casein layer (which likely adsorbs in more of a

condensed layer at the oil-water interface), than in the adsorbed albumin layer (which

adsorbs in more of an expanded or spread-out configuration at the oil-water interface)

(Graham and Phillips 1979).

To evaluate these factors, we conducted similar experiments with lysozyme in the

presence of nisin. Lysozyme is a globular protein like BSA, but smaller in size (14.3

kDa) than both BSA and B-casein. As was done in the previous experiments, a solution

containing both lysozyme and nisin (each at 10'5M) was introduced into the flow cell

after lysozyme adsorption had reached pseudo-equilibrium. Upon introduction of this

solution, we observed a slight increase in fluorescence emission intensity (Figure 2-10).

Since this increase was not as large as what was observed for B-casein, a control

experiment similar to what was done with B-casein was conducted by introducing

additional lysozyme into the flow cell after pseudo—equilibrium adsorption was achieved.

As was the case for B-casein, the slight increase observed in the control experiment is

clearly less significant than was observed in the presence of nisin (Figure 2-11). Hence,

there is an indication of “enhanced” adsorption of lysozyme in the presence of nisin

(Figure 2-10), although not as significant as that observed for B-casein. This is also

evident in an additional experiment conducted in the presence of nisin as shown in Figure

2-12.

There is evidence in the literature to suggest that lysozyme achieves a higher

surface coverage than B-casein at the same bulk molar concentration (Hunter et al. 1991).
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Therefore, a possible consequence of the higher surface coverage is that lysozyme may

form a thicker film at the interface than B-casein. Ordinarily, one would expect the

thicker film to promote formation of more stable pores, which could lead to enhanced

adsorption. However, lysozyme is also known to form a more expanded layer at the oil-

water interface than B-casein, which forms a condensed layer (Graham and Phillips

1979). As discussed above, this may tend to reduce the possibility of enhanced

adsorption.

To further evaluate the effect of nisin on adsorbed fibrous proteins, we conducted

experiments on interactions of nisin and fibronectin, a much larger fibrous protein at 440

kDa. The results showed a fairly small enhanced fibronectin adsorption in the presence

of nisin (Figure 2-13), in comparison to the protein adsorbing by itself. In all cases

examined, no “enhanced” adsorption was observed for proteins that were larger in

molecular weight than B-casein. This would tend to support the speculation that smaller

proteins are better able to adsorb effectively into nisin-induced pores than larger ones.

To assess the effect of bulk protein concentration, we conducted experiments on

lysozyme at a concentration of 10°7M, 100 times lower than in the earlier experiments,

with the bulk concentration of nisin maintained at 10'5M. The experimental protocol was

the same as that for the earlier experiments. Upon introduction of the lysozyme-nisin

mixture, we observed very pronounced enhanced adsorption. Just as significant was the

fact that the adsorption curve for lysozyme during the initial enhanced adsorption phase

was 2.6, which is identical to the initial slope of the adsorption curve in the absence of

23



nisin (Figure 2-14).

These data on lysozyme at lower concentrations would indicate that, along with

size, bulk protein concentration may be an important factor in the mechanism for

adsorption enhancement and may, perhaps, be even more important than the structure of

the protein. To evaluate this factor, we repeated the BSA and fibronectin experiments at

much lower concentrations. The BSA experiments were run at a bulk concentration of

8x10'7M, with the nisin concentration remaining at 10'5M. At this much lower BSA

concentration, diffusion became an important factor because it took a long time to attain

pseudo-steady adsorption in a reasonable amount of time. Therefore, we introduced the

mixture of nisin and BSA into the flow cell before pseudo-equilibrium BSA adsorption

was achieved. We then compared different segments of the adsorption profile on the

basis of the initial adsorption slopes before and after introducing the mixture of proteins

into the flow cell.

An examination of the data (Figure 2-15) shows clearly that the slope of the

adsorption profile increases significantly upon introduction of BSA and nisin (0.59), in

comparison to the profile of BSA adsorbing in the absence of nisin (0.21). Thus, there is

a slight increase in the rate of adsorption in the presence of nisin, although it is not as

large as that observed with B-casein or lysozyme at the lower concentrations. While

there is clear evidence of enhanced BSA adsorption at lower concentrations in the

presence of nisin, we observed only minor adsorption enhancement in fibronectin

experiments conducted at much lower concentrations (Figure 2-16). Collectively, these
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experiments appear to indicate that the important factors in adsorption enhancement in

the presence of nisin are the size, molecular weight and bulk concentration of the

adsorbing protein. Another factor we have not yet investigated is the possibility of

ordered multilayer formation in the presence of nisin.

Increases in fluorescence emission intensities can be attributed to a) an increase in

the amount of fluorescently tagged molecules at the interface and/or b) a change in the

fluorophore quantum yield. To evaluate the quantum yield issue, we measured the

absorption and emission spectra ofboth pure B-casein and a mixture of B-casein and nisin

at the same concentrations. No significant differences were observed between the two

samples. In addition, lifetime studies conducted in collaboration with Dr. Gary

Blanchard of the MSU Chemistry Department using time correlated single photon

counting spectroscopy have shown that the quantum yield is the same for surface-

associated proteins as for proteins in the bulk (Vaidya 2005). Thus, the increased

adsorption is most likely due to nisin-induced interfacial interactions, rather than a

change in the quantum yield of the fluorophores.

As discussed earlier, the theory offered by Fang and Szleifer (Fang and Szleifer

2001) is also plausible. However, we believe that the interfacial energetics are very

different for the two situations. In addition, similar experiments conducted in our

laboratory on the interaction between human serum albumin (66 kDa) and fibronectin

(440 kDa) did not show any evidence of enhanced adsorption of fibronectin (Vaidya and

Ofoli 2005). This appears to provide confirmation that the increased adsorption is
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specific to nisin (and perhaps other lantibiotics), rather than the result of an interaction

between a large and a small molecular weight protein as observed by Fang and Szleifer

(Fang and Szleifer 2001).

2.5 CONCLUSIONS

We have used total internal reflection fluorescence microscopy (TIRFM) to

characterize the interfacial behavior of nisin, an antimicrobial pore-forming polypeptide.

Sequential and competitive adsorption experiments on nisin and several labeled proteins

(B-casein, bovine serum albumin, lysozyme and fibronectin) were conducted at the oil-

water interface. This group of proteins were chosen because of significant variations in

molecular weight, hydrodynamic size, and structure. A key finding was the observation

of enhanced levels of adsorption of certain proteins at the oil-water interface in the

presence of nisin. The apparent surface coverage of B-casein (at a bulk concentration of

10'5M) in the presence of nisin was nearly three times the value observed for the protein

when it adsorbed by itself at the interface. Enhanced adsorption was also observed for

lysozyme at the same bulk molar concentration. Experiments conducted at lower bulk

concentrations resulted in even more pronounced enhanced adsorption for B-casein,

bovine serum albumin and lysozyme. We also observed adsorption enhancement for the

interaction of fibronectin and nisin, although this was not significant at any concentration.

Based on the experimental results, we propose that the significant factors

influencing enhanced adsorption in the presence of nisin are molecular weight, size of the

adsorbing protein, and the bulk concentration of proteins. While the exact reason(s)
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and/or mechanisms for this phenomenon are still being investigated, we can reasonably

conclude that the adsorption enhancement is an effect specific to nisin and perhaps other

lantibiotics, because of the ability to form pores in membranes.
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Figure 2-1. Experimental set-up for TIRFM experiments

a) Optical train: PMT — photomultiplier tube; M2, M1 — mirror; F1,F2 — optical flats; C —

coatings; Sh — shutter; NDF — neutral density filters; In — monitoring beam; pb —

photobleaching beam. b) Flow cell showing holes for sample infusion and withdrawal.

28



I
—
n

N

 

nisin (1 O'SM)

IH

   

   

.
O

W

1

N
o
r
m
a
l
i
z
e
d
fl
u
o
r
e
s
c
e
n
c
e

a a

l

   

0.4 ~

B-caseln-FITC

(10'5M)

0.2 a

O I I I I I T

0 0.25 0.5 0.75 1 1.25 1.5 1.75

Time (hours)

Figure 2-2. Equilibrium adsorption of B—casein followed by introduction of nisin.

The initial adsorption profile shows equilibrium adsorption of B—casein-FITC (10'5M) at

an oil-water interface. Upon pseudo-stabilization of the fluorescence emission signal,

unlabeled nisin (10'5M) was introduced into the flow cell. The fluorescence level

decreased upon introduction of unlabeled nisin, indicating apparent B-casein desorption

from the interface. All solutions were introduced at a shear rate of 0.43 s".
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Figure 2-3. Adsorption of nisin followed by introduction of B-casein.

Following adsorption of unlabeled nisin (10'5M) at the oil-water interface (for a period of

about 30 minutes), B-casein-FITC (10'5M) was introduced into the flow cell. Clearly, the

prior adsorption of nisin at the interface did not preclude B-casein adsorption. All

solutions were introduced at a shear rate of 0.43 s".
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Figure 2-4. Assessment of B-casein adsorption reversibility.

The initial adsorption profile shows equilibrium adsorption of B-casein-FII‘C (10'5M) at

the oil—water interface. After the fluorescence level stabilized, a phosphate buffered

saline solution (PBS) was introduced into the flow cell. The resulting drop in

fluorescence emission is an indication of B-casein desorption from the interface.

Following stabilization of the signal, unlabeled nisin (IO'SM) was introduced into the

flow cell to check if nisin would induce further desorption of B-casein from the interface.

However, very little additional desorption was observed. All solutions were introduced at

a shear rate of 0.43 s'l.
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Figure 2-5. Enhanced adsorption of B—casein in the presence of nisin.

The initial profile is for the adsorption of labeled B-casein (IO'SM) at the oil-water

interface. Upon pseudo-stabilization of the fluorescence emission level, a mixture of

labeled B-casein and unlabeled nisin, each at 10'5M, was introduced into the flow cell.

The fluorescence emission intensity increased nearly three-fold, indicating very

significant additional adsorption of B-casein (“enhanced adsorption”) at the interface. All

solutions were introduced at a shear rate of 0.43 s'l.
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Figure 2-6. Enhanced adsorption of B-casein in the presence of nisin.

The initial profile is for the adsorption of labeled B-casein (10% at the oil-water

interface. Upon pseudo-stabilization of the fluorescence signal, a mixture of labeled [3-

casein (at a concentration of 106M) and unlabeled nisin (10'5M) was introduced into the

flow cell. The fluorescence emission increased several-fold, and did not attain a steady

state value during the experiment. This is an indication of very significant enhanced

adsorption of B—casein in the presence of nisin. All solutions were introduced at a shear

rate of 0.43 S”.
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Figure 2-7. Control experiment for B-casein.

B-casein-FITC (IO'SM) was initially adsorbed at the oil-water interface. Following

stabilization of the fluorescence signal, additional B-casein-FITC (10'5M) was introduced

into the flow cell. Clearly, the increased fluorescence emission is not as significant as that

observed in the presence of nisin, indicating that adsorption enhancement is due solely to

the interaction with the polypeptide nisin. All solutions were introduced at a shear rate of

0.43 s".
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Figure 2-8. Interaction of BSA and nisin.

The initial profile shows the pseudo-equilibrium adsorption of BSA-FITC (10'5M) at the

oil-water interface. A mixture of BSA-FITC and unlabeled nisin, each at 10'5M, was

introduced into the flow cell upon stabilization of the fluorescence level. No change in

the fluorescence emission was observed, indicating negligible adsorption enhancement

for BSA at this bulk concentration. We should note the initial overshoot in the adsorption

profile prior to adding the binary protein mixture. This type of behavior has been

attributed to orientational changes within the adsorbed layer (for example, from an end-

on to side-on configuration) by which a kinetically favored orientation is replaced by a

more stable orientation that requires more surface area per protein molecule (Wertz and

Santore 2002). All solutions were introduced at a shear rate of 0.43 s".
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Figure 2—9. Proposed scheme of the interaction between B-casein and nisin.

The figure on the left shows a film of B-casein formed at the interface after pseudo-

equilibrium adsorption. We hypothesize that, when the B-casein is adsorbed at the

interface, the protein initially spreads out to occupy more surface area per molecule. We

propose that, upon introduction of nisin, the polypeptide interacts with the adsorbed [3-

casein molecules to cause reorientation of the protein molecules. This reorientation

results in more efficient packing, and creates more room for additional proteins to adsorb.
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Figure 2-10. Interaction of lysozyme and nisin.

