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ABSTRACT 

The objective of this research was to measure orientation distributions in protem 

fibns as a function of immobilization chemistry to determine what conditions lead to 

ordered films. The hypothesis was that an ordered film could be achieved using a site-

directed approach to immobilize a protein to a surface via a unique functional group. In 

order to accomplish this goal, a novel combination of absorbance linear dichroism 

performed in a integrated optical waveguide total internal reflectance geometry and total 

internal reflection fluorescence anisotropy (lOW-ATR+TIRF) was used to measure the 

orientation distribution of protein films in situ. The development of this combined 

technique included the synthesis of a mathematical theory to relate measured 

spectroscopic parameters to the orientation distribution. This was followed by testing 

on model molecular assemblies of Langmuir-Blodgett fihns doped with fluorescent 

amphiphiles with known orientations. Past the development phase, the lOW-

ATR+TIRF technique was used to measure the first orientation distributions for protein 

films. This represents a significant advance in the study of protein fihn assemblies. 

The results of this research indicate that the hypothesis is correct and 

that ordered protein films can result fi-om site-directed methodologies. This was 

demonstrated by the narrow orientation distributions of yeast cytochrome c covalently 

bound to phospholipid bilayers and biospecifically bound to streptavidin films. This 

research also indicates that of equal importance to a site-directed approach is the ability 

to tailor a surface to prevent unwanted non-specific adsorption interactions. This type 

of behavior was observed for horse heart cytochrome c adsorbed to bare hydrophilic 

glass surfaces which exhibited a broad orientation distribution. However, it should also 

be pointed out that adsorption processes can lead to ordered protein films as 
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demonstrated by cytochrome c adsorbed to arachidic acid LB films. It can be broadly 

stated that ordered protein fihns result from situations where a single high energy 

binding mechanism immobilizes a protein to the surface and non-specific interactions are 

prevented. This conclusion is certainly not novel, but the fact it has been demonstrated 

to be true by the direct measurement of orientation distributions is revolutionary in the 

development of protein thin film devices. 
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CHAPTER 1 

INTRODUCTION 

1.1 MOLECULAR THIN FILM ASSEMBLIES 

Several emerging areas of biotechnology, such as signal transduction in bioanalytical 

sensing, afi^ty separation, and molecular bioelectronics, rely on the fiinction of 

proteins immobilized in a thin film at the solid/liquid interface. The structure (i.e. 

orientation, conformation, surface coverage) of the protein fihn determines whether its 

bioactivity is intact or precluded. A major challenge in the development of biomolecular 

device fabrication is to devise novel chemical methodologies to self-organize proteins 

into oriented planar arrays or molecular architectures. However, it is equally important 

that analytical techniques are developed concurrently which can be used to characterize 

the structure-function relationships in protein films. The following sections are 

p r e s e n t e d  i n  o r d e r  t o ;  / )  d e s c r i b e  t h e  a p p l i c a t i o n s  o f  p r o t e i n  t h i n  f i l m  a s s e m b l i e s ,  i f )  

review techniques used to immobilized proteins to surfaces. Hi) give a background to 

the analytical methods used previously to study the structure of protein thin films, and 

iv) define the goals, technical approach, and motivation of the research project. 

1.1.1. Applications of Protein Film Assemblies 

a. Biosensors 

Biosensors have received much attention in recent years due to breakthroughs in 

molecular biology whereby proteins can be routinely cloned and mass produced, 

combined with need for quick and easy clinical and environmental assays. In general, a 

biosensor is an analytical device which incorporates a biologically active material in 
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intimate contact with an appropriate transduction element (Figure 1.1). The main 

impetus for using biomolecules in sensing applications is their specificity for ligands or 

substrates. For example, a monoclonal antibody will bind only one particular antigen. 

Inventing a method to detect this binding event yields a device which can allow even 

very comply mixtures or "dirty" samples to be analyzed quickly with little or no 

pretreatment. For this reason a biosensor with a rapid and reversible response is ideal 

for applications such as on-line industrial process monitors or in clinical care situations. 

There is a wide spectrum of biosensor designs, and a good overview of the field 

is found in a series of comprehensive reviews [1-4]. Many of the first biosensors relied 

on electrochemical detection [2]. The typical electrochemical biosensor consisted of a 

small volume of "sensing" solution held in place in front of an electrode by a dialysis 

membrane that allowed for difiusion of small analytes while preventing the diffusion of 

the entrapped biomolecules into the bulk solution [5]. There are several problems with 

using electrochemical sensors of this design. One of the greatest problems is that the 

working electrodes of potentiometric detectors are susceptible to persistent drift 

necessitating frequent calibration [6], In addition, limitations in diflEiisional transport of 

the analyte across the membrane and through the biochemical sensing transducer 

compartment to the electrode surface resulted in slow response times. 

As an alternate approach, biosensors have recently relied more frequently on 

optical detection using absorbance [7,8], fluorescence [9,10], luminescence [11], and 

surface plasmon resonance [12,13] techniques. Often fiber optic probes are used in 

these applications and excellent reviews detail advances in this area [14,15], Optical 

detection is in general more simple and reliable than electrochemical techniques. Still, 

slow response times have hampered fiber optic based sensors where designs continue to 
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Figure 1.1. A biosensor is a surface modified biologically based transducer which is 
designed to be reactive towards a specific analyte. 
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incorporate a relatively large volume of bioactive material immobilized to the detection 

element. 

In order to overcome the slow response times that result from dififusional 

transport of analyte into and out of a sensing 'Volume," designs based on a thin film of 

biosensing material bound to an appropriate transducing element have become widely 

utilized [16,17], However, because such a small number of biomolecules (i.e. 

antibodies, enzymes) are immobilized to the surface, molecular orientation and 

conformation play a crucial role in device performance. In general, the ligand binding 

site(s) comprises a relatively small fraction of the total surface area of a protein. As a 

depicted in Figure 1.2, the active site of a protein molecule, when immobilized on a 

solid support, can be sterically inaccessible to a dissolved ligand impairing the protein's 

prescribed bioactivity. Observed diflferences in surface chemistry and bioactivity among 

protein-surface combinations have frequently been attributed to differences in molecular 

orientation [18-23]. A change in conformation or denaturation that occurs when a 

protein is bound to the surface may also render it inactive (or increase its activity! [24]). 

Clearly, determining molecular orientation in proteins films is important for 

biosensor fabrication. This point was emphasized in a recent American Chemical 

Society symposium on biosensors where it was stated that basic understanding of the 

mimobilization of recognition species on a transduction element is a key consideration in 

the development of biosensors [25], 

b. Biomolecular Devices 

The desire for a continual increase in the density of electronic semiconductor 

components to generate even smaller packages for microelectronic devices has not been 

limited by the microlithography employed in their manufacture, but rather by the 
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Figure 1.2. Binding of antigen by immobilized antibodies is affected by orientation. 
Maximum activity is achieved from an ordered system in which the binding sites face an 
analyte solution. Random immobilization can sterically hinder binding, resulting in 
lower sensitivity and dynamic range. 



31 

minimum possible transistor size that can be fabricated without incurring loss of 

electrons due to leakage across an extremely thin dielectric material. The inherent 

property of biological molecules to self-assemble into complex architectures with 

appropriate electronic properties suggests that the solution to this problem may be 

found in the replacement of silicon with biomolecular components. Developments in 

molecular biology whereby proteins can be mutated and expressed in large quantities 

combined with a need for improved devices have led to the proposition of many 

molecular electronic systems. Applications include construction of biologically based 

actuators, photovoltaic cells, microchips, microelectronic devices, and optical 

holographic systems [26]. 