Lysozyme-FITC (10'5M) was initially adsorbed at the oil-water interface till apparent

equilibrium. Then a mixture of labeled lysozyme and unlabeled nisin, each at 10'5M, was

introduced into the flow cell. Following this, a small increase in fluorescence emission

intensity was observed, indicating some degree of adsorption enhancement. All solutions

were introduced at a shear rate of 0.43 s".
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Figure 2-11. Control Experiment for Lysozyme.

The initial adsorption of lysozyme-FITC (10'5M) to apparent equilibrium was followed

by re-introduction of the same solution (at the same concentration) into the flow cell.

This resulted in a very small increase in fluorescence emission intensity. All solutions

were introduced at a shear rate of 0.43 s".
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Figure 2-12. Lysozyme adsorption.

This figure shows three lysozyme adsorption profiles from separate experiments. The

data show a larger increase in fluorescence emission in the two experiments where nisin

is present, compared to the one experiment of lysozyme adsorbing alone. The

fluorescence data have been normalized by the initial pseudo-stabilization level in each

experiment. All solutions were introduced at a shear rate of 0.43 S”.
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Figure 2-13. Interaction of fibronectin and nisin.

Pseudo-equilibrium adsorption of fibronectin-FITC (10’7M) is achieved in about an hour

at the oil-water interface. Upon introduction of a mixture of fibronectin-FITC (10'7M)

and nisin (10'5M), a slight increase in fluorescence emission was observed. All solutions

were introduced at a shear rate of 0.43 s".
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Figure 2-14. Interaction of lysozyme (at a lower concentration) and nisin.

2.5

This experiment is similar to the lysozyme adsorption experiment presented earlier,

except at a lower bulk concentration. After introduction of the mixture of lysozyme-

FITC (10'7M) and nisin (lO'SM), greater than a two-fold increase in fluorescence

emission intensity was observed. This trend is very similar to what was observed at

higher molar concentrations for B-casein adsorbing in the presence of nisin. All solutions

were introduced at a shear rate of 0.43 s'l.
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Figure 2-15. Interaction of BSA (at a lower concentration) with nisin.

A solution of BSA-FITC (8x10'7M) was allowed to adsorb to the oil-water interface.

Since the fluorescence emission level did not stabilize even after 90 min, we introduced

the mixture of BSA-FITC (8x10‘7M) and nisin (10'5M), and observed the adsorption

slopes (indicative of the rates of adsorption) before and after introduction of the mixture.

The slope of the profile (0.59) after introduction of the binary mixture of nisin and BSA-

FITC was significantly larger than the prior slope (0.21) for BSA-FITC adsorbing by

itself. All solutions were introduced at a shear rate of 0.43 s".
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Figure 2-16. Interaction between Fibronectin (at a lower concentration) and nisin.

Following pseudo-equilibrium adsorption of fibronectin-FITC (at a lower concentration

of 10'8M), a mixture of fibronectin-FITC (10'8M) and nisin (10'5M) was introduced.

While this apparently resulted in increased fluorescence emission intensity, the increase

was not significant. All solutions were introduced at a shear rate of 0.43 s".
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3 DEVELOPMENT OF A PROTOCOL FOR SIMULTANEOUS OPTICAL

AND ELECTROCHEMICAL CHARACTERIZATION OF

BIOMACROMOLECULES IN TIR GEOMETRY

3.1 ABSTRACT

We describe the development of a flow cell to enable simultaneous optical and

electrochemical characterization of biomimetic interfaces. The goal was to expand the

capabilities of the TIRFM apparatus so we can critically interrogate biomimetic systems

that exhibit both optical and electrochemical responses to specific or non-specific

interactions. Modifications were made to our existing optical flow cell to incorporate the

ability to conduct cyclic voltammetry (CV) measurements using a three-electrode set-up.

The top and bottom slides in our optical flow cell were replaced with indium tin oxide

(ITO)-coated glass slides. The transparency of ITO allows us to conduct optical

experiments, while its conductivity makes it possible to conduct electrochemical

measurements on the same sample.

The feasibility of the simultaneous-optical electrochemical set-up was

tested using the dye resorufin. On potential scans towards increasing negative voltages

(400mV to -400mV), the fluorescent resorufin was reversibly reduced to non-fluorescent

dihydroresorufin, coincident with a decrease in fluorescence emission. Similarly, upon

scanning towards increasing positive voltages (-400mV to 400mV), the dihydroresorufin

was reversibly oxidized to resorufin, resulting in increased fluorescence emission. The

same relationship between fluorescence emission and potential was observed in all
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subsequent cycles, confirming that the optical-electrochemical set-up serves its intended

function. This experimental tool can also be used to characterize independent optical and

electrochemical interactions taking place in a given sample at the biomimetic interface.

3.2 INTRODUCTION

Our lab has focused on using total internal reflection fluorescence microscopy

(TIRFM) as the primary tool to optically characterize bio-macromolecular interactions at

liquid-liquid and solid-liquid interfaces. The objective of this study was to expand the

capabilities of this technique to enable characterization of more complex systems such as

biomimetic interfaces that can be used as biosensors. A biosensor is a device that

converts specific recognition events between a receptor and a target analyte into a

measurable signal. It serves as a reliable miniaturized device with the ability to perform

sophisticated detection of analytes in areas such as biology, nanotechnology,

environmental quality, and food technology, and in rapid diagnostic assays. To design

such systems, it is necessary to accurately characterize the associated biomacromolecular

interactions at the biomimetic interfaces.

In the first part of this thesis, we concentrated on understanding fundamental

protein interactions between nisin and selected proteins at the oil-water interface. In this

section, we will outline the development of an experimental set-up that enables

simultaneous use of two important characterization techniques: TIRFM and cyclic

voltammetry (CV). Electrochemical/amperometric biosensors provide continuous and

accurate measurements of the concentration of analytes in an electrical format. The need
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for sensitivity, specificity, speed and accuracy of measurements has triggered interest in

developing electrochemical sensors as diagnostic tools in the food and pharmaceutical

industries (Prodromidis 2002).

The ability to simultaneously track biomacromolecular interactions as well as

electron-transfer reactions in-situ represents a very powerfiil tool for analyses of complex

biological systems, and would aid in the development and characterization of biosensors.

TIRFM has proven to be well-suited for Optical interrogation of interfacial biomolecular

interactions. We believe the ability to also conduct electrochemical experiments with the

same apparatus would help us identify independent events taking place in these complex

systems. In cases where a single species produces both electrochemical and optical

signals upon interaction, we will be able to obtain corroborative evidence of that event.

3.2.1 Optical characterization

3.2.1.1 Total Internal Reflection Fluorescence Microscopy (TIRFM)

A brief introduction to TIRFM was presented in Chapter 2, and will not be

repeated here. The only additional information is that the evanescent wave for the

experiments in this section was configured to a penetration depth of about 75nm. We

achieved total internal reflection (TIR) at an interface between an indium tin oxide (ITO)-

coated glass slide and the sample solution in the flow cell. The transparency of ITO

allows us to conduct optical experiments, while its conductive surface allows for its use

as an electrode for electrochemical measurements.
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3.2.2 Electrochemical characterization

3.2.2.1 Cyclic voltammetry (CV)

CV is a useful and versatile technique used to study electroactive species. Its ease

of use enables application in various fields of electrochemistry, inorganic chemistry,

organic chemistry, and biochemistry (Kissinger and Heineman 1983). It can be used to

conduct mechanistic as well as kinetic studies of redox behavior of a biological or a

chemical compound over a wide potential range. There have been numerous studies of

biosensors utilizing CV to monitor various enzyme-catalyzed redox reactions. Common

enzymes used for biosensors include alcohol dehydrogenase (Mullor et a1. 1996; Rao et

al. 1999), lactate dehydrogenase (Chaubey et al. 2000), glucose oxidase (Motta and

Guadalupe 1994; Willner et al. 1997; Wang et al. 1998), cytochrome c oxidase (Li et al.

1996) and horseradish peroxidase (Ferri et al. 1998; Munteanu et al. 2003). CV has also

been used to study DNA-mediated electron transfer (Napier et al. 1997; Palecek et al.

1998; Kelley et al. 1999; Armistead and Thorp 2000).

A CV measurement involves cycling the potential of an electrode in solution, and

measuring the resulting current (Kissinger and Heineman 1983; Bard and Faulkner;

Kissinger and Heineman 1984). The electrode is the surface/interface where the

biological reaction takes place. In our set-up, we use a three-electrode configuration

comprising a working electrode, a counter (or auxiliary) electrode and a reference

electrode. This configuration is more advantageous than the traditional two-electrode set-

up. The traditional configuration does not allow for precise control of the external
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applied potential (which is required in cyclic voltammetry measurements), because of

potential (ohmic) drop due to solution resistance. Better control of the external applied

potential is achieved by controlling the potential of the working electrode with respect to

the reference electrode. Polarization of the counter electrode, which completes the

current-measuring circuit, is required for cyclic voltammetry. This is not available in the

two-electrode set-up (Bard and Faulkner 2000; Bioanalytical Systems 2005; Carnes and

Wilkins 2005). The function of each electrode in the three-electrode system is briefly

described below (Bard and Faulkner 2000).

The working electrode (WE) is the test electrode where the reaction that generates

the oxidation or reduction takes place. This is the only electrode where the reaction

occurs. Many different working electrodes can be used, such as glassy carbon, boron-

doped diamond, gold, and indium tin oxide. These working electrodes can be further

tailored or modified, based on the requirements of the desired application. For example,

to study reactions catalyzed by enzymes embedded in a bilayer lipid membrane (BLM),

the enzyme incorporated into either a supported or tethered BLM can be deposited on the

working electrode, and the solution in contact with the modified electrode can contain the

analyte of interest.

The counter electrode acts as a source or sink for electrons, so that the current can

be passed through the external circuit of the cell. An ideal counter/auxiliary electrode is

one which does not produce any substances by electrolysis, because these products can

reach the working electrode and interfere with its fimction.
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The reference electrode is one whose potential stays constant, so that it can be

used as a standard against all measured potentials in the three-electrode cell (Faulkner

1983; Kissinger and Heineman 1983; Mabbott 1983; Van Benschoten et a1. 1983; Bard

and Faulkner 2000; Kissinger and Heineman 1984). The reference electrode must,

therefore, have the property of ideal nonpolarizability. Some common reference

electrodes are the saturated calomel electrode (SCE) and the silver/silver chloride

electrode (AyAgCl).

In a CV experiment, the potential is maintained between the working and

reference electrode, while the current is measured between the working and the counter

electrode. The potential applied between the working and the reference electrode is

considered the excitation signal. The potential in our experiments is a linear scan that

exhibits a triangular waveform. The potential is swept between two values (called the

switching potentials). Following the sweep in one direction, the scan direction is

reversed and the potential is scanned back to the original starting value. The parameters

of interest are the initial and final potentials, the scan direction, the scan rate, and the

number of scans, all of which can be set by the Operator. Usually, a window is chosen to

include the potential at which the analyte of interest is oxidized and reduced. The current

generated at the working electrode as a result of cycling the potential is recorded, and a

cyclic voltammogram is generated. The CV obtained is thus a plot of current versus

potential.

The current produced depends on two steps in the overall process: the movement
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of electroactive material to the surface and the electron transfer reaction. The exponential

dependence of the electron transfer rate constant on the potential is given by

 

kf=k0exp(-:’;F(E—EO')) (3-1)

where k" is the standard homogenous electron-transfer rate constant, It is the number of

electrons transferred, R is the universal gas constant, T is the absolute temperature in

Kelvin, and a is the transfer coefficient.

A typical cyclic voltammogram is shown in Figure 3-1. The dependence of the

current on the electrochemical reaction during a CV experiment will be explained in

detail in section 3.3.3 for the ferricyanide system. Some of the important parameters of

interest in a cyclic voltammogram are the anodic peak current (ipa), the cathodic peak

current (ipc), the anodic peak potential (Em), and the cathodic peak potential (Epc) (Figure

3-1). The peak current obtained in a reversible electrochemical process is directly

proportional to the concentration of the analyte and is given by the Randles-Sevich

equation below:

ip = 2.69x105ACJn3Dv (3.2)

where ip is the peak current (in amperes), n is the electron stoichiometry, A is the

electrode area (cmz), D is the diffusion coefficient (cmZ/sec), C is the concentration

(mol/cm3) and u is the scan rate (V/sec).
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For a reversible system, the applied external potential controls the ratio of the

oxidized to the reduced species at the electrode surface, according to the Nernst equation:

. 0

E = 15° + 2.303 IR—T-IlogU (3.3)
nF [R]

where E is the external applied potential, F is the Faraday constant, and [O] and [R] are

the concentrations of the oxidized and reduced species, respectively. The Nemst

equation is valid only at equilibrium.

An electrochemically reversible couple is one in which both the species (oxidized

and reduced) rapidly exchange electrons with the working electrode. The formal

reduction potential (E0 ') for a reversible couple is given by

_ Epa + Epc

2

50' (3.4)

where Epa is the peak potential at the anode and Epc is the peak potential at the cathode.

The number of electrons (n) cycled in the electrode reaction can be calculated

from the separation of the cathodic and the anodic peak potential, and is given by

0.059
AEp = Epa -Epc = (3.5)

n

Thus, an ideal reversible one-electron transfer process should have a peak

separation of 59mV.
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Slow reaction kinetics leads to slow electron transfer. This is an indication of an

irreversible reaction, and results in increased peak separation (between the cathodic and

the anodic peaks). If the peak separation is such that the anodic and the cathodic peaks

do not overlap on the potential axis, then the system is classified as irreversible. Usually,

reactions will be irreversible if chemical bonds break or if there is a loss of substituents in

solution (Mabbott 1983).

The concentration of the reactant in the bulk solution can be determined once we

know the peak current. However, CV is not ideally suited for that task; techniques such

as differential pulse voltammetry are better equipped for these types of measurements.

CV is best used to analyze homogeneous chemical reactions that are coupled to the

electron transfer process (Mabbott 1983), because it gives qualitative information about

electron transfer processes. One can quickly determine the formal potential, the number

of electrons transferred in the process, and the anodic and the cathodic peak potentials

using CV.

3.3 EXPERIMENTAL SET-UP

3.3.1 TIRFM flow cell

The flow cell used for our TIRFM studies was developed by a previous graduate

student. A detailed description can be found in the literature (Gajraj and Ofoli 2000a).

Briefly, the flow cell was formed from two glass microscope slides separated by a 900um

aluminum spacer. An oval channel (2.34 inch x 0.73 inch) cut into the aluminum spacer
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formed the flow channel. Teflon tubes (TTF-l30-10M, Valco Instruments Co, Inc.,

Houston, TX) inserted into two holes drilled in the bottom slide allowed for the

simultaneous infusion and withdrawal of solution into and out of the flow cell (Figure

3-2), using a Harvard apparatus infusion/withdrawal syringe pump (Model 551382,

Harvard Apparatus, South Natick, MA).

3.3.2 Modifications to TIRFM set-up to conduct optical and electrochemical

experiments (first generation)

To conduct both optical and electrochemical studies in the TIRFM apparatus, we

made several modifications to our flow cell. The top glass slide was replaced by an

indium tin oxide (ITO)-coated glass microscope slide (CG-4llN-SIO7, Delta

Technologies Ltd., Stillwater, MN). Since the aluminum spacer used to form the flow

channel in the TIRFM flow cell is conductive, it was replaced with a rubber gasket of

about 800nm thickness.

We also modified our flow cell to accommodate the three-electrode set-up

described earlier. To incorporate the working and the counter electrodes on the ITO

slide, we adopted a design similar to that described by Asanov et al. (Asanov et al. 1998).

The top ITO slide was divided into three conductive bands insulated fiom each other by

etching the ITO layer in between the bands, using a strong acid such as 12M HCl. The

bands required to be conductive were masked with photoresist during the etching process.

Removal of the ITO coating in the etched bands was confirmed by ensuring a very high

resistance across any pair of conductive bands. The central region was used as the
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working electrode (Figure 3-3b). The area of the working electrode could be controlled

by the size of the central region. Either of the other two bands could be used as the

auxiliary/counter electrode. Thin electrical wires attached to the ITO surface with

conductive epoxy (CW24OO Part A and B, Chemtronics, Kennesaw, GA) provided

electrical contact. The epoxy was allowed to cure for 15 minutes in an oven at 75°C.

This was done to ensure that the wires remained firmly attached to the electrode surface,

because weak contacts lead to increased resistance.

A silver/silver chloride (Ag/AgCl) reference electrode (Bioanalytical Systems Inc.

(BASi), MF-2078, West Lafayette, IN) was used for these measurements. The reference

electrode was placed in the beaker into which the exit solution emptied. The electrical

contact between the reference electrode and the working electrode was maintained as

long as there was solution in the flow cell, the exit tube, and the exit beaker in which the

reference electrode was placed. Potassium ferricyanide (K3Fe(CN)6) was used as a test

electroactive species to evaluate how the electrochemical cell functioned.

3.3.2.1 Materials and Methods: Ferricyanide Experiments

Potassium ferricyanide (K3Fe(CN)6) was purchased from Mallinckrodt

Laboratory Chemicals (Phillipsburg, NJ). Potassium nitrate (KNO3) was obtained fiom

the J T Baker Chemical Company (Phillipsburg, NJ). A lOmM aqueous solution of

K3Fe(CN)6 in 0.1 M KNO3 was used as the working solution.

The flow cell was assembled with a rubber spacer sandwiched between the top
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ITO coated slide (housing the working and the counter electrode) and a glass bottom

slide. The prism was optically coupled to the top ITO-coated slide using an immersion

oil of refractive index 1.51 (Type A, 16482, Cargille Laboratories, Cedar Grove, NJ).

The whole assembly was tightened down with four screws. The potassium ferricyanide

solution was infused into the flow cell at a flow rate of 0.36 ml/min, and a BASi CV-

50W Voltammetric Analyzer (Bioanalytical Systems, BASi, West Lafayette, IN) served

as the potentiostat for the experiments. The leads from the WE, AE and the RE were

connected to the potentiostat. Prior to the start of each experiment, the flow cell was

visually inspected to make sure there were no air bubbles or leaks. The software program

obtained with the CV-SOW voltammetric analyzer (CV-50W) was used. The parameters

used to acquire the cyclic voltammogram for the ferricyanide system are given in Table

3-1.

3.3.3 Results and Discussion: Ferricyanide Experiments

The current versus voltage curve obtained with the IOmM potassium ferricyanide

test solution in the modified flow cell is shown in Figure 3-4. This result was compared

to the cyclic voltammogram obtained in a conventional set-up with all three electrodes

placed together in the same beaker (Figure 3-5). The parameters used for the scans were

the same in both cases. In the conventional set-up, a platinum working electrode (MF-

2013, Bioanalytical Systems (BASi), West Lafayette, IN), a platinum counter electrode,

and an Ag/AgCl reference electrode (catalog # MF-2078, Bioanalytical Systems Inc.

(BASi), West Lafayette, IN) were used.
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The CV scan started at 700 mV in the direction of decreasing voltages, at a rate of

IOOmV/sec. When the potential was sufficiently negative to reduce Fe(lII), a cathodic

current was generated due to the electrode reaction given below:

Fe’” (CN)§' + e' ——> Fe” (CN)§‘ (3.6)

The cathodic current increased rapidly until the concentration of Fe"'(CN)63' at

the electrode surface diminished substantially, causing the current to peak (point “a” in ‘

Figure 3-5). The current decayed as the solution surrounding the electrode was depleted

of Fe'"(CN)63' due to its electrolytic conversion to FeH(CN)64'. The scan direction was

reversed at 0 mV, and a backward scan was initiated. The potential was still sufficiently

negative to reduce FeI"(CN)63', so the cathodic current continued, even though the

potential was now being scanned in the direction of increasing voltages. Oxidation of the

Fe"(CN)64' accumulated near the electrode started when the electrode became a strong

oxidant:

Fe” (cmg' —> 1%” (CN)§‘ + e' (3.7)

This resulted in production of the anodic current, which increased until the

concentration of FeII(CN)(,4' diminished, causing the current to peak (point “b” in Figure

3-5). The current then decayed as the solution surrounding the electrode was depleted of

Fe"(CN)64. The first cycle was completed when the potential reached 700mV. This

cycle was repeated three times.
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To assess the working of our modified flow cell, the two voltammograms have

been combined in Figure 3-6 for ease of comparison. The following observations can be

made:

- The current range in the voltammogram obtained in our modified first generation

TIRFM-CV set-up (about 500uA) was approximately 50 times higher than that

obtained in the conventional set-up (about lOpA). This is simply because the

electrode area was much higher in the flow cell than in the conventional set-up (as

discussed earlier, current is directly proportional to electrode area).

- The maximum cathodic current in the traditional set-up was obtained at 218mV

while the anodic current peaked at 292mV. The difference in potential between

the anodic and cathodic peaks was about 74mV. As discussed earlier, a

difference of about 59mV would have indicated a completely reversible system.

In comparison, the maximum cathodic current (peak) in the TIRFM apparatus was

obtained at 194mV, with the anodic current peak at 309mV under constant flow

conditions. Under stopped flow conditions, the maximum cathodic current was

obtained at l90mV with an anodic current peak at 3l4mV. The difference in

peak potentials was 115mV for the experiment conducted under continuous flow

conditions, and 124mV for the stopped flow experiment. The greater departure

from the truly reversible case may be due to a number of factors, including

increased solution resistance, slow electron transfer, wires not providing good

electrical contact, undetected air gaps/bubbles, leaks in the flow cell, or the
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placement of the reference electrode far away from the working electrode. These

factors are addressed below.

3.3.4 Problems with first generation optical — electrochemical set-up and resulting

modifications (second generation experimental set-up)

A common problem in most CV experiments is ohmic potential drop (or IR drop)

due to solution resistance. IR drop can cause decreased current magnitudes, increased

peak separation and shift in peak potential. The majority of the IR drop generally occurs

along the electrode surface, rather than normal to the electrode surface (Kissinger and

Heineman 1984), because the current between the working electrode and the auxiliary

electrode passes along the channel and adjacent to the electrode. As a consequence of

this, the potential is not uniform between all points on the face of the electrode surface

and the solution. This problem can be overcome by placing the auxiliary electrode right

across the working electrode, so the charge travels perpendicularly between the two

electrodes. In this case, the potential will be uniform throughout the electrode surface

and the uncompensated IR drop will be small.

With this consideration in mind, we modified the design of our first generation

flow cell as follows: instead of having the working and the counter electrode next to each

other on one slide, we placed them right across fi'om each other. This was achieved by

using the top ITO-coated glass slide as the working electrode, and the bottom slide (also

an ITO-coated glass slide) as the auxiliary electrode (Figure 3-7b). Ohmic potential drop

can also be decreased by using a high concentration of supporting or fully dissociated
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electrolyte, thereby increasing the conductivity of the solution and decreasing the

resistance. Therefore, in all experiments a high concentration of supporting electrolyte

(lOOmM) was used.

The first generation system was subject to an additional problem of

uncompensated IR drop or solution resistance, because the reference electrode had been

placed far away from the working electrode. Placing the working and reference

electrodes in close proximity minimizes the voltage errors resulting from ohmic loss

(Mabbott 1983). To achieve this, we modified the set-up to incorporate the reference

electrode as close to the working electrode as our existing flow cell layout would permit.

A “no leak” reference electrode (EE009, ESA, Cypress Systems, Lawrence, KS) was

purchased and inserted into a flangeless ferrule (P342, Upchurch Scientific, Oak Harbor,

WA) fitted in a T-joint (P-712, Upchurch Scientific, Oak Harbor, WA). Teflon tubes

were connected to the remaining two ends of the T-joint. One end of the teflon tube was

connected to the inlet syringe, while the other end was flanged to stay in the bottom slide

of the flow cell. To prevent formation of air gaps/bubbles in the tube, the flow cell was

filled with solution at the beginning of each experiment, prior to insertion of the reference

electrode into the T-joint (Figure 3-7).

Air gaps in the tubes caused a disruption/break in electrical contact between the

reference electrode and the solution in the flow cell. By conducting control experiments

in the flow cell and in the conventional three-electrode set-up, we determined that when

the reference electrode was not in contact with the solution in the flow cell (due to air
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gaps or bubbles), it resulted in blackening of the ITO counter electrode (due to cathodic

polarization). This blackening damaged the ITO coating, resulting in either a decrease or

a loss of conductivity of the ITO layer. To ensure that the reference electrode always

stayed in contact with the solution, the opening in the T-joint was expanded.

Initially, wires epoxyed to the electrode were used to provide electrical contacts.

However, when the flow cell was assembled and tightened with the wires in place, we

noticed air gaps and some leakage of solution from the flow cell. Leakage of solution

and air gaps increased solution resistance and, in some instances, resulted in blackening

of the ITO electrode (cathodic polarization). To minimize these problems, we replaced

the wires with copper foils. We noticed that wetting of the copper foil during

experiments always resulted in leaching of the copper into the solution. Aluminum foils

were, therefore, used instead to provide electrical contact. All these modifications

resulted in the second generation of our optical electrochemical set—up (Figure 3-7).