Much of the work to date has focused on the use of light transducing proteins to 

construct optical memories and optical computing devices [27]. Individual biological 

chromophores have been linked synthetically to produce optically coupled gates and 

switches with unique properties [28]. Proteins such as visual rhodopsin [29], 

bacteriorhodopsin [30,31], chloroplasts [32,33], and photosynthetic reaction centers 

[34] have been investigated for use in optoelectronic devices. However, the protein 

which has received the most attention with respect to optoelectronics is 

bacteriorhodopsin because of its biological function as a photosynthetic proton pump in 

the bacterium Halobacterium salinarium [35], The visible light absorbing chromophore 

of bacteriorhodopsin is an all-trans retinal (Figure 1.3) bound to the protein through a 

protonated Schiflfbase linkage to a lysine residue attached to one of the seven a-helices 

that make up the secondary structure. Bacteriorhodopsin is useful because absorption 

of light energy initiates a complex photochemical cycle that is characterized by a series 

of spectrally distinct intermediates which have been exploited to generate several optical 

devices including optical recording media [27,146], 
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Orientation is a crucial parameter in device fabrication because physical 

processes such as absorption of a polarized light beam depend on the alignment of the 

protein. For example, data storage devices that employ a two-photon, three-

dimensional optical architecture of bacteriorhodopsin must have the protein oriented 

and aligned with "write" and "read" laser polarizations [27], The rate of electron 

transfer in biological systems that are to be implemented in biomolecular devices also 

appear to be dependent on molecular orientation [36-41], The orientation of 

cytochrome c immobilized on glassy carbon electrodes had a dramatic affect on the 

electron transfer rates as determined by voltanunetry [42]. To reiterate, orientation 

must be a necessary consideration when developing on a practical level macromolecular 

electronic devices [43,44], 

c. Affinity Separations 

BioaflSnity chromatographic techniques typically use antibodies to selectively 

bind specific antigens, A diagram of the general structure of a typical antibody is given 

in Figure 1,4. The wide variety of antibodies in nature, plus the development of 

techniques to raise and harvest antibodies to bind a given agent, have made them 

popular not only in clinical assays, but for separation processes [45-49], The high 

selectivity of antigen binding makes afiBnity chromatography a powerful tool in the 

purification of proteins fi'om complex cellular or serum samples. Typically, antibodies 

are covalently immobilized to functionalized chromatographic supports. When the 

sample is applied to an immunoafifinity column using this approach, the compound of 

interest is extracted by its binding to the immobilized antibodies while the other 

components are unretained. The antigen is subsequently eluted by high salt 

concentrations or low pH to disrupt the intermolecular interactions between the 

compound and the antibody. 
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As depicted in Figure 1.2, the orientation of the inunobilized antibody is 

important. Ligand binding sites may be sterically hindered by the surface or other 

immobilized immunoreagents. This problem has been overcome in the past by either 

immobilizing excessively large amounts of antibodies onto the stationary phase [50] or 

using Protein A immobilized to the solid support [51,52] which binds antibody 

specifically in the Fc region (see Figure 1.4) orienting the ligand binding sites away from 

the surface. However, this requkes that the Protein A be immobilized in a specific 

manner in order to orient the Fc binding sites away from the substrate surface. A 

method of measuring antibody orientation relative to the surface may play an important 

role in the development of aflBnity chromatographic reagents. 

Orientation distribution measurements of proteins adsorbed to chemically 

modified surfaces may also prove to be of great utility in studying non-bioaflBnity 

techniques such as ion exchange and reversed phase chromatography [53]. Such a 

measurement may be helpful in determining if structural heterogeneity in the amino acid 

distribution on the protein surface allows for only a selected number of surface residues 

to dominate the chromatographic behavior since it is sterically impossible for all the 

residues to interact with the sorbent simultaneously. Hydrophobic and coulombic 

interactions between the protein and the surface may also trigger denaturation of the 

protein. Studying issues such as these is critical in understanding the role protein 

structure plays in chromatographic behavior in order to improve separation technologies 

[52]. 

1.1.2 Protein Immobilization Techniques 

Integration of biomolecules with a transducer element, electronic interface, or 

chromatographic support is a key aspect in the development of the applications 
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discussed above. Several reviews highlight the progress and chemical methods in this 

area [49,54,66], General immobilization techniques that can be used to generate thin 

protein films fall under five main classifications (Figure 1.5); 

1.) Physical adsorption at a solid interface 

2.) Covalent binding to a functionalized support 

3.) Biospecific binding to an immobilized ligand 

4.) Crosslinking with biiunctional agents 

5.) Entrapment in a polymer matrices. 

Of the methods listed only the first three are amenable to the generation of monolayer 

type protein films which are of interest in this study. Crosslinking and polymer 

entrapment yield three dimensional matrixes where protein orientation is difficult, if not 

impossible, to control and are thus ignored in this discussion. 

a. Physical Adsorption 

The great advantage of physical adsorption is that no reagents are required for 

the immobilization. This has led to the widespread application of the method [55,56]. 

Weak interactions including Van der Waals forces, dipole-dipole, coulombic, and 

hydrogen bonding immobilize the protein to the surface. Often, large numbers of 

interactions may be possible because of the large size of the proteins, the chemical 

heterogeneity of the protein surface due to the different the amino acid residues, and/or 

the surface chemistry of the solid substrate. If a large number of interactions take place 

they may sum to yield strong binding, but since only weak intermolecular forces are 

involved, a reversible binding equilibrium exists. This can be advantageous because it 

has been shown in some specific cases that adsorption tends to be less disruptive to 

proteins compared with other chemical methods of attachment [57,58], However, the 

immobilized protein is susceptible to ambient solution conditions (ionic strength, pH, 
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Figure 1.5. Methods of protein inimobilization to surfaces. 
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temperature, etc.) which may lead to the protein's desorption from the surface and 

could detrimentally a£fect a device's long term stability. 

One of the major disadvantages of physical adsorption which is often cited is 

that little a priori knowledge or experimental control exists over the orientation and 

conformation of an immobilized protein film [18,S9]. Interactions can be hydrophobic 

or electrostatic in nature and, as a result, a protein can interact with the surface in a 

variety of different ways leading to a broad distribution of states. Moreover, very little 

direct information has been available concerning the relationship between protein 

adsorption and structure. It has been shown previously that protein conformational 

changes can occur subsequent to adsorption to solid surfaces by examining the circular 

dichroism spectra of desorbed protein as compared the native form [60,61]. To 

overcome the problem of substrate surface induced denaturation. Van der Merwe 

adsorbed nonfiinctional proteins to the surface and then employed homobifimctionai 

crosslinking reagents to covalently attach functional proteins to the adsorbed 

nonfunctional proteins [62]. This approach did not provide a stable attachment because 

the underlying nonfunctional protein film was bound to the solid support solely by 

adsorption. 

Despite the limitations of physical adsorption, there is evidence that ordered 

protein assemblies can be formed by a physical adsorption process. Kunitake et al. have 

adsorbed a variety of water soluble proteins to positively and negatively charged 

polymer films to generate monolayer and multilayer organized assemblies with limited 

indications of preferential ordering [147]. Prokop et al. oriented detergent solubilized 

Ca^'^-ATPase on positively charged amine-terminated self-assembled monolayers 

(SAMs) to give monolayer films [63]. Ca^'^-ATPase has an overall negatively charged 

"patch" of acidic amino acid residues at pH 7.0 which appears to specifically adsorb to 



39 

the positively charged surface. Chupa et al. used this same electrostatic approach to 

orient photosynthetic reaction centers (Rhodopseudomonas sphaeroides) to chemically 

modified solid substrates [64]. In addition, a nonrandom orientation of myoglobin 

adsorbed to hydrophobic polydimethylsiloxane surfaces has also been demonstrated 

using conformational-specific monoclonal antibodies [18]. 

b. Covalent Bonding 

Covalent attachment of a biomolecule to a surface is generally considered the 

most irreversible of immobilization techniques and is the preferred method of attaching 

proteins to a surface due to the strong, stable linkage that is formed. In addition, 

covalent reaction chemistry is more reliable and less sensitive to solution conditions than 

adsorption methods. In a protein, bonding must be effected through nucleophilic 

functional amino acid groups including amino, carboxylic acid, phenolic, hydroxyl, and 

thiol groups which are far removed from the artive site to prevent loss of activity. To 

enable this, the active site can be protected by performing the immobilization in the 

presence of a ligand substrate or substrate analog that can occupy the site during the 

reaction [65]. 

Common reaction schemes used for covalent bonding are shown in Figures 1.6 

and 1.7. Silica surfaces which are chemically resistant, solid, and possess excellent 

optical properties are often used as substrates for chemical attachment of proteins [66-

68,92], Silica is also attractive since it has high density of surface hydroxyl groups that 

can be used to facilitate bonding and can be further fiinctionalized by silane chemistry to 

generate a wide range of pendant reactive moieties such as thiol groups or amines [69-

71]. In addition, procedures to covalently bind proteins to metal electrode surfaces 

have been developed [72]. 
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Figure 1.6. Summary of commonly employed covalent immobilization methods for 
attachment via amine (lysine) and thiol (cysteine) functional groups. 
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Figure 1.7. Summary of commonly employed covalent immobilization methods for 
attachment via amino acid residues containing carboxylic (glutamic and aspartic acid) 
and phenol (tyrosine) functional groups. 
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Techniques to covalently attach proteins to surfaces originated with use of 

homobifimctional crosslinking reagents, such as glutaraldehyde, that were first 

synthesized for crosslinking proteins in solution [73,74]. Although quite useful, these 

type of reagents were limited by the fact that both the substrate and the protein must 

have the same functional groups. This could be especially problematic if the protein that 

is to be immobilized lacks a specific nucleophilic group such as a thiol or phenol. A 

more important problem was that protein-protein and substrate-substrate crosslinking 

could occur resulting in a lack of chemical control. In order to overcome these 

limitations, the next generation of immobilization chemistries which were developed 

used heterobifunctional linkers [49], For example, Bhatia and co-workers reported that 

high surface coverages of IgG antibodies immobilized on SiOa were obtained by using 

thiol-terminated silanes and heterobifunctional crosslinkers [75], 

Although covalent binding oflFers a versatile and rugged procedure for 

immobilizing biomolecules, attaching proteins in a specific orientation can be 

problematic. This is true when either one of two conditions exist. In one case, the 

presence of a large number of chemically reactive residues scattered in diflFerent 

locations on the surface of the protein would result in a disorganized assembly if bond 

formation with each group is equally probable. This situation is prevalent when 

immobilizing proteins via amino or carboxylic acid groups since it is not unusual for 

there to be a relatively large number of lysines, glutamates, and aspartates located on the 

surface of a protein. A misaligned protein film will also result if the chemically reactive 

group is in the wrong location on the protein surface necessary to anchor the protein in 

the desired orientation via covalent immobilization. 

Recent research has been focused on solving these two problems. An ideal 

method to overcome situations where multiple reactive, possibly incorrectly placed 
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residues exist is to perform the covalent immobilization using a unique structural site. 

In many cases cysteine groups which have reduced thiols are employed since cysteine is 

a relative rare component of proteins and are most often involved in disulfide linkages 

with other cysteines. For example, yeast cytochrome c has a single reduced cysteine at 

position 102 near the carboxyl terminus [76], This cysteine amino acid residue has been 

used by several researchers [64, 77-79] to immobilize the protein in an attempt to 

generate ordered cytochrome c films. A similar site-directed approach has been used to 

link Fab antibody fi-agments, which also contain a single reduced cysteme after reductive 

treatment, to surfaces [80], Other residues besides cysteine can be employed for 

covalent bonding. Cytochrome c fi-om Katsuwonus pelcmis (Bonito fish) has a single 

arginine which can be covalently bonded using a diketonic reagent [81], 

In order to orient proteins in a desired fashion, genetic engineering has proved a 

valuable tool in introducing unique sites at specific locations on the protein surface. 

Using site-directed mutagenesis techniques, a single reduced cysteine has been 

introduced mto both myoglobin [82,83] and cytochrome [84-86] to yield mutants 

which have predefined covalent immobilization sites. Preliminary experiments indicate 

that the immobilized protein in these assemblies may be ordered as a result of the site-

directed approach [82]. The widespread development of molecular biology makes 

genetic engineering a promising method in the design of biomolecular devices. 

It is important to note that in all cases, chemisorption is in direct competition 

with physisorption during film fabrication. Non-specific adsorption can be reduced by 

tailoring the chemical structure of the surface [87], but is most often ignored in the 

characterization analysis by those generating films using covalent immobilization 

schemes. Some studies indicate that this may be unwise and that the film that is actually 

generated using a covalent site-directed methodology may consist largely of adsorbed 
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protein [79], Therefore, an understanding of both adsorption and covalent 

immobilization processes must be developed simultaneously. 

c. Biospecific Binding 

Biospecific recognition between a protein and a ligand is an additional 

immobilization method that has received much attention recently. The advantages of 

biospecific binding bridge the gap between adsorbed and covalent immobilization 

techniques since a relatively strong site-specific interaction can be utilized without 

possible harsh and/or complicated chemical reaction steps. However, like adsorbed 

films, in some cases the interaction with the surface may not be completely irreversible. 

The importance of biospecific binding is clearly demonstrated in aflSnity 

chromatography where the separation process results from biospecific binding [88], 

however the account given here will focus on the application of biorecognition to 

fabricate thin protein film assemblies. Most of the work m this area has concentrated on 

the specific binding of biotin (vitamin H) to avidin or streptavidin [89]. Avidin and 

streptavidin are two homologous water-soluble proteins which differ in structure only 

by additional oligosaccharide units present in avidin. Both are composed of four 

identical subunits that each contain a specific binding site for biotin [90] (Figure 1.8). 

These binding sites are located in pairs on opposite sides of the protein. The 

biotin/streptavidin recognition reaction has an exceptionally high binding constant of 

lO'' M"' [91], which corresponds to a binding energy of 20 kcal mol*'. This is only 

about one order in magnitude less than the energy of a covalent bond, making the 

binding process virtually irreversible. The physiological significance of the 

biotin/streptavidin interaction is unknown, but biotin itself is known to act as a 

coenzyme in the fixation of CO2 by various carboxylases [93]. 
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Figure 1.8. Structure of biotin and a schematic of the binding between biotin and 
avidin/streptavidin. 
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The impetus to using the biotin/streptavidin system arises from the asymmetry of 

the biotin binding sites. Knowledge of the biotin/streptavidin interaction has led to its 

use in bioanalytical assays [94], and biosensors [95], Other advantages to this system 

are that avidin and streptavidin are both veiy stable proteins and that biotin can be 

functionalized via its free carboxylic acid group without impairing the binding 

properties. As a result biotin can be immobilized on a surface through attachment to a 

self assembled monolayer [96] or by depositing a Langmuir-Blodgett film of biotin 

capped amphiphiles onto a solid substrate [97,98], Streptavidin or avidin can also be 

employed as an intermediate layer in a multilayer complex as depicted in Figure 1.8. 

This multilayer approach has been used to immobilize biotinylated antibody Fab 

fragments (see Figure 1.4) to a biotinylated substrate surface using a streptavidin 

intermediate protein layer [96]. 