3.3.4.1 Problems encountered with the second generation experimental set-up

Using aluminum foils as electrical contacts worked to prevent major leaks of

solution out of our flow cell. However, at the end of a failed experiment (blackening of

the electrode), we noticed that the aluminum foils and the leads were slightly wet (even

though no major leaks were detected during the experiment). Wetting of the leads and

the foil resulted in increased contact resistance. To prevent this problem, we tried

isolating the foil by encasing it in parafihn or double-sided tape, to prevent the solution

from touching the foil. This did not work, because we were limited by how much
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pressure we could apply to the flow cell, since tightening the flow cell too hard most

often resulted in breaking the bottom slide.

We were also limited by having to work with the existing flow cell used for

TIRFM experiments. Hence, we decided to epoxy the whole assembly, connecting the

top slide, bottom slide, aluminum foils and the spacer into one unit. Epoxying the flow

cell assembly prevented all leaks completely. The drawback is that, at the end of an

experiment, the whole set-up had to be immersed in acetone to pry the slides apart and, in

some cases, the slides were rendered unusable if the epoxy could not be completely

removed. We recognize that epoxying slides together is not the ideal solution, so we are

in the process of designing a flow cell that would be compatible for both optical and

electrochemical experiments.

3.3.4.2 Proof-of-concept of optical/electrochemical set-up

To test the simultaneous TIRFM/CV set-up, we needed to use a compound that

was both electrochemically active and could be optically tracked in either of the redox

states (oxidized or reduced). We had originally planned to study the redox reaction

catalyzed by the enzyme secondary alcohol dehydrogenase (sADH). The cofactor for

this reaction is nicotinamide adenine dinucleotide (NAD). NAD undergoes the following

redox reaction to convert to NADH:

sADH

CZHSOH + NAD <:> CH3CHO + NADH + H+ (3.8)

The reduced form of the cofactor NADH is fluorescent upon excitation at 340nm,
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with an emission maximum at 450nm. Therefore, the conversion of NAD to NADH

during the enzymatic reaction can be monitored both optically and electrochemically.

Upon production of NADH, we would expect to see fluorescence emission at 450nm,

coincident with the presence of a cathodic peak in the cyclic voltammogram. We

characterized the reversibility of adsorption of sADH onto ITO surfaces, and NAD

attachment to ITO using a boronic acid linker molecule. However, we were not able to

do simultaneous optical and electrochemical characterization of this system because of

the need for a UV light source, which we do not have in our laboratory at this time. This

study remains as planned future work to be accomplished in our laboratory.

3.3.5 Introduction to resazurin

To assess the feasibility of our set-up, we selected a chemical dye, resazurin,

which undergoes a reduction reaction to produce a form (resorufin) that is fluorescent.

Resazurin (commercial name Alamar Blue) is a versatile chemical dye which is widely

used in resazurin reduction assays. For example, the resazurin reduction assay has wide

application in cell toxicity work to test the viability of cells (O'Brien et a1. 2000; Dayeh et

al. 2004; Riss and Moravec 2004). Resazurin has also been used to monitor bacterial and

yeast contamination of milk (Reinheimer and Demkow 1990), to test mitochondrial

function (Zhang et al. 2004), to test quality of sperm by colorimetry (Wang et al. 1998;

Zrimsek et al. 2004), to probe environmental redox reactions (Tratrryek et al. 2001), and

to differentiate between bacterial respiratory types (Karakashev et al. 2003). It serves as

an indicator in various enzyme assays (Chapman and Zhou 1999; Maeda et al. 2001) as
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well as to monitor NADH turnover (Candeias et al. 1998; Batchelor and Zhou 2002).

Resorufin (produced in the resazurin reduction assay) is fluorescent and can be used as a

colorimetric indicator of the progress of the reaction under study.

Resazurin undergoes a two-step electrochemical reaction. The first step is an

irreversible reaction in which resazurin is converted to resorufin upon reduction (Figure

3-8a). The reduced product, resorufin, is fluorescent and thus serves as a measure of

monitoring the reaction optically. The substrate resazurin is purple in color, while the

product resorufin is pink in color. In the second step of the reaction, resorufin is reduced

reversibly to dihydroresorufin (Figure 3-8b). While the substrate in the second reaction,

resorufin, is pink and fluorescent, the dihydroresorufin is colorless and non-fluorescent.

The optical properties of the dyes have been tabulated in Table 3-4. The oxidation and

reduction products generated can be monitored electrochemically at the oxidation and

reduction potentials listed in Table 3-3.

Thus, this reaction can be monitored both optically and electrochemically. When

resorufin is generated, we should expect to see an increase in fluorescence emission

coincident with a cathodic peak at about ~160mV. The maximum excitation wavelength

of resorufin is 571nm. Since a 571nm light source was not available, we used a 532.5 nm

source for excitation. The excitation efficiency at this wavelength is about 56%. While

we recognize that this efficiency is less than ideal, this source still worked well as an

appropriate excitation light source.
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3.3.5.1 Materials and methods: Resazurin Experiments

Resazurin (R12204) and resorufin (in kit V23110) were purchased from

Molecular Probes (Eugene, OR). A 0.02mM solution of resazurin and a 0.002mM

solution of resorufin were made in pH 7.4, 100mM phosphate buffer (PBS) prepared

according to the protocol outlined in Chapter 2 (under Materials and methods). All

solutions contained 100mM ultra pure sodium chloride (NaCl, SX0420-1, EMD

Chemicals Inc., Gibbstown, NJ).

The instrumentation used for the optical experiments was similar to that in

Chapter 2, except for a few minor modifications. A 32x microscope objective (440851,

Achroplan, Zeiss, Thomwood, NY) was used for fluorescence emission measurements.

A green laser module (DPSS 60, Beam of Light Technologies, Inc., Clackamas, Oregon)

at 532nm was used as the excitation source. The filter set (45 13 66, Zeiss, Thomwood,

NY) used for these experiments comprised three components:

- an excitation bandwidth filter that allows light only between 510-560nm to pass

through

- a beam splitter that directs light below 580nm up into the microscope objective,

and

- an emission filter that allows light above 590 nm to pass through to the

photomultiplier tube.

3.3.6 Experimental details: Resazurin Experiments
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A flow cell identical to the epoxyed second generation flow cell described earlier

was used for these experiments. A program written in Labview was used as the data

acquisition sofiware (see Figure 5-2 in Appendix). The parameters used for the runs with

resazurin as the working solution are given in Table 3-2.

3.3.7 Results and Discussion: Resazurin Experiments

A 0.02mM resazurin solution in 0.1M PBS solution was introduced into the flow

cell at a flow rate of 0.36 mI/min. The reference electrode was inserted into the T-joint

after the solution flowed past it, and all three electrodes were connected to the

voltammetric analyzer. Once the flow cell was filled with the resazurin solution, the

labview data acquisition program for collection of fluorescence emission intensities

(Figure 5—2 in the appendix) and the CV-50W program for the collection of

electrochemical data were started simultaneously.

The cyclic voltammogram is shown in Figure 3-9. The potential was cycled three

times between 400mV and -400mV, at a scan rate of 30mV/sec. During scans towards

increasing negative voltages, resazurin was reduced to resorufin at about the reduction

potential for this irreversible couple (-160mV) (shown as reaction “a” in Figure 3-8).

Further along the same scans, the resorufin produced was reduced to dihydroresorufin at

about the reduction potential for this reversible couple (-277mV) (reaction “b” in Figure

3-8). In the reverse scan towards increasing positive voltages, the dihydroresorufin was

oxidized back to resorufin at about -238mV.
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The fluorescence emission data are shown in Figure 3-10. The observed increase

in fluorescence emission was due to the production of resorufin by either reduction of

resazurin or oxidation of dihydroresorufin. A decrease in fluorescence was a result of the

reduction of resorufin to dihydroresorufin.

To illustrate how the simultaneous optical-electrochemical system functions to

provide corroborative data, the fluorescence versus time and potential versus time data

have been combined in one plot (Figure 3-11). The potential scan was started at 400mV

towards increasing negative voltages (400mV to -400mV) at a rate of 30mV/sec. During

the first scan, we observed an increase in fluorescence emission at approximately

-160mV. This increase is due to the reduction of resazurin to resorufin (which is

fluorescent). When the potential was scanned further towards increasing negative

voltages (400mV to ~400mV), the fluorescence emission dropped at about —277mV as a

result of the reduction of the fluorescent product resorufin to non-fluorescent

dihydroresorufin. This reaction occurred only in scans following the formation of

resorufin during the first scan. When the direction was reversed to scan towards more

positive voltages (-400mV to 400mV), an increase in fluorescence emission was

observed at about -—238mV, a result of the oxidation of non-fluorescent dihydroresorufin

to fluorescent resorufin. Thus, after the first scan, observed increases in fluorescence

emission could be the result of either reduction of resazurin to resorufin or oxidation of

dihydroresorufin to resorufin. The data appear to confirm that our TIRFM-CV set-up

works properly.
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To further evaluate the system, we conducted a similar experiment with resorufin.

After the flow cell was filled with 0.002mM resorufin in 0.1M PBS solution, the

collection of fluorescence and CV data was started. The potential was scanned ten times

to obtain CV data (Figure 3-12). The reduction of resorufm to dihydroresorufin occurred

at about -277mV on scanning towards increasing negative voltages. The oxidation of

dihydroresorufin back to resorufin occurred at about ~238mV on scanning towards

increasing positive voltages. The CV peaks are not pronounced as explained earlier.

The fluorescence emission data were collected for the same time period as the

CV scans and are shown in Figure 3-13. A decrease in fluorescence was observed when

resorufin was reduced to dihydroresorufin, while an increase in fluorescence emission

occurred during the reverse redox reaction.

To illustrate how the simultaneous optical-electrochemical system functions to

provide corroborative data, the plot of potential versus time and fluorescence emission

versus time have been combined in Figure 3-14. The fluorescence emission intensity

goes through cycles as the applied potential is cycled. In the first scan towards increasing

negative voltages (400mV to -400mV), the fluorescence emission intensity decreased at

about —277mV, as fluorescent resorufin was reduced to non-fluorescent dihydroresorufin.

The same trend was observed in all subsequent potential scans towards increasing

negative voltages.

As the scan direction was reversed towards increasing positive potentials, the

dihydroresorufin was oxidized back to resorufin at about —238mV and an increase in
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fluorescence emission was observed, due to the production of fluorescent resorufin. The

same trend was observed in all subsequent scans towards increasing positive voltages.

Thus the CV and fluorescence data provide confirmation of the occurrence of the same

event: the production of non-fluorescent dihydroresorufm during the reduction cycle, and

resorufin during the oxidation cycle. These data confirm that our modified second

generation TIRFM-CV set-up works as expected, and is capable of simultaneously using

two different characterization techniques on a single sample.

3.4 CONCLUSION

We have modified our TIRFM flow cell to incorporate cyclic voltammetry (CV),

an important characterization technique for monitoring electron transfer reactions. We

have tested the TIRFM-CV flow cell to demonstrate its feasibility, using fluorescent

resorufin which, upon reduction, is converted reversibly to non-fluorescent

dihydroresorufin. The production of the reduced product (dihydroresorufin) upon

scanning towards increasing negative voltages was confirmed by an accompanying

decrease in fluorescence emission. Similarly, the production of fluorescent resorufin by

oxidation of dihydroresorufin upon scanning towards increased positive voltages

coincided with an increase in fluorescence, as expected.

This experimental set-up provides a very powerful tool for characterization of

complex biomimetic interfaces for use as biosensors. Incorporating the additional

characterization technique has two advantages: it can provide corroboration of the same

reaction in cases where a single species generates both an optical and an electrochemical
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signal, and also enable characterization of one sample undergoing different interactions at

the biomimetic interface.

3.5 FUTURE WORK

With the current flow cell design, we have to dip the slides into acetone at the end

of each experiment to pry apart the slides connected by epoxy. It would be beneficial to

build a leak-proof flow cell that can be easily assembled before any experiment and

disassembled after every experiment, with sufficient space to put in the electrical

contacts. The versatility of the modified TIRFM/CV set-up can be improved by using

other transparent electrodes such as boron-doped diamond and transparent gold

electrodes. In addition to TIRFM, we can use other optical techniques for

characterization, such as fluorescence recovery after pattern photobleaching (FRAPP).

We can also use the same flow cell with other electrochemical techniques such as time-

based voltammetry and chronoamperometry.
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Table 3-1. Input parameters used to obtain cyclic voltammetry measurements for the

fenicyanide experiments.

 

 

 

 

 

High (mV) 700

Low (mV) 0

Initial (mV) 700

Scan rate (mV/sec) 100

# of scans 6     
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Table 3-2. Input parameters used to obtain cyclic voltammetry measurements for the

resazurin and resorufin experiments.

 

 

 

 

 

   

High (mV) 400

Low (mV) -400

Initial (mV) 400

Scan rate (mV/sec) 30

# of scans 6 (resazurin experiments)

10 (resorufin experiments)
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Table 3-3. Electrochemical properties of the dyes resazurin and resorufin (Maeda et al.

2000; Maeda et al. 2001).

 

Dye Electrochemical properties

 

Oxidation potential (mV) Reduction potential

(mV)

 

Resazurin -203mV*

(-160mV vs. Ag/AgCl)

 

Resorufin/dihydroresorufin -28lmV* -320mV*

(-238 mV vs. Ag/AgCl) (-277mV vs. Ag/AgCl)     
* Glassy carbon working electrode, saturated calomel reference electrode and

platinum working electrode.
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Table 3-4. Optical properties of the dyes resazurin and resorufin (Maeda et al. 2000;

Maeda et al. 2001).

 

 

 

  

Dye Color Optical Properties

Resazurin Purple Not fluorescent

Resorufin (in pH Pink Excitation Emission

7.4 buffer) maximum 563nm Maximum 587m

Dihydroresorufin Colorless Not fluorescent     
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Figure 3-1. A typical cyclic voltammogram.

A cyclic voltammogram is a plot of current versus potential. The applied potential is the

excitation signal and the current produced is the response signal. The parameters of

interest in a voltammogram are the anodic peak current (ipa), the cathodic peak current

(ipc), the anodic peak potential (Em) and the cathodic peak potential (Epc).
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Figure 3-2. Diagram of flow cell used for TIRFM characterization experiments.

It is made up of two glass microscope slides separated by a 900nm thick aluminum

spacer. An oval channel cut into the aluminum spacer and lined with a rubber o-ring

forms the flow channel. Teflon tubes inserted into holes drilled into the bottom slide

were used to infuse and withdraw solutions into and out of the flow cell.
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Figure 3-3. Diagram of flow cell for optical and electrochemical experiments (first

generation design).

The top slide in figure (b) is an ITO-coated glass slide. The ITO electrode was etched

into three conductive bands insulated from each other. One of the bands served as the

working electrode (WE), while either of the other two bands served as the

auxiliary/counter electrode (AE). Wires epoxyed to the conductive areas established

electrical contact. The bottom slide was a glass microscope slide. An oval cut into a

rubber spacer served as the flow channel. The reference electrode (RE) was placed in the

exit beaker.
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Figure 3-4. Cyclic Voltammogram obtained in the first generation TIRFM-CV flow

cell.

The working solution was lOmM potassium ferricyanide in 0.1M potassium nitrate. The

solution was introduced into the flow cell at a rate of 3 mI/min. The scan rate for CV was

100 mV/sec. The curve in pink was obtained under stopped flow conditions.
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Figure 3-5. Cyclic voltammogram obtained in a conventional three-electrode set-up

for comparison.

Potassium ferricyanide (lOmM) in 0.1M potassium nitrate was the working solution for

these experiments. A platinum working electrode, a platinum counter electrode and an

Ag/AgCl reference electrode were used. All three electrodes were placed in the same

solution in close proximity to each other.
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Figure 3-6. Comparison of cyclic voltammograms obtained in our modified first

generation TIRFM-CV set-up, and in a conventional three-electrode set-up.

Detailed descriptions of these figures have been provided in Figure 3-4 and Figure 3-5.
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Figure 3-7. Diagram of second generation optical - electrochemical flow cell.

The first generation flow cell was modified to change the positions of the working

electrode (WE) and the auxiliary electrode (AB). The top and the bottom ITO-coated

glass slides were used as the WE and the AE respectively. Aluminum foils attached to

the ITO provided electrical contact. The RE was placed closer to the flow cell by

inserting it in a T-joint in the inlet tube.
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Figure 3-9. Cyclic Voltammogram of 0.02mM resazurin in PBS buffer.

The TIRFM-CV flow cell was filled with 0.02mM resazurin solution in 0.1M PBS buffer.

The curve above shows the cyclic voltammogram obtained at a scan rate of 30mV/sec

over three cycles. The oxidation and reduction potentials of resazurin and resorufin are

listed in Table 3—3. During scans towards increasing negative voltages, resazurin was

reduced to resorufin at about the reduction potential for this irreversible couple (~160mV)

(shown as reaction “a” in Figure 3—8). Further along the same scans, the resorufin

produced was reduced to dihydroresorufin at about the reduction potential for this

reversible couple (-277mV) (reaction “b” in Figure 3-8). In the reverse scan towards

increasing positive voltages, the dihydroresorufin was oxidized back to resorufin at about

—238mV.
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Figure 3-10. Fluorescence data obtained in the TIRFM-CV flow cell containing

0.02mM resazurin.

The working solution was 0.02mM resazurin in 0.1M PBS buffer. An increase in

fluorescence emission was due to the production of resorufin, either by reduction of

resazurin or by oxidation of dihydroresorufin. A decrease in fluorescence was a result of

the reduction of resorufin to dihydroresorufin. The potential was cycled three times. The

optical properties of the dyes are listed in Table 3-4.
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Figure 3-11. Combined plot of fluorescence vs. time and applied potential vs. time

for 0.02mM resazurin.

The working solution was 0.02mM resazurin in 0.1M PBS buffer. After the flow cell was

filled, fluorescence and CV data collection was started simultaneously. When the

potential was scanned towards negative potentials, resazurin was reduced to resorufin at

about —160mV, with an increase in fluorescence. Resorufm was further reduced to

dihydroresorufin at about ~277mV with a decrease in fluorescence. In the reverse scan,

when the potential was scanned towards more positive potentials, the dihydroresorufin

was oxidized to resorufin at about —238mV, with an increase in fluorescence. The

potential was cycled three times. The electrochemical properties of the dyes are

summarized in Table 3-3, while the optical properties are listed in Table 3-4.
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Figure 3-12. Cyclic Voltammogram of 0.002mM resorufin in PBS buffer.

The TIRFM-CV flow cell was filled with 0.002mM resorufin solution in 0.1M PBS

buffer, then fluorescence and CV data collection was started simultaneously. The curve

above shows the cyclic voltammogram obtained at a scan rate of 30 mV/sec. The

reduction of resorufm to dihydroresorufin occurred at about -277mV on scanning towards

increasing negative voltages. The oxidation of dihydroresorufin back to resorufin at -

238mV occurred on scanning towards increasing positive voltages. The CV peaks are

not pronounced, as explained earlier. The potential was cycled five times. The oxidation

and reduction potentials of resorufin and dihydroresorufin are listed in Table 3-3.

85



6000 

sooo - i '

4ooo -

3000 ~

2000 -

1000 —

F
l
u
o
r
e
s
c
e
n
c
e

(
p
h
o
t
o
n
s
I
Z
O
O
m
s
e
c
)

   
Time (min)  

+fluorescence
 

Figure 3-13. Fluorescence data obtained in the TIRFM-CV flow cell for 0.002mM

resorufin.

The working solution was 0.002mM resorufin in 0.1M PBS buffer. A decrease in

fluorescence was observed when resorufin was reduced to dihydroresorufin, while an

increase in fluorescence resulted from the reverse redox reaction. The potential was

cycled five times. The optical properties of the dyes are listed in Table 3-4.
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Figure 3-14. Combined plot of fluorescence versus time and applied potential versus

time for 0.002mM resorufin.

The working solution was 0.002mM resorufin in 0.1M PBS buffer. After the flow cell

was filled, the fluorescence and CV data collection was started simultaneously. When

the potential was scanned towards negative potentials, resorufin was reduced to

dihydroresorufin at about —277mV, with a decrease in fluorescence emission. In the

reverse scan, the dihydroresorufin was oxidized to resorufin at about —238mV, with an

increase in fluorescence. The potential was cycled five times. The electrochemical

properties of the dyes are summarized in Table 3-3, while the optical properties are listed

in Table 3-4.
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4 DEVELOPMENT AND OPT[CAL-ELECTROCHEMICAL

CHARACTERIZATION OF A BIOSENSOR BASED ON D-FRUCTOSE

DEHYDROGENASE (FDH)

4.1 ABSTRACT

We have developed and characterized a fructose dehydrogenase (FDH) biosensor,

based on indirect bioelectrocatalysis to ensure electrical communication with the

electrode, using coenzyme Q6 as the mediator. FDH, a naturally membrane-bound

enzyme, was incorporated into a bilayer lipid membrane (BLM) deposited on indium tin

oxide (ITO), along with Q6. The sensor was evaluated by using cyclic voltammetry (CV)

to monitor the change in anodic current upon addition of D-fi'uctose to the sample cell.

However, this FDH biosensor exhibited poor sensitivity, because electron tunneling

through the BLM was very low.

To improve electron tunneling, the carbon chain length characteristic of lipid

bilayers was shortened. Octyltrimethoxysilane was used to form an 8-carbon monolayer

on ITO, and Iiposomes containing FDH and Q6 were deposited to form the outer leaflet of

a biomimetic layer. This sensor demonstrated a clear dependence of the anodic current

on D-fi'uctose concentration, with a linear dependence over D-fi'uctose concentrations of

0.056mM to 1.98mM and a plateau at higher D-fructose concentrations, as expected for

an enzymatic sensor. Since the biomimetic interface was formed on an (ITO)-coated

glass slide, we were also able to characterize the bilayer optically using fluorescence
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recovery afler pattern photobleaching (FRAPP). The diffirsion coefficient of the upper

leaflet of the biomimetic layer was 4.4 x 10'10 cmz/sec 3; 0.7 x 10'10 cmz/sec, with a

membrane fluidity of 0.59 i 0.099.

4.2 INTRODUCTION

In the previous chapter of this thesis, we demonstrated a protocol for

simultaneous optical and electrochemical characterization, using the chemical dye

resorufin as a test molecule. Both optical and electrochemical measurements provided

corroborative evidence of the reversible conversion of fluorescent resorufin to non-

fluorescent dihydroresorufin upon reduction. Besides providing confirmation of the same

event, the experimental set-up can also be used to monitor independent events occurring

within the same sample. In this chapter, we present details of work on developing a

biosensor based on D-fructose dehydrogenase (FDH), and its characterization by the

combined optical-electrochemical protocol.

Biosensors serve as reliable miniaturized analytical devices for the detection of

various analytes with high sensitivity. They have applications in numerous fields such as

environmental monitoring, food technology and medical diagnostics. In this study, FDH

was immobilized in two different membrane-mimicking environments: a bilayer lipid

membrane (BLM) and a biomimetic layer. Fluorescence recovery after pattern

photobleaching (FRAPP) was used to characterize the two systems, and cyclic

voltammetry (CV) was used to monitor the electrochemical redox reaction catalyzed by
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FDH.

4.3 DEVELOPMENT OF AN FDH-BASED SENSOR

4.3.] Introduction to FDH

FDH (EC 1.1.99.11) is isolated from Gluoconobacter Industrius, and is a

membrane-bound quinoprotein that was first discovered by Yarnada and coworkers

(Yamada et a1. 1966). It is a 140kDa pyrroloquinone quinone (PQQ)-containing

oxidoreductase. PQQ is the cofactor associated with the enzyme FDH and remains

permanently bound to it. Amayema and coworkers first purified and characterized the

catalytic and molecular properties ofFDH (Ameyama et al. 1981; Ameyama et al. 1981).

FDH catalyzes the conversion of D-fi'uctose to 5-keto-D-fructose. Upon

enzymatic oxidation of D-fructose, the prosthetic group in the enzyme (PQQ) is reduced

to PQQHZ , according to the following scheme:

D-Fructose + FDH-PQQ —> 5-keto-D-fi'uctose + FDH-PQQHZ (4.1)

Amayema and coworkers recognized that FDH exhibited substrate specificity, i.e.

it catalyzed the conversion of the monosaccharide D-fructose only, but no other forms of

sugar (Ameyama et a1. 1981; Ameyama et al. 1981). Thus, an analytical assay based on

FDH would be useful for the quantitative determination of D-fructose. Fructose, being

sweeter than glucose and sucrose, is frequently used as a diabetic sweetener. It is also

widely present in fi'uits, vegetables, honey and soft drinks. Fructose also serves as an
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indicator of the ripening process in fruits (Paredes et al. 1997). It is also present in the

seminal fluid, where its concentration is an indicator of seminal vesicle size and secretory

capacity. Thus, the ability to precisely determine fructose concentrations is of great and

general importance.