In another approach phycoerythrin was covalently bound to streptavidin [99]. 

The phycoerythrin labeled streptavidm was found to bind to a biotinylated phospholipid 

monolayer at the air/water interface which could be subsequently transferred onto 

hydrophilic glass solid supports. Vishwanath et al. immobilized a biotinylated p-

galactosidase conjugate prepared by posttranslational modification of a recombinant 

fusion protein to avidin attached to a polysulfone membrane [100]. This immobilization 

method produced a film with nearly 100 times the enzyme activity compared to enzyme 

which had been randomly attached to activated aldehyde solid supports. 

Immobilization by biospecific binding has not been limited only to the 

biotin/streptavidin system. Bovine carbonic anhydrase was immobilized to para-

substituted benzenesulfonamide ligands groups attached to self assembled monolayers 

on gold [101]. The binding constant for this interaction was approximately 5x10® NTV 

In other work, Hamachi et al. used a prosthetic heme group tethered from a polymer 
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film surface to immobilize apomyoglobin [105], Elsewhere, Protein A [102] and 

Protein G [103] are used commonly to biospecifically immobilize antibodies to solid 

supports for immunoafiSnity chromatography. Although somewhat different from a 

strictly defined biospecific interaction, another versatile method of targeting proteins to 

lipid assembles using metal ion coordination was described by Shnek et al. [104]. 

Mbced lipid bilayers and Langmuir monolayers containing a metal-chelating lipid and 

divalent copper ions were shown to bind myoglobin via specific surface-accessible 

histidine residues. 

1.2 PREVIOUS STUDY OF ORIENTATION IN PROTEIN FILMS 

It is well recognized that the conformation and macroscopic structure of a 

protein film immobilized to a solid substrate dictates in large part its ability to carry out 

a prescribed fimction. Developing analytical techniques to gain a more thorough 

understanding of the relationships between structure and function in protein films and 

how the physical and chemical properties of the solid/liquid interface influence film 

structure and fianaion are important to the development of molecular device 

technologies. This represents a technically difficuU challenge since a hydrated protein 

monolayer comprises a relatively small amount of material located at the interface 

between two immiscible phases, and may be labile and structurally heterogeneous. As a 

result, only a limited number of studies have been dedicated to the study of protein 

orientation in thin films. 

1.2.1. Electronic Absorbance Spectroscopy 

If the protein under investigation contains a chromophore that can be utilized as 

a probe, polarized spectroscopic techniques can be used to analyze molecular 
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orientation. (A theoretical background of polarized visible light spectrometry is given in 

Chapter 2.) Absorbance linear dichroism is sensitive to the orientation distribution of 

the electronic dipole transitions in an molecular ensemble, however, when the sample is 

only a few monolayers or less in thickness, spectral measurements of absorbance may be 

extremely difficult because of limited instrumental sensitivity. This is readily apparent in 

the work of Pachence et al. where the absorbance linear dichroism of yeast cytochrome 

c adsorbed to stearic acid Langmuir-Blodgett films deposited on transparent substrates 

was measured in a direct transmission mode [106], Although the Soret band of the 

metalloporphyrin chromophore was used (e»100,000), the maximum absorbance that 

was reported was less than 0.005 absorbance units, barely distinguishable fi"om a 

background measurement. Low signal forced the researchers to draw only qualitative 

conclusions about the molecular orientation of the absorbed cytochrome c. 

A similar transmission geometry was used by Firestone et al. [82] to measure the 

orientation of a myoglobin mutant covalently bound via a unique cysteine to thiol 

terminated self assembled monolayers on quartz substrates. Absorbance data was not 

reported in this work, but mean orientation angles for the myoglobin films were 

calculated by assuming a delta function (an infinitely narrow distribution) for the 

orientation distribution. From the lack of reported data, it is assumed that the 

absorbance measurements also suffered from a lack of sensitivity. Bohn and co-workers 

determined the mean heme orientation in dried films of cytochrome 65 mutants attached 

by disulfide bonds to glass planar substrates using an internal reflection geometry [85], 

Sensitivity is quite poor in these direct transmission experiments because the 

pathlengths for the monolayer samples (on the order of angstroms) are very short. The 

effective pathlength is increased significantly by performing the linear dichroism 

experiment in a total internal reflection mode using an integrated optical waveguide 
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(lOW) which provides up to several thousand reflections per centimeter beam 

propagation at visible wavelengths [107-109]. Walker et al. employed integrated 

optical waveguide attenuated total reflection (lOW-ATR) linear dichroism to measure 

the mean tilt angle of the heme in reduced cytochrome c adsorbed to a silicon oxynitride 

planar lOW [110], Lee and Saavedra compared the heme orientation in 

ferricytochrome c adsorbed to hydrophilic and hydrophobic glass lOW substrates 

[111,112]. The results of these experiments demonstrate that it is much more feasible 

to perform linear dichroism in an lOW-ATR geometry because sensitivity to surface 

bound chromophores increases by at least two orders of magnitude as compared to the 

transmission geometry. 

The limitation of performing linear dichroism measurements to study order in 

protein films is that they provide only one measurement in the analysis of molecular 

orientation distributions. A distribution is, by definition, a function of at least two 

variables (a mean and a variance) and, as a result, an orientation distribution cannot be 

calculated fi-om a single experimentally determined spectral parameter such as the linear 

dichroism. In the reports cited above, mean orientation angles are calculated by 

assuming no distribution exists; in other words, the distribution of molecular 

orientations is infinitely narrow. This assumption is clearly not valid in many if not most 

cases since even a small change in the width of the distribution can have a great eflfect 

on the dichroic ratio that is measured (see Chapter 2). Conclusions about the order of a 

system are impossible to make unless an extremely high or low value for the linear 

dichroism is measured for a particular system. 
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1.2.2. Fluorescence Spectroscopy 

Fluorescence is an inherently more sensitive spectroscopic technique than 

absorbance measurements making fluorescence better suited in the study of thin films. 

However, a protein to be studied must have a spectral probe that is fluorescent. In the 

study of thin films, excitation is most easily performed in a total internal reflection 

fluorescence (TIRF) geometry, the aspects of which have been described in a number of 

recent reviews [113-117], This geometry was used to study the orientation of acid 

pretreated antibodies adsorbed on hydrophobic dichlorodimethylsilane (DDS) treated 

silica surfaces [118], Antibodies were covalently labeled with fluorophores m the 

vicinity of the antigen binding sites using photoafiSnity labeling techniques. Orientation 

relative to the surface was probed by iodide quenching which measured the accessibility 

of the fluorophores. It was postulated that if the antibody adsorbed in such a way that 

the fluorescent labels are located either close to the DDS-silica surface, or close to 

neighboring antibody molecules they would thus be shielded fi-om the iodide quencher in 

bulk solution. To test the hypothesis, fluorescence quenching was measured as a 

function of adsorption conditions. The results that were obtained in thi.s manner were 

purely qualitative relative to controls. Exact orientation data could not be obtained 

using this experimental approach. 

In contrast to these quenching experiments, fluorescent anisotropy 

measurements are directly a function of the molecular orientation distribution because, 

like a linear dichroism experiment, fluorescence anisotropy is sensitive to the orientation 

of electronic dipole transitions in the fluorophore. TIRF anisotropy measurements have 

been performed to determine the orientation of free base cytochrome c adsorbed to tin 

oxide electrodes as a function of applied electrical potential [119]. The removal of the 

bound iron in the native heme group yields the free base porphyrin which is an intrinsic 
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fluorescent label [120], Mean orientation angles were obtained by assuming a delta 

function for the orientation distribution. Again a single spectral experiment cannot be 

used to determine an orientation distribution. To overcome this problem Bos and Kleijn 

measured fluorescence anisotropy in a TIRF format as a function of both excitation and 

emission polarization [121]. However, their attempts to measure porphyrin orientation 

distributions in films of free base cytochrome c adsorbed on glass and indium tin oxide 

were unsuccessful due to scatter in the data. 