Numerous FDH-based arnperometric biosensors have been developed to date.

These sensors exhibit a unique response, based on the different environments the FDH is

incorporated into. Examples of FDH-based sensors include FDH incorporated into

conducting polypyrrole matrices (Begum et al. 1993), immobilization in self-assembled

monolayers or membrane mimetic layers on gold (Kinnear and Monbouquette 1993;

Kinnear and Monbouquette 1993; Kinnear and Monbouquette 1997; Darder et al. 2000;

Campuzano et al. 2003; Campuzano et al. 2004), incorporation in carbon paste matrices

(Parellada et al. 1996; Paredes et al. 1997), immobilization in cellulose acetate

membranes (Tkac et al. 2001), and free FDH adsorbed on gold, platinum and glassy

carbon electrodes (Khan et al. 1991).

In this study, we present an FDH-based biosensor immobilized in a biomimetic

interface assembled on ITO. We exploited the transparency of the ITO film, along with

its conductive property, to conduct both optical and electrochemical characterization of

the sensor.

Quinoproteins are especially advantageous for use in biosensing elements,

because they do not undergo auto-oxidation. This is because the cofactor is tightly bound

to the enzyme, and oxygen does not compete for its reoxidation (Khan et al. 1991;
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Paredes et al. 1997). Reports in the published literature suggest that FDH has a

hydrophobic and a membrane-lipid-interacting structure, and is thus an intrinsic

membrane protein (Ameyama et a1. 1981; Ameyama et al. 1981). A membrane bound

enzyme typically requires a hydrophobic environment for optimal activity and stability of

the enzyme. Studies also report that the enzymatic activity is higher when FDH is bound

to a membrane than when it is free in solution (Kato et al. 2003).

Besides mimicking its natural environment, the presence of a lipid bilayer

prevents easily oxidized electroactive interferents such as ascorbic acid (typically present

in fruits, etc.) from reaching the electrode surface. Erroneous signal generation due to

electroactive interferents is thus eliminated. The lipid bilayer also causes a reduction in

background noise, resulting in increased sensitivity. Studies have shown that

incorporation of enzymes into such interfaces creates systems that exhibit greater

reproducibility and robustness (Campuzano et al. 2003).

4.3.2 Theory

A common problem in the construction of enzyme-based amperometric

biosensors is the achievement of direct electron transfer between the enzyme and the

electrode. This can be a problem with enzyme-based sensors, because the prosthetic

group in most enzymes is located deep within the enzyme and, as a result, is not available

for efficient electron transfer. The prosthetic center, in most cases, also undergoes

irreversible electrochemical reaction when present by itself. High overpotentials are

required for the redox processes in these prosthetic groups (Begum et al. 1993). Ideally,
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amperometric biosensors operating at less extreme potentials need to be developed, to

reduce the effect of interfering reactions caused by easily oxidizable components at high

potentials.

To address the problems listed above, “indirect bioelectrocatalysis” has become a

commonly used method to achieve efficient electron transfer. In indirect

bioelectrocatalysis, a mediator is added to act as the electron acceptor and to shuttle

electrons from the enzyme to the electrode. Thus, after the completion of the enzymatic

reaction given by Equation (4.1), the PQQHZ from the enzymatic reaction is reoxidized

electrochemically with the aid of the redox mediator, coenzyme Q6. The current

produced as a result is directly proportional to D-fructose concentration (Paredes et a1.

1997). Coenzyme Q6 is known to be a relatively stable mediator that can be regenerated

at an electrode (Kinnear and Monbouquette 1993; Kinnear and Monbouquette 1993).

The electrochemical reaction occurring in the presence of the coenzyme is given by

Q

FDH(PQQH2) 3 FDH(PQQ) + 2H+ + 2e' (4.2)

Electron transfer between the prosthetic group (PQQ) and the coenzyme is

catalyzed at less extreme potentials. The oxidation of the reduced form of the enzyme

(PQQHZ) takes place at about 400mV (versus Ag/AgCl). Coenzyme Q6, required for the

FDH biosensor, is typically incorporated into the Iiposomes used to form the lipid

bilayer. Incorporation results in immobilization of the coenzyme, preventing the

mediator from diffusing away from the electrode into the bulk solution (Begum et al.
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1993). This is important, because diffusion of the mediator into the bulk solution causes

a loss in functionality of the biosensor (Kinnear and Monbouquette 1997).

4.3.3 Introduction to FRAPP

Fluorescence photobleaching recovery (FPR) and fluorescence recovery after

pattern photobleaching (FRAPP) are both effective techniques used to measure apparent

diffusion coefficients. However, diffusion of lipids and proteins in BLMs is

characterized by non-ideal behavior, and cannot be well—characterized as ideal self-

diffusion. In addition, the spatial profile of the excitation source in FPR can deviate from

the ideal Gaussian shape as the beam passes through a series of optical components

before becoming a focused spot. Since the form of the fluorescence recovery data

depends critically on the beam shape, FPR cannot be used to measure non-ideal diffusion

in lipid bilayers (Starr and Thompson 2002).

In the case of FRAPP, developed by Smith and McConnell in 1978 (Smith and

McConnell 1978), the spatial profile of the excitation intensity is known. Thus FRAPP is

commonly used to measure the lateral diffusion of fluorescent phospholipid probes in

either natural lipid bilayers or in biomimetic layers. The redistribution of fluorescence

emission alter photobleaching is monitored in a pattern of well-characterized periodic

stripes, which yields information about the motion of the fluorophores.

A mathematical model that takes diffusion non-idealities into account was

developed by Starr and Thompson (Starr and Thompson 2002). In this model, the system
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is characterized as being composed of a number of discrete fluorophore populations, with

each population exhibiting ideal diffusion with specific diffusion coefficients. The time-

dependent fluorescence emission of a two-dimensional sample containing fluorophores

that undergo ideal diffusion is given by

F(t)=Q I I1(x.y)C(x,y,0dxdy (4.3)

-oo-oo

where F(t) is the time-dependent fluorescence, Q is a proportionality constant, 1(x,y) is

the monitoring beam intensity, and C(x,y, t) is the density of unbleached fluorophores at

position (x,y) at time (t). For the specific case of the FRAPP set-up where a Gaussian

laser beam is intersected by a ronchi ruling in the back image plane of a microscope, the

intensity is given by

2 2

1(x, y) = [gexp[flax—3:2] x I] + 2 C" cos(nkx)I (4.4)

2 S nodd

where 10 is the beam intensity at the origin, 3 is the 1/e2-radius of the expanded beam, k is

the spatial frequency of the striped pattern, and “n odd” signifies summatiOn over all odd

numbers.

The parameters k and C,. are given by

 

_ (n-1)/2

kg C"A 1)
a "71'

(4.5)
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where a is the spatial period.

For ideal diffusion, C(x,y, t) is given by

 

(1) oo ' ' - '2 - '2 ' '

C(x,y,t)=-4—”-1—EIIC(x,y,0)xexp[-(x “4;? Y) :Idxdy (4.6)

-00 -00

where the initial density of unbleached molecules can be approximated as

C(x, y, 0) = Ce'x’W) (4.7)

where C is the total fluorophore density (bleached and unbleached) and K is a constant of

proportionality that depends on the duration of the bleach pulse, absorptivity of the

fluorophores, and the quantum efficiency for bleaching.

In the situation where the striped periodicity is small compared to the illuminated

area, the normalized fluorescence photobleaching recovery curve for a sample containing

one diffusive population of fluorophores is given by (Smith and McConnell 1978; Wright

et al. 1988)

¢(t) = ¢(O) + (gjfl - ¢(0)]{1—(;[§2—)Iexp[- 4:22” I — [Ii-j exP[- 36::Dt III , t 2 0  

(4.8)
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where ¢(t) is the ratio of the postbleach fluorescence [F(t>0)] to the constant prebleach

fluorescence [F(t<0)], and m is the fraction of fluorophores that are mobile.

Thus (1-m) is the fraction of immobile fluorophores; and a is the periodicity of the

striped pattern which, in our experiments, was 12.5p.m. A similar model was developed

by Wright and coworkers for a sample containing two mobile species (Wright et al.

1988). However, all data obtained in this work were well-described by the “single-

mobile species” model; therefore, the “two-mobile species” model will not be described

here.

4.4 EXPERIMENTAL SECTION

4.4.1 Materials

D-Fructose dehydrogenase (FDH, Catalog # F-5152, 400-l,200 units/mg protein)

isolated from gluconobacter industrius, was purchased from the Sigma Chemical

Company (St. Louis, MO) and used without firrther purification. FDH is stable between

pH 3 and 5.5, with 4.5 being optimum. Thus, all solutions were used at a pH of 4.5.

Sodium phosphate monobasic (Catalog # 3818-01, J.T. Baker, Phillipsburg, NJ) and

sodium chloride (Catalog # S1240, Spectrum Chemical Corporation, Gardena, CA), used

in the preparation of the pH 4.5 buffer, were purchased from the Sigma Chemical

Company (St. Louis, MO). Egg phosphatidylcholine (Egg-PC, Catalog # 850375C) and

fluorescently labeled lipid (NBD-PC, Catalog # 810130), used in the preparation of

liposomes, were purchased from Avanti Polar Lipids (Alabaster, AL). Triton X-100

(Catalog # 21123), used for the solubilization of the protein, was purchased from Supelco
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(Bellefonte, PA).

Indium tin oxide (ITO)-coated glass slides (Catalog # CG-41IN-S107) were

purchased from Delta Technologies Ltd. (Stillwater, MN). Co-enzyme Q6 from

Saccharomyces cerevisiae (Catalog # C9504), used as the mediator in the electrochemical

assays, was purchased from the Sigma Chemical Company (St. Louis, MO).

Octyltrimethoxysilane (Catalog # 376221), used for the preparation of hydrophobic

monolayers on ITO, was purchased from the Sigma Chemical Company (St. Louis, MO).

Dialysis was carried out with a regenerated cellulose porous membrane (Spectra/Per 1,

Catalog # 132655, molecular weight cutoff - 6000 to 8000) purchased fiom Spectrum

Laboratories (Rancho Dominguez, CA). Bio-beads (Catalog # 152-8920), used for the

removal of triton, were purchased from Bio-rad Laboratories (Hercules, CA). D-Fructose

(catalog # F2543) was purchased from the Sigma Chemical Company (St.Louis, MO).

Potassium ferricyanide (catalog # 6912), used for the colorimetric assay, was purchased

from Mallinckrodt, Inc. (Paris, KY). Ferric sulfate (Catalog # I-142), used for the

colorimetric assay, was purchased from Fisher Scientific (Springfield, NJ). RBS-SO

detergent concentrate (catalog # 27952), used for cleaning the glass slides and the ITO-

coated glass slides, were purchased from the Pierce Chemical Co. (Rockford, IL).

4.4.2 Preparation of the proteoliposome solution

FDH and the coenzyme were incorporated into Iiposomes using standard

protocols (Meuller et al. 1997; Graneli et al. 2003; Girard et al. 2004). One ml of 20

mg/ml Egg-PC in chloroform, 1 m1 of 2 mg/ml NBD-PC in chloroform and 16.67 ml of
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co-enzyme Q, in ethanol were added to a glass test tube, and the solvent was evaporated

under a nitrogen blanket. The lipid-coenzyme mixture was freeze-dried overnight under

vacuum at -47°C, in a rotovac freeze drier. Sodium phosphate buffer (0.01M) containing

0.1M sodium chloride was prepared, and the pH was adjusted to 4.5 using a strong acid

or base as required.

One ml of pH 4.5 buffer was added to the lipid-coenzyme mixture and the

solution was vortexed and sonicated to form small unilarnellar vesicles. Solubilization of

the protein was achieved by adding 50 ug/ml of Triton. FDH (0.5 mg) was added to the

solution, followed by mixing for 45 minutes. The detergent was removed from the

solution using two different methods. One method involved three different subsequent

additions of 0.5 mg/ml of biobeads to the solution, followed by removal of the biobeads

by decantation after the mixing was complete. The other method dialyzed the solution

(in a regenerated cellulose membrane) against phosphate buffer for about 3-4 days at 4°C,

using about 6 buffer changes.