1.2.3. Vibrational Spectroscopy 

Absorption and fluorescence techniques can probe electronic dipole transitions 

to determine structural order. Analogously, vibrational transitions, measured using 

infrared or Raman spectroscopies, can be used in the same manner. For example, using 

Fourier transform infrared-attenuated total reflectance (FTIR-ATR) spectroscopy the 

mean orientation of bacteriorhodopsin in purple membranes deposited on Ge crystals 

was measured [122], The intensity of the amide I peak (1664 cm"^) that results from 

absorbance by the protein backbone (which is primarily a-helix) was used to measure 

protein orientation. Bacteriorhodopsin is unique in that it has seven aligned a-helical 

regions that can be probed spectroscopically. Similar experiments on bacteriorhodopsin 

were performed by Rothschild and Clark using a direct transmission geometry [123], A 

disadvantage in both cases is that the samples were dried prior to measurement, to 

remove spectral interference due to absorbance by water. This procedure may 

significantly change the membrane and protein structure compared with the hydrated 

form. Also, a unique vibrational transition must be probed that can be directly related to 

molecular orientation. This is often hard to accomplish when studying proteins because 

of the large number of bonds. As a result, FTIR is most often limited to studying 

secondary structural changes in protein films [124-126], 
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Raman scattering has also been applied to study orientation of proteins at 

interfaces. One limitation is that Raman scattering is typically a weak phenomenon 

which is problematic when studying thin films. Sensitivity can be improved by using 

sur&ce enhanced Raman where the substrate is a roughened noble metal. Surface 

enhanced resonance Raman spectroscopy (SERRS) was used to measure the orientation 

of horse heart cytochrome c adsorbed to citrate-coated colloidal silver particles in situ 

[127]. SERRS is sensitive and selective for the heme chromophore so that polarized 

scattering intensity can be related directly to the orientation of the heme ring, and thus 

the cytochrome c relative to the surface. Only qualitative remarks on the protein 

orientation are made. The results indicated that the heme was approximately aligned 

with the surface and that this changed as a function of surface coverage. A mean 

orientation could not be calculated because of insufficient knowledge about the surface 

enhanced selection rules. As is the case with FTIR measurements, Raman studies have 

been applied more often to characterize conformation in protein films [128-130]. 

1.2.4. Ellipsometry/Surface Plasmon Resonance 

The behavior of the reflectance of an incident light beam dififers depending on 

the polarization of the beam. If the electric vector of the polarized light is parallel to the 

interface (transverse electric, TE), reflectance increases monotonically fi-om its value at 

normal incidence, whereas if the magnetic vector of the light beam is parallel to the 

interface (transverse magnetic, TM), a minimum is observed in the reflectance. 

Ellipsometry measures the intensity and polarization of an elliptically polarized beam 

(i.e. composed of both TE and TM polarizations) reflected off an interface to determine 

the thickness and refi-active index of layers deposited at the interface. 
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Since ellipsometiy is sensitive to thickness, the orientation of an asymmetrically 

shaped protein immobilized to a surface can be deduced. This approach was used by 

Poste and Moss to compare the orientation of antibodies biospecifically bound to an 

antigen modified surface versus antibodies non-specifically adsorbed to unmodified 

surfaces [131]. The measured protein film layer thickness was twice as large when 

biospecifically bound than adsorbed. This was attributed to the Fc portion of the 

protein being vertically oriented with the surface when biospecifically bound. The 

limitation to this approach is that even in the best situations only qualitative information 

on protein orientation can be made since parameters such as conformation and surface 

coverage are critical in making determinations of orientation based on absolute 

thickness. 

Surface plasmon resonance (SPR) is a technique which uses oscillations in 

electron density of the valence electrons in a thin metal film, induced by electron flow or 

incident electromagnetic radiation, to generate an additional evanescent electromagnetic 

field in a dielectric medium on the metal surface to probe the properties of thin films. 

The resonance condition is sensitive to the physical and optical properties (i.e. thickness 

and complex refi-active index) of a thin film that is present within the evanescent region. 

Therefore, the same information is obtained using SPR as fi"om ellipsometry. Excluding 

fabrication of the thin metal film necessary for measurements, SPR is advantageous over 

ellipsometry in that it is more sensitive and that there is no interference fi-om bulk media 

since the fihn under investigation is positioned on the opposite side of the metallic layer 

fi^om where reflection of an incident SPR "exciting" beam is directed. 

By determining the thickness of an immobilized protein layer, information about 

orientation can be inferred. From the thickness of an apolipoprotein film bound to a 

lipid bilayer membrane and the x-ray crystallographic dimensions, Soulages et al. 
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determined that the protein was oriented with the long axis perpendicular to the surface 

[132], Schmidt et al. used SPR in tandem with neutron reflectivity to study the 

supermolecular structure of streptavidin binding to biotin recognition sites on a lipid 

monolayer [97], Salamon and Tollin concluded from SPR thickness measurements that 

cytochrome c oxidase incorporated in supported planar phosphatidylcholine membranes 

was oriented with its long axis perpendicular to the membrane surface [133], The main 

limitation to using either ellipsometiy or SPR is that only a general description of 

protein orientation, based on the thickness of the film, can be made rather than a precise 

measurement of orientation. However, in contrast to spectroscopic techniques, 

ellipsometry and SPR do not require that a protein have a chromophore in order to 

probe the orientation. 

1.2.5. Electron and X-ray DifTraction 

Electron and x-ray diffraction have emerged as potentially powerful tools for 

structural investigations of molecular organization in thin films. Many of the first x-ray 

and electron diffraction studies were performed on relatively thick, oriented multilayer 

membrane systems [134,135]. For example, the subunits of the photosynthetic reaction 

center of Rhodopseudomoms viridis was determined to 3A resolution [136]. Recently, 

x-ray diffraction techniques have been used to study monolayer films of yeast 

cytochrome c adsorbed to lipid multilayer Langmuir-Blodgett films [78,137]. 

Diffraction was observed from the highly ordered liquid-crystalline Langmuir-Blodgett 

films, however, the protein monolayer was essentially invisible except for the iron atoms 

which have a much greater electron density than the rest of the protein. An electron 

density profile of the cytochrome c iron atoms and Langmuir-Blodgett film was given, 

but little if no information about the protein orientation is obtained. In more recent 

work, Amador and co-workers used x-ray diffraction to study protein bilayer films 
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fabricated by first binding yeast cytochrome c to thiol terminated self-assembled 

monolayers followed by adsorption of negatively charged photosynthetic reaction 

centers of R spaeroides [77]. The 13A resolution density profile could confirm that 

indeed the bilayer structure was formed, but was msufBcient to specify the orientation of 

the proteins in each layer. In addition, Prokop and co-workers used x-ray holography 

to determine the profile structure for Ca^'^-ATPase adsorbed to positively charged 

SAMs to a spatial resolution of 12A [63] which again yielded only qualitative 

information on orientation. 

Electron dififiaction has been successful in determining the structure of two-

dimensional crystals of avidin and streptavidin formed on mixed lipid monolayers 

containing biotinylated lipids at the air/water interface [138,139], A resolution of about 

27A was obtained for avidin crystals while a resolution of approximately I7A was 

obtained for streptavidin crystals. These experiments were made possible by the highly 

ordered crystalline domains formed by both proteins, and in general could not be applied 

to less organized (i.e. liquid crystalline) biomolecular film assemblies. In addition, 

samples had to be stained with heavy metal ions and the experiment must be performed 

in vacuum making the study of hydrated protein films at the solid/liquid interface 

infeasible. 

1.2.6 X-ray Photoeiectron Spectroscopy 

X-ray photoeiectron spectroscopy (XPS) measures the number and energy of 

electrons emitted fi-om a surface irradiated with a monochromatic x-ray beam. In simple 

terms, the energy of the electron is related to the type of atom fi-om which it was 

emitted while the quantity is related to the surface density of the particular atom. XPS 

has been used in determining the orientation of proteins on surfaces [140]. This was 



56 

accomplished using a myoglobin derivative in which a pentaamineruthenium(III) group 

is attached to specific histidine residues, a chemical technique that was first developed 

for the study of long range electron transfer in proteins [141]. The ruthenium and 

native iron heme atoms act as markers since the Ru-Fe distance in these molecules is 

comparable to the photoelectron attenuation length. Metal atoms are used because they 

are chemically unique and provide good signals. As a result, the relative intensities of 

these two atoms in the XPS spectra indicate the distance each is fi"om the surface, and 

thus provide a measure of protein orientation. The orientation of the Ru labeled 

myoglobin adsorbed on aluminum, indium-tin oxide, and graphite surfaces was 

measured in this manner. The results indicate that some preferential ordering occurs. 

The advantage to the XPS technique, compared with other spectroscopic 

methods (excluding SERRS and SPR), is that the orientation can be measured on 

optically opaque materials. However, these experiments must be performed in a 

vacuum on, for the most part, conductive surfaces. In addition, proteins must either 

contain two different metal centers or be labeled with them. Labeling always gives rise 

to concerns about changing the structure of the native protein. Another disadvantage is 

that only approximations on the molecular orientation are reported for this technique 

and, like other single parameter experiments, no information about the orientation 

distribution can be obtained. 

1.2.7. Electrochemistry 

Electron transfer rates between solid electrodes and biologically redox active 

proteins have exhibited an apparent dependence on molecular orientation [142]. For 

example, the electrochemical behavior of horse heart cytochrome c presumably 

covalently bound in a variety of orientations to glassy carbon electrodes has been 
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studied by voltammetry [42]. It should be noted that independent experiments verify 

protein orientation were not performed. The results that while the peak potential was 

independent of presumed orientation, the peak current changed drastically as the 

orientation changed. Similar results have been found for adsorbed cytochrome c where 

the solution/electrode interfacial chemistry was varied to theoretically produce a 

distribution of orientations [143]. It therefore seems apparent that electron transfer 

should be dependent on orientation and thus favorable (or unfavorable) orientation 

could be inferred from electron transfer measurements. However, this type of 

experiment could not be done without (perhaps extensive) prior knowledge about the 

relationship between the electrochemical behavior and the molecular orientation of the 

system under investigation. In other words, other techniques would need to be 

employed &st so the electrochemistry could be understood. 

1.2.8. Computer Simulations 

An entirely separate approach to understanding the orientation of proteins 

immobilized at interfaces is to model the interactions using computer simulations. 

Tobias et al. used molecular dynamics simulations of yeast cytochrome c covalently 

tethered to hydrophobic (methyl terminated) and hydrophilic (thiol terminated) self-

assembled monolayers [144]. The simulations predicted that on the hydrophobic 

surface the protein is oriented so that the heme plane is more parallel with the surface, 

while on the hydrophilic surface it is more perpendicular. It was also found that only 

minor changes in the protein structure take place when bound to either surface. 

Although not directly related with surface immobilization, many simulations have been 

performed to model diprotein complexes in solution. For example, Roberts et al. used 

computer simulations to model the orientation of the complex formed between 
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plastocyanin and cytochrome c [145]. Three energetically favorable orientations were 

found and the implications involving electron transfer were discussed. 

Molecular dynamic simulations should be considered only approximations since 

often many assumptions concerning the interactions between atoms are made and the 

models used for calculations are very simplistic. For example, in the work of Tobias et 

al. the afifect of solvent and neighboring protein-protein interactions were completely 

ignored. 

1.3. SUMMARY AND RESEARCH GOALS 

It is evident that developing a clear understanding of how interfacial chemical 

properties afifect the structure and function of proteins films is necessary for the 

assembly of protein arrays for use in molecular device technologies. Despite 

considerable research focused on developing chemistries to fabricate protein thin films, 

it has remained a technically daunting challenge to characterize these structure-function 

relationships. This has mainly been due to the nature of the sample. 

This research addresses both the development of methodologies to immobilize 

proteins at the solid/liquid interface and analytical techniques to measure orientation 

distributions in the resulting thin film assemblies. The hypothesis is that macroscopically 

ordered, monolayer and bilayer protein films can be assembled at a solid-liquid interface 

by a step-wise combination of site-directed bonding and biospecific binding to 

appropriately functionalized substrate surfaces where the molecular orientation 

distribution in the outermost protein layer is dependent on the degree of order present in 

the preceding layer(s). In order to address this hypothesis, a novel combination of 

planar integrated optical waveguide-attenuated total reflection (lOW-ATR) to perform 
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linear dichroism (LD) measurements and total internal reflection fluorescence (TIRF) to 

measure fluorescence anisotropy is used to characterize protein films in situ at the 

solid/liquid interface. Planar lOW-ATR is used to measure absorption LD on a 

waveguide-supported molecular assembly fi-om which one order parameter is obtained. 

Steady-state emission anisotropy is measured on an identical assembly using total 

internal reflection fluorescence (TIRF) spectroscopy. The orientation distribution can 

be recovered fi'om the linear dichroism and anisotropy measurements by modeling the 

distribution as a probability density function that is specified by two adjustable 

parameters (e.g., a Gaussian distribution described by its mean and standard deviation). 

Given this hypothesis and planned methodology the specific goals of this 

research include: /) developing a theory to relate waveguide linear dichroism and TIRF 

anisotropy measurements to the orientation distribution of transition dipoles in a 

molecular assembly; 2) testing the theory and instrumental approach using model 

organic thin films; 3) measuring the orientation distributions of proteins adsorbed, 

covalently bound, and biospecifically bound to surfaces; and 4) understanding how 

orientation is affected by surface chemistry. 

The significance of this research to surface science is multifaceted: With the 

growing technology and applications of organic thin films, methods need to be 

developed that can characterize these materials. For instance, biosensors based on 

immobilized proteins are currently of keen interest because of their high specificity 

towards a particular analyte, however, orientation of the biomolecule's active site is 

necessary for the fiinction of these devices. This research helps to answer the question: 

Do you get what you expect when you immobilize biomolecules with specific chemical 

methods? The spectroscopic methods developed here provide a powerful method to 

determine the orientation and distribution of chromophores in even sub-monolayer films. 
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Waveguide technology is paramount in this effort. However, the techniques developed 

here can be applied to other areas of research as well. For example, issues concerning a 

surface's biocompatability for medical purposes can be addressed by being able to study 

how proteins adsorb to a particular interface. By knowing the orientation and the 

distribution of proteins about this orientation at the surface, information can be derived 

about what interactions are taking place and the structure of the adsorbed layer. 
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CHAPTER 2 

THEORETICAL CONSIDERATIONS OF THE COMBINED WAVEGUIDE 

LINEAR DICHROISM AND TIRF ANISOTROPY APPROACH 

2.1. INTRODUCTION 

The combined use of absorption linear dichroism, measured in a planar 

integrated optical waveguide-attenuated total reflection geometry, and fluorescence 

anisotropy, measured in a total internal reflection geometry, to determine orientation 

distributions in thin films has not been previously reported. For this reason, a summary 

of the principles involved and a detailed outline of the mathematical expressions which 

relate the orientation distribution to measured experimental parameters are given along 

with references to previous work. An assessment of the combined technique to measure 

molecular orientation based on theoretical parameters is also presented. 