4.4.3 Adsorption of proteoliposome solution onto ITO-coated glass slides

An ITO-coated glass slide was cut into smaller pieces and sonicated for 30

minutes in RES-50 detergent solution, followed by rinsing under distilled water and

drying using nitrogen. The slide was oxygen plasma cleaned for a period of about 20

seconds immediately before each experiment. After plasma cleaning, the slide was

placed in a cell holder to ensure that the working area would be reproducible. The

electrode area exposed to the solution was about 0.17 cmz. About 100 pl of the enzyme
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solution was added to the exposed circular ITO, and the solution was allowed to adsorb

for a period of about 45 minutes to one hour to ensure formation of a lipid bilayer.

Following this, the cell holder was carefully immersed in a beaker containing pH 4.5

buffer solution, ensuring that the working area always stayed in contact with the solution.

4.4.4 Preparation of hydrophobic silane monolayers on ITO-coated glass slides

The silylated surfaces were prepared by deposition from aqueous alcohol,

following the protocol outlined in a technical documentation obtained from Gelest, Inc.1

A 95% ethanol and 5% water solution was prepared, and the pH was adjusted to between

4.5 and 5.5 with acetic acid. Octyltrimethoxysilane was added with stirring to yield a 2%

v/v solution. Five minutes was allowed for hydrolysis and silanol formation (Figure 4-1).

The ITO-coated glass slide was plasma cleaned under oxygen for 20 seconds,

followed by piranha cleaning for 30 seconds. The slide was then washed with deionized

water and dried under nitrogen. It was then immersed in the silane solution and allowed

to react for 30 minutes. The slide was then rinsed in ethanol and baked in an oven at

160°C for 12 hours to cure the silane layer.

4.4.5 Adsorption of proteoliposomes onto silanized ITO slides

The hydrophobicity of the silanized ITO slide was checked visually by placing a

drop of water on the surface. The contact angles were observed to be in excess of 90°.

The silanized slide was placed in the cell holder to ensure a reproducible circular working

2

area of 0.17 cm . About 100 pl of the enzyme solution was added to the exposed area,

 

' “Applying a silane coupling agent”, technical documentation, Gelest Inc., Morrisville, PA
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and the solution was allowed to adsorb for a period of about 45 minutes to one hour to

ensure formation of a monolayer of liposomes on the C3 hydrophobic monolayer.

4.4.6 Cyclic Voltammetry Experiments

The modified electrode (either the lipid bilayer on ITO or a monolayer of

liposomes formed on the C3 silanized monolayer) was placed in the cell holder, and was

immersed in deoxygenated pH 4.5 buffer. The working electrode from the potentiostat

was connected to the ITO, and the platinum counter electrode and the Ag/AgCl reference

electrode were placed in the buffer solution. D-fructose in varying amounts was added to

the buffer solution, and cyclic voltammetry measurements were canied out at l mV/sec

to obtain steady state data. Films were scanned at very low rates (1 mV/sec), to allow for

near redox equilibrium to be established between the electrode and the redox protein.

Slow scan rates also allow us to obtain midpoint potentials (Haas et al. 2001). The

parameters used for the cyclic voltammetry scans are given in Table 4-1.

4.4.7 Set-up for FRAPP Experiments

4.4.7.1 Optical set-up for FRAPP experiments

A diagram of the optical set-up used for the FRAPP experiments is shown in

Figure 4-2. The laser beam from the argon ion laser was expanded using a 5x beam

expander (NT55-577, Edmund Industrial Optics, Barrington, NJ). The expanded beam

was then passed through a pair of optical flats. The first flat was used to split the beam

into two lines of different intensities — a high intensity beam used for photobleaching
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(200-500 mW) and a low intensity beam used for monitoring the interfacial dynamics (3-

4 uW). The second optical flat was placed after the shutter, and exactly recombined the

two beams. The combined beam was then directed through a set of mirrors into the epi-

port at the back of an inverted microscope (Axiovert, 135M, Carl Zeiss Inc., Thomwood,

NY). The beam passed through a 50 line per inch ronchi ruling (NT56-592, Edmund

Optics, Barrington, NJ) placed in the back image plane of the microscope, and through a

filter cube which directed the light into a microscope objective (32x, 440851, LD

Acrophlan, Carl Zeiss Inc., Thomwood, NY) placed right below the stage housing the

flow cell.

When a beam passes through a ronchi ruling placed in the back image plane of the

microscope, a real image of the ronchi ruling is projected onto the sample plane. The

image appears as alternating bright and dark fringes (Figure 4-3) when viewed through

the eyepiece of the objective or by a CCD camera (VB-1000, DAGE-MTI, Michigan

City, IN). Prior to the start of an experiment, bands were marked out on an ITO-coated

slide using a fluorescent marker. The position of the laser beam (adjusted using the

mirrors) and the position of the microscope objective were adjusted such that the fringes

(created using the fluorescent bands) came into sharp focus and filled the viewing area.

This approximately located the point of focus of the objective.

Beam alignment was further ensured by using the CCD camera to confirm that the

bright fiinges formed by the photobleaching beam overlapped the faint fringes formed by

the monitoring beam. After the experiment was started, the position of the objective was
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readjusted minutely to relocate the fringes, because the position could have changed as a

result of minor variations in slides or a change in position induced by the presence of a

monolayer/bilayer adsorbed on the slide.

After allowing 45 minutes for the formation of the lipid bilayer (steps outlined in

section 4.1.8), the illuminated area was subjected to a brief 400ms flash of the high

intensity photobleaching beam. The photomultiplier tube (R4632, Hamamatsu,

Bridgewater, NJ) was blocked with a shutter during the bleaching period to protect it.

Fluorescence recovery data at the end of the bleaching process were collected from a

much smaller area than had been bleached (Figure 4-3). This was done to ensure that the

fluorescence recovery is only from unbleached fluorophores in the fiinges, and not from

unbleached fluorophores in areas outside the fringes. The photon counting electronics and

the data acquisition software are the same as described earlier in Chapter 2.

4.4.7.2 Experimental cell used for FRAPP experiments to study FDH system

A new cell had to be designed to characterize the properties of the biomimetic

layer, because of the small working volume of FDH-liposomc solution (only 1 ml of

working solution). The small volumes did not allow for flow experiments to be

conducted in the modified second generation flow cell described earlier (Chapter 3).

The new cell consisted of a box 2 inch high, 1 inch wide, and 1 inch deep,

constructed with a silanized ITO slide as the bottom surface. The walls of the box/cell

were made of microscope glass slides. The box was assembled using epoxy. In
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electrochemical experiments, the bottom ITO slide served as the working electrode, and

the counter and the reference electrodes were placed directly in the cell.

4.4.7.3 Preparation of bionrimetic layer for FRAPP experiments

After preparation of the octylsilane monolayer on the ITO bottom slide, the cell

was assembled. Then, 60-100 pl of the FDH-liposome solution was placed onto the

bottom silanized ITO surface of the cell, and the solution was allowed to adsorb for about

45 minutes. Loosely adsorbed FDH-Iiposomes were removed by rinsing with about 10

ml of buffer solution. The cell was then placed on a stage on top of the objective of our

inverted microscope (Axiovert 135M, Call Zeiss Inc., Thomwood, NY).

4.5 RESULTS AND DISCUSSION

The goal of this work was to construct a bilayer lipid membrane (BLM)-based

FDH sensor, using indirect bioelectrocatalysis. Indirect bioelectrocatalysis requires close

contact between the enzyme, the mediator and the electrode for efficient electrical

communication (Ciucu and Ciucu 2002). To achieve this close contact, the correct ratio

of the enzyme, lipid and mediator must be used. Numerous trials were conducted to

determine the ratio of lipid:enzyme:coenzyme that would make a functional

amperometric biosensor. BLMs consisting of varying coenzymezlipidzenzyme ratios

were formed on ITO-coated slides, and the catalytic response of the sensor upon addition

of D-fructose was measured electrochemically (amperometrically). In cases where the

electrochemical assay exhibited no catalytic activity in the presence of D-fructose, a
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colorimetric assay was conducted to determine if the FDH was active.

Activity of FDH was determined using a colorimetric assay in the presence of

potassium ferricyanide. The reaction catalyzed in the assay is given by

FDH

D-Fructose + 2K3Fe(CN)6 —> 5-keto-D-Fructose + 2K4Fe(CN)6 (49)

2K4Fe(CN)6 + Fez ($04 )3 —> PrussianBlue + 3KZSO4

The production of Prussian Blue can be monitored and measured at 660nm by

spectrophotometry (Toyobo; Sigma 1994), allowing the activity of FDH to be calculated

in terms of units, where one “unit” is defined as the amount that causes the oxidation of

one micromole of D-fi'uctose per minute (Toyobo; Ameyama et al. 1981; Ameyama et al.

1981; Sigma 1994).

For all the different ratios of lipid:enzyme:coenzyme used, the colorimetric assay

outlined in Equation (4.9) always confirmed the production of Prussian blue, proving that

the enzyme was incorporated in an active conformation in the BLM and was able to

oxidize D-fructose to 5-keto-D-fructose. While the colorimetric assay always indicated

that the enzyme was active, the electrochemical assay did not exhibit any appreciable

catalytic activity upon addition of D-fi'uctose.

One of the major problems in these experiments was the need to use low

concentrations of the enzyme because of its high cost. Sensors containing lower

quantities of enzyme incorporated into Iiposomes did not exhibit any catalytic activity
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upon addition of D-fructose in the CV experiments, even though a positive colorimetric

assay indicated that the enzyme was active. Hence, we concluded that electron transfer to

the electrode was being inhibited. We speculated that the probability of the enzyme not

being in close contact with the coenzyme is enhanced when the enzyme concentration is

low, resulting in lack of electrical contact.

Similarly, using the correct amount of mediator is also necessary. Studies have

shown that a scarcity or excess of the co-enzyme resulted in the absence of a fully

functional amperometric sensor. Having the mediator in low concentrations affected the

biosensor response, since it was limited by enzyme-mediator kinetics (Li et al. 1996;

Wang et a1. 1998; Miao et al. 2001; Yu et al. 2003; Wang et al. 2005). Similarly, having

the mediator at higher concentrations than required affected the biosensor response, since

it was limited by enzyme-substrate kinetics. Using a very high mediator concentration

could result in a high background signal, and thus the signal from the coenzyme could

overwhelm the signal due to the presence of D-fructose. This behavior is typical of

mediator-based sensors.

The concentration of liposome was also changed to determine the level high

enough to form a BLM while also allowing for efficient electrical contact between the

FDH, coenzyme and the electrode. Too high a Iiposome concentration may increase the

probability of the enzyme being far away from the cofactor. We decided to use 1 mg/ml

of liposomes, based on experiments conducted in our laboratory using FRAPP that

showed formation of lipid bilayers at this concentration on various substrates (Vaidya
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2005)

Proteoliposomes containing the coenzyme Q, in the ratio outlined in Section 4.4.2

were prepared. A lipid bilayer was formed on a freshly cleaned ITO slide, using the

procedure outlined in Section 4.4.3. The solution was purged with nitrogen, and a

nitrogen blanket was maintained during the experiment. The amperometric biosensor

was tested by monitoring the catalytic activity exhibited upon addition of D-fructose.

Addition of a substrate to the redox system promotes multiple turnovers of the enzyme,

and a steady state transfer of electrons through the enzyme to and from the electrode.

A background CV measurement was obtained using the parameters listed in Table

4-1. Redox waves of the coenzyme in buffer, similar to that observed by Kinnear and

Monbouquette (Kinnear and Monbouquette 1997), were visible in the background scan,

with a decrease in current in each successive cycle. At the end of the background scan,

varying amounts of D-fi'uctose were added to the solution, followed by mixing of the

solution by gentle pipetting. The response obtained for the BLM-based FDH sensor is

shown in Figure 4-4. An increase in catalytic current (compared to the background) was

observed upon addition of D-fi'uctose. For easier viewing, the region between 400mV

and 800mV has been expanded in Figure 4-5.

On scanning towards positive voltages beyond the redox potential of the

coenzyme, the anodic current increased with increasing D-fructose concentration in our

BLM-based FDH sensor, due to oxidation of D-fiuctose. However, the increase in anodic

current appears to be a relatively weak function of D-fructose concentration. To assess
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the strength of this dependence, we added D-fi'uctose-free buffer to the solution, and

observed a corresponding decrease in current. Upon addition of lOmM D-fructose, a

19% net increase in current was observed (at 800mV) compared to the background.

These results appear to indicate that the BLM-based FDH biosensor is firnctional, albeit

one that functions at very low sensitivity.