2.1.1 Principles of Polarized Spectroscopic Measurements 

In order understand how polarized absorbance and fluorescence spectroscopies 

can be used to measure the orientation distributions of molecular assemblies, it is helpful 

to use the wave model of light depicted in Figure 2.1. 

Figure 2.1. Wave model of light. V, E, and M are the velocity, electric field, and 
magnetic field vectors respectively. 
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A single ray propagates along the velocity vector, V. The electric field vector, E, 

and magnetic field vector, M, are oriented perpendicular to both the velocity vector and 

each other. As a result, a single wave may be characterized by the orientation of the 

electric field vector alone. A light beam is termed linearly polarized if the electric field 

vectors of all the rays composing the beam are parallel. 

Light is adsorbed by, and emitted fi'om, molecules via electric dipole oscillators 

which have defined orientations relative to the structure of the molecule. A simple 

physical picture of light absorption is derived by visualizing the electric dipole oscillators 

"resonantly coupling" to the oscillating electric and magnetic fields of the ray. In more 

quantitative terms, the total force acting on an electron in the molecular dipole by the 

electromagnetic field is given by [153]; 

F = [eE] + 
e 
—V X M 
c 

(2.1) 

where e, c, and v are the electron charge, the speed of light, and the velocity of the 

electron respectively. The velocities of electrons in atoms with lighter atomic masses 

are much slower than the speed of light making the second term negligibly small. 

Therefore, when a molecule mteracts with light, the electron-electric field interaction is 

of primary unportance and maximum absorption of light occurs when the absorption 

dipole is parallel to the electric field vector of the light. Numerically, the probability of 

absorption is proportional to cos^v|/, where v|/ is the angle between the dipole and the 

electric field vector. Absorbance fi'om an anisotropically distributed ensemble of dipoles 

will therefore vary as a fiinction of the polarization of light. In this manner linear 

dichroism experiments probe the molecular orientation of an ensemble of molecules 

using linearly polarized light. 



Analogous with the linear dichroism experiment, fluorescence anisotropy uses 

polarized excitation light, but measures emission intensity instead of absorbance to 

probe molecular orientation. Fluorescence is a two photon process where light is first 

absorbed and then emitted fi'om an excited state molecular dipole oscillator. This adds 

two new dimensions to a fluorescence anisotropy experiment as compared with a 

polarized absorbance experiment. The first additional parameter is y, the angle between 

the absorption and emission dipoles. In general, for linear dipole oscillators, light is 

emitted along the same axis as light is absorbed. This is not always the case, and the 

emission dipole may be angularly distinct fiom the absorption dipole. The second 

additional parameter is time, since there is a finite amount of time between the 

absorption and emission events. For most fluorescent molecules, the lifetime of the 

excited state is on the timescale of a few nanoseconds. If the excited state lifetime is 

comparable to the timescale required for Brownian rotation to occur, significant re

orientation of the molecule relative to the laboratory coordinate system would be 

expected. Since Brownian motion is random, the result observed for an ensemble of 

molecules would be depolarized fluorescence emission relative to a static system. When 

developing expressions for steady state fluorescence anisotropy, both the effect of y and 

time must be taken into account along with molecular orientation. 

An additional factor which could lead to depolarized fluorescence emission is 

non-radiative energy transfer. Energy transfer occurs when two transition dipoles in 

close spatial proximity overlap in energy levels. In this situation, excited state energy 

can be exchanged fi-om one dipole to another, if the dipoles are aligned. The theory 

which describes this process is detailed elsewhere [148] and will not be dealt with here 

because, for the molecular systems studied in this work, molecules are considered to be 

adequately spaced to prevent energy transfer. 
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Other factors which can affect measured fluorescence intensities are the collection 

efiSciency and polarization bias of the detection optics. One possible scheme for 

detection is to use a high numerical aperture lens to collect the maximum amount of 

emission from a sample excited in a total internal reflection mode [149]. High collection 

efiBciency equals higher signal and therefore greater sensitivity. However, attempting to 

use high numerical aperture detection means separate experiments must be performed to 

characterize the effect that collection efSciency has on the measured anisotropy. The 

theoretical implications may be complicated by refraction of the fluorescence emission 

when detection is performed across a dielectric interface. The alternative, which is 

presented here, is to use low numerical aperture collection combined with 

instrumentation that combines high through-put and sensitive detection. Although 

overall sensitivity is reduced, the theoretical expressions that relate anisotropy to 

molecular orientation do not need to include separate functions to account for detection 

optics. Polarization bias which is present in any instrumental set-up is dealt with in 

detail in Appendbc A. 

2.1.2 Total Internal Reflection 

In the study of thin films the sample is, by definition, located at the interface 

between a solid and a liquid or gas. A convenient method of spectroscopically probing 

the material located at this interface is performed by reflecting a collimated light beam 

off the substrate surface. When light encounters an interface, the relationship between 

angles of reflection, refraction, and refractive indices is geometrically governed by 

Snell's law; 

AI. SING, = SIN0. (2.2) 
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where n is the refractive mdex, 6 is the angle of the light beam, and the subscripts / and 

r denote whether the beam is incident or refracted, respectively. If a incident beam 

travels from a more optically dense medium with a refractive index of rii to a less dense 

medium with a refractive index of /12, the refracted beam deviates away from the surface 

normal. At a great enough angle the beam is refracted at an angle 90 degrees from the 

surface normal resulting in total internal reflection (TIR). At this point the incident 

angle, 0;, is referred to as the critical angle, 0c, given by 

\ 

(2.3) 9, = sin -1 
\nj 

At any angle greater than the critical angle, total internal reflection takes place at the 

interface of the higher refractive index solid substrate and lower index film/superstrate 

generatmg an evanescent wave that decays exponentially into the lower index media 

(Figure 2.2). The evanescent wave propagates parallel to the interface (denoted as the 

x-axis) and decays exponentially into the superstrate medium as a function of distance z 

from the interface. Here, 

liz) = I, e-'" (2.4) 

where 

d = , (2.5) 
47:^W, sin0-n2 

/ is the evanescent intensity at a given distance z from the surface, lo is the incident beam 

intensity, and A, is the wavelength. For wavelengths in the visible region the thickness of 

the evanescent field is on the order of a few hundred nanometers. Molecules within this 

evanescent region can interact with electric field of the wave. The result is attenuation 
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of the incident beam by absorption of the evanescent light which can subsequently lead 

to fluorescence emission. 

Molecular orientation can be probed because polarization of the incident beam 

leads to polarization of the evanescent wave. Both absorbance linear dichroism and 

fluorescence anisotropy experiments utilize two polarizations: transverse electric (TE) 

where the electric field is parallel to the interface, and transverse magnetic (TM) where 

the magnetic field is parallel with the interface. These polarizations can be referenced to 

the laboratory coordinate system where the substrate surface is defined as the plane 

(Figure 2.2). TE polarized light has the electric field vector aligned with the y-axis of 

the laboratory coordinate system which is parallel to the substrate surface. TM 

polarized light is polarized orthogonally to TE and has both x and z components of the 

electric field. The electric field strengths for a two-phase system along the x, y, and z 

vectors of the evanescent wave are given by [150]: 

, 4cos*0i(sin^0i-(«, 
k =7—^ 77— :Txi (2.6a) 

(l-(n, /n,y sin'Gj -(w, /wj')] 

^ |2 4cos^0i 

'•I -(RRML 

|£ f ^ 4cos^eiSin^ei 

(l-(w, /«2)')|l+(n, /wJ'sin'Gi -(w, /wj'j] 

Using these equations, the physical characteristics of the evanescent field can be 

determined and applied to polarized spectroscopic measurements. 
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Figure 2.2. Diagram of the total internal reflection experiment. A laser beam is 
reflected off the substrate/fihn interface at an incidence angle, 0;. An evanescent wave 
decays into the lower index media (film/superstrate) upon reflection. The orientation of 
transverse electric (TE) and transverse magnetic (TM) polarizations are shown. 



2.1.3 Previous Theoretical Work: Polarized Total Internal Reflection 

Polarized spectroscopic methods have been used widely to characterize the 

molecular structure and orientation in thin films. Excellent reviews have been written 

which describe in detail the instrumentation and theoretical background of these 

methods [151-153], The focus of the previous theoretical work presented here is the 

analysis of molecular orientation in thin films using polarized total internal reflection 

spectroscopic techniques. Research in this area was initiated and extensively developed 

by the work of Harrick [ISO]. IBs studies focused primarily on the analysis of films 

using infira-red spectroscopy using relatively thick internal reflection elements, but laid 

the groundwork for subsequent TIR experiments. 

The research described here is concerned with TIR experiments using visible light 

spectroscopy. Previous studies in this area have mainly involved fluorescent emission 

methods [117], Fluorescence is favored for the study of thin films because of its high 

sensitivity which is necessary when studying small amounts of material. Studies using 

total internal reflection fluorescence (TIRF) to probe molecular orientation were 

pioneered in the laboratories of Thompson [154,155], Burghardt [156], and Axelrod 

[157]. Much of this work was applied to the study of orientation in biological 

membranes and was done by dopmg the membranes with fluorescent amphiphiles. 

Development of the theory relating polarized absorption by, and emission from, 

uniaxial liquid crystals of linear dipole oscillators to orientation distributions was first 

accomplished by Chapoy and DuPre [158] with modifications by Szabo [159], 

Thompson and Burghardt developed the first expressions to specifically relate TIRF 

anisotropy to molecular orientation distributions [160] and subsequently measured order 

parameters of fluorescent probe molecules doped in substrate supported phospholipid 

monolayers [154], The drawback to this study was that an orientation distribution, 
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which is a function of a least two parameters, could not be obtained since only a single 

parameter, anisotropy, was measured. In later work, Wirth et al. developed a 

theoretical approach to apply time resolved TIRF anisotropy measurements to study 

reorientation dynamics of fluorophores adsorbed to chromatographic stationary phases 

[161]. 

Absorbance spectrometry by waveguide total internal reflectance techniques has 

also been used to study orientation in thin film assemblies [107-112,162], Cropek and 

Bohn described a theoretical treatment to obtain mean orientation angles of linear dipole 

oscillators using electronic linear dichroism measurements [163], This was 

accomplished by assuming the distribution of transition dipoles about this mean was 

infinitely narrow, or in other words, using a delta function to model the orientation 

distribution. This technique is usefiil to determine mean orientation for highly aligned 

systems, but cannot be applied directly to independently determine an orientation 

distribution since only one parameter is measured. 

Much of the first work describing the theoretical basis for polarized electronic 

spectroscopy of circular dipoles was developed for studies of fluorescence polarization 

of porphyrins [164,165], Later, a theory used to determine the orientation of adsorbed 

fi-ee base cytochrome c using TIRF anisotropy was first developed incorrectly by Fraaije 

et al, [119], but was subsequently corrected by Bos and Kleijn [121], The theory for 

determining mean molecular orientation in hydrated heme protein films using lOW-ATR 

measurements of linear dichroism has been described previously by Lee and Saavedra 

[107], A delta function was again assumed in order to determine a mean heme tilt 

angle. It should be noted that this treatment used the incorrect coordinate system of 

Fraaije, an error which, fortunately, did not affect the final results. A corrected version 

appears below. 



The description of the relationship between linear dichroism, anisotropy, and the 

macroscopic orientation distribution described below is in actuality an amalgam of 

previous theoretical treatments. For the reader's benefit the theory involved in each 

experiment is first outlined separately. This is followed by an explanation of how the 

results are used in combination to calculate an orientation distribution. 

2.2. THEORY; LINEAR DEPOLE MODEL 

2.2.1. Bulk Solution Experiment 

Before examinmg the geometry of the total internal reflection experiment, it may 

be helpful to the reader to first consider absorption linear dichroism and fluorescence 

anisotropy as they relate to the simplest case, a bulk solution experiment. 

a. Linear Dichroism 

Consider the typical bulk solution linear dichroism experiment with the geometry 

depicted in Figure 2.3. The laboratory coordmate system is defined by the x, y, and i-

axes and n is the transition dipole. The orientation of a linear transition dipole can be 

completely described by two angles: 0, the angle between the transition dipole n and the 

r-axis, and (|), the angle between the projection of the transition dipole on the xy plane 

and thej'-axis. 

In a direct transmission experiment a polarized beam travels parallel to the x-axis. 

The polarization of the electric field is selected to be aligned either with thej'-axis or the 

z-axis. Absorbance of >'-axis and z-axis polarized light are termed Ay and 

respectively. As stated above, absorbance of a particular polarization will be 

proportional to the projection of the electric field onto the transition dipole given by 



^ SIN 4) SIN 0^ V 

COS(|>SIN0 y 

^ COS0 > 
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4=(((i-a,)'). (2.7) 

where a; is a unit vector defining the incident polarization direction and <> denotes an 

ensemble average. The absorption transition dipole, n, can be related to the laboratory 

coordinate system by using a transformation matrix which projects the molecular 

coordinate system onto the laboratory coordinate system given by the expression: 

(2.8) 

Using this expression and equation 2.7, the absorbance of light polarized parallel to the 

y- and 2-axes can be related to the molecular orientation by the following equations; 

Af = ||if (cos^ (t))(sin^ G) (2.9a) 

^3=|n|'(cos'0). (2.9b) 

The dichroic ratio, p, is the ratio of absorbance in each polarization and is given by 

A, (cos^ (|))(sin^ 0) 
p=:r= / 2n\ ' (2.10) 

[cos 0/ 

where bracketed terms are numerically calculated by integration. Thus, 

'Ttn 

and 

/ , J." ''(8)/(e)sm9<fi 
(2.11) 

J ^(0)sin0fi© 

/ IW I •^»)/W'# 
• (212) 
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Figure 2.3. Schematic of the bulk solution experiment. A dipole p. is oriented in the 
laboratory coordinate system defined by the x-, y-, and 2-axes. Incident light travels 
parallel with the x-axis to either measure absorbance or excite fluorescence. Emission is 
measured parallel with the>/-axis. Dipole orientation is defined by the polar angle 6 and 
the azimuthal angle ()>. 



The terms N(Q) and N((^) are functions that describe the distribution of dipoles in the 

film with respect to 0 and (J), respectively. The terms y(9) andy(<l>) are the bracketed 

functions which describe the dependence of absorbance or emission intensity on 

molecular orientation. Two points should be made about expressions 2.11 and 2.12. 

First, a sin6 term appears in expression 2.11 because 6 is the polar angle in a polar 

coordinate system. Second, integration is performed firom 9 = 0 to tc/2 since angles 

outside these limits are physically impossible for the systems under study. In other 

words, angles greater than Jc/2 (90°) would put a transition dipole vector into the 

surface of the substrate, which obviously cannot occur. Integration from 0 = 0 to tc is 

possible, but a distribution function that is symmetric about nil must be used to be 

physically reasonable. Regardless, since the dichroic ratio is a single parameter, in order 

to perform this calculation, other information about N(^) and must be either 

known or assumed. 

b. Fluorescence