While the results indicate that we have a functional biosensor, it does not display

the ideal behavior typical of enzyme-based sensors. This could be due to the fact that we

did not achieve steady state during our measurements. However, we believe it is more

likely that these results are an indication that electron transfer is not efficient and may,

perhaps, even be inhibited as explained below.

One of the causes of inefficient electron transfer in BLMs is that electron

tunneling through a lipid bilayer of high resistance may be very slow or negligibly small

(Bard and Faulkner 2000). There is an exponential decrease in the rate of electron

tunneling with distance, which may explain why electron tunneling through a BLM is

slow. There is also a possibility that some of the electron transfer that we observe occurs

because the BLMs are not highly insulating. A BLM is typically on the order of about 3-

5 nm in thickness. To decrease the electron tunneling distance, we could use one of two

approaches. We could form a self-assembled monolayer of a shorter carbon chain (6-10

carbons) on the ITO surface, following which the upper leaflet could be formed using

lipids. Or we could use custom-synthesized lipids with shorter carbon chains, which

would in effect decrease the electron tunneling distance upon formation of the bilayer.
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We decided to form a self—assembled monolayer on ITO.

4.5.1 Incorporation of FDH in a biomimetic layer

Octyltrimethoxysilane was used as the linker molecule to form a self-assembled

monolayer on ITO. The electron tunneling distance was decreased by using an 8 carbon

chain in place of the l8-carbon lipid chain which forms the lower leaflet of the lipid

bilayer. The silanization protocol outlined in Section 4.4.4 was used to form the

hydrophobic C3 monolayer on the ITO-coated glass slide. The biomimetic layer

containing the FDH and the coenzyme was formed on the C3 monolayer, using the

procedure outlined in Section 4.4.5.

4.5.1.1 Optical characterization

FRAPP experiments were conducted to confirm bilayer formation and to

characterize the properties of the biomimetic bilayer. The upper leaflet was formed with

Iiposomes that contained about 2% fluorescent lipids (NBD-PC), so the fluidity of the

upper leaflet could be characterized using FRAPP. FRAPP data were collected at

multiple spots using the procedure outlined in Section 4.4.7.1. Figure 4-10 shows a

typical FRAPP curve with the solid line representing the fit to the data, using the “single

mobile species” model given in Equation (4.8). The results of the FRAPP experiments

have been summarized in Table 4-2. The average diffusion coefficient was 4.4 x 104°

cmz/sec i 0.7 x 10'10 cmz/sec, while the mobility of the membrane was determined to be

0.59 i 0.099. Similar diffusion coefficients have been observed for lipid bilayers formed

on poly(diallyldimethylammonium chloride)/1l-mercaptoundecanoic acid (PDAD/MUA)
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(Zhang et al. 2000; Vaidya 2005)and on poly(dimethyldiallylammonium chloride)

(PDAC) layers (Zhang et al. 2000; Vaidya 2005).

4.5.1.2 Electrochemical characterization

After formation of the biomimetic layer, the solution was purged with nitrogen

and a nitrogen blanket was maintained during the experiment. A background CV scan

was collected with the parameters listed in Section 4.4.6. After the background scan was

completed, D-fructose in varying amounts was added to the solution. The CV

measurements were recorded after each addition, following gentle mixing of the solution.

Upon addition of D-fructose, a stable catalytic current (or current density) was

observed when scanning towards positive voltages past 400mV (Figure 4-6), due to

oxidation of D-fructose and turnover of the coenzyme. The curve has been expanded for

better visibility in Figure 4-7, to illustrate the dependence of the catalytic current on D-

fructose concentration. Clearly, the biosensor is sensitive to D-fructose concentration.

The dependence of current density on D-fi'uctose concentration at 800mV is shown in

Figure 4-8, and may be used as a calibration curve. The response of the sensor was

checked at 800mV, since the current attained steady state beyond this point. We obtained

a linear dependence of the catalytic current on D-fructose concentration at D-fi'uctose

concentrations between 0.056mM and 1.98mM, with a correlation coefficient of 0.9813

R2 (Figure 4-9). We observed a 351% increase in current at 800mV compared to the

background scan upon addition of IOmM of D-fructose. This increase is highly

significant, in comparison to the 19% increase in current observed in the case of the
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BLM-based FDH sensor described earlier. As expected, the current approaches a plateau

at higher D-fructose concentrations, indicating saturation of the enzyme. This is a typical

behavior of enzyme-based biosensors. The sensitivity of this biosensor

(0.189lpA/cm2mM) is two orders of magnitude lower than others reported in the

literature. For example Kinnear and coworkers (Kinnear and Monbouquette 1993)

reported a sensitivity of 15pA/cm2mM, using 300p] of 1 mg/ml FDH. We speculate that

the difference in sensitivity is a result of using much lower amounts of the enzyme (100pl

of 0.5 mg/ml FDH) in the current experiments.

4.6 CONCLUSIONS

We have developed an FDH-based biosensor that catalyzes the conversion of D-

fructose to S-keto-D-fructose. Using ITO as the substrate gave us the ability to

characterize the biosensor both optically and electrochemically. FRAPP was used to

characterize the properties of the biomimetic layer, while CV was used to monitor the

catalytic response to increasing D-fructose concentration. The FDH and coenzyme Q6

were immobilized in a biomimetic layer on a silanized ITO slide. We observed a 351%

increase in current at 800mV upon addition of lOmM of D-fructose, compared to the

background. The catalytic current was proportional to the concentration of D-fructose

with the current approaching a plateau at higher fructose concentrations. The calibration

curve was linear over D-fructose concentrations between 0.056mM to 1.98mM. The

diffusion coefficient of the upper leaflet of the biomimetic layer was 0.044 x 10'8 cmz/sec

: 0.007 x 10'8 cmZ/sec. The mobility of the membrane was 0.59 i 0.099.
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4.7 FUTURE WORK

We believe that using higher concentrations of FDH would help us develop a

FDH-based biosensor with higher sensitivity. We speculate that controlling the

orientation of the prosthetic group, such that the reaction center is close to the electrode

would also increase the efficiency of electron transfer. This could be achieved by

controlling the orientation of the enzyme using short chain sulfides or promoter

molecules that bind and/or align to orient the enzyme, to facilitate electron transfer using

electrostatic interactions (Darder et al. 2000).

Further tests such as response to ascorbic acid, stability of the sensor, and

response time upon addition of D-fructose could be conducted to further characterize the

biosensor. The biosensor could in addition be tested in a real sensing application, for

example to detect D-fructose in fruit juice.

The versatility of this optical and electrochemical setup allows us to expand its

application to study many other enzyme-based biosensors and other biological systems.

This experimental ability to conduct simultaneous optical and electrochemical

measurements is being exploited, to explore the ability to tailor the properties of lipid

bilayers. Specifically, ongoing work to study the effect of electric fields on BLMs is

being investigated. This would be of enormous importance in any application where a

BLM is used, because it would allow us to improve membrane quality (by tailoring its

mobility).
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Table 4-1. Input parameters used to conduct cyclic voltammetry measurements for the

D-Fructose dehydrogenase system.

 

 

 

 

 

   

High (mV) 800

Low (mV) -400

Initial (mV) -400

Scan rate (mV/sec) 1

# of cycles 1
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Table 4-2. Summary of regression values obtained by fitting experimental FRAPP data

to the single species model [Equation (4.8) (Wright et al. 1988; Starr and Thompson

 

 

 

 

 

2002).

Run # Diffusion coefficient Mobile fraction f0

(D *1010) cmzlsec m

l 4.35 0.487 0.241

2 3.72 0.684 0.350

3 5.09 0.594 0.266

average 4.39 0.588    
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Figure 4-1. Surface chemistry used to form an 8-carbon monolayer on ITO-coated glass

surface using trimethoxyoctylsilane as the linker molecule
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Figure 4-2. Experimental set-up for fluorescence recovery after pattern photobleaching

(FRAPP) experiments in the epi-illumination mode.
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(a) Photobleached area (b) Interrogated area

Figure 4-3. Fringe pattern in illuminated region obtained by using 100 lines per inch

ronchi ruling. b) The observation area is restricted by placing an aperture in the

camera/PMT image plane, to ensure that fluorescence recovery is restricted to

fluorophores in the fringes.
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Figure 4-4. CV curves obtained for a BLM-based FDH sensor.

A lipid bilayer containing FDH and the coenzyme was formed on ITO-coated glass and

the slide was then placed in a pH 4.5 sodium phosphate buffer solution. The working

area was 0.17 cmz. Response of the biosensor was monitored after addition of D-fi'uctose

in varying amounts, using a scan rate of 1 mV/sec.
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Figure 4-5. Expanded view of relevant portion of data.

Figure 4-4 has been expanded between 400mV and 800mV for better visibility. There

appears to be a dependence of the current density on D-fructose concentration.
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Figure 4-6. Catalytic response of an immobilized FDH biosensor.

A biomimetic layer containing FDH and the coenzyme was formed on the ITO-coated

glass and the slide was placed in a pH 4.5 sodium phosphate buffer solution. The

working area was 0.17 cmz. Response of the biosensor was monitored after addition of

D-fructose in varying amounts, using a scan rate of l mV/sec.
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Figure 4-7. Expanded view of the relevant portion of data.

Figure 4-6 has been expanded between 300mV and 800mV to more clearly show the

dependence of catalytic current on D-fructose concentration.
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Figure 4-8. Calibration curve of current density versus D-fructose concentration.

From the catalytic response of the immobilized FDH biosensor, a plot of anodic current

versus D-fi'uctose concentration was generated at 800mV, which was chosen to plot the

calibration curve because the current reached steady state at this potential.
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Figure 4-9. Linear part of calibration curve at 800mV.

The biosensor showed a linear relationship between the catalytic current and D-fructose

concentration from 0.056mM to 1.98mM.
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Figure 4-10. (3) Typical FRAPP curve obtained with FDH and the coenzyme

immobilized in the biomimetic layer. The solid line represents fit to the data, using a

model that describes a population containing a single mobile and immobile fraction

(Smith and McConnell 1978; Wright et a1. 1988; Starr and Thompson 2002). (b) Plot of

residual versus time showing excellent goodness of fit.
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5 APPENDICES

5.1 APPENDIX A:

5.1.1 MATLAB program used for filtering analog measurements to remove dark

current measurements obtained during the phases when the chopper blocked

the laser beam.

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,1)>max_val)

max_val=data(i, l );

end

if (data(i,1)<min_val)

min_val=data(i, 1 );

end

end

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

counter=1;

finaldata(l, 1) = 0;

finaldata(1, 2) = 0;

for i=1:length(data);

if (data(i,1)>threshold)

finaldata(counter, 1) = data(i,1);

finaldata(counter, 2) = data(i,2);

counter = counter+1;

end

end

p=finaldata;

%mean and std. dev.%

m=mean(p, 1 )

average=m( l)

s=std(p, l )
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stdev=s( 1 )

counteFl;

endgame(l, 1) = 0;

endgame(l, 2) = 0;

for i=1:length(p);

diff=p(i,1)-average;

absolute=abs(diff);

if (absolute<stdev)

endgame(counter, 1) = p(i,1);

endgame(counter, 2) = p(i,2);

counter = countertl;

end

end

save 'r:\co1loid-surface-science\output.txt' endgame -ASCII;

p=endgame;

5.1.2 MATLAB program used for averaging data

c=l;

b=1;

g=size(A, I )/8;

P=fl00r(g)+1

while b<p

sum=0;

d=c+7;

for j=c:d

sum=sum+A(j);

end

avg( 1 ,b)=sum/8;

c=c+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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5.1.3 Labview Program for collecting fluorescence data in the analog mode.
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Figure 5-1. Labview flowsheet for collecting fluorescence data in the analog mode (left

hand side) (Figure 5.1 continued on next page).
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Labview Program for collecting fluorescence data in the analog mode.
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Figure 5-2contd. Labview flowsheet for collecting fluorescence data in the analog mode

(Right hand side ofFigure 5.1)
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5.1.4 Labview Program for collecting fluorescence data in the digital (photon

counting) mode.
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Figure 5-3. Labview flowsheet for collecting fluorescence data in the digital (photon

counting) mode (Figure 5-3 continued on next two pages).
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Labview Program for collecting fluorescence data in the digital (photon counting)

mode.
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Figure 5-4contd. Labview flowsheet for collecting fluorescence data in the digital

(photon counting) mode (Figure 5-3 continued on next page).
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Labview Program for collecting fluorescence data in the digital (photon counting)

mode.

 

   

  
Figure S-Scontd. Labview flowsheet for collecting fluorescence data in the digital

(photon counting) mode.
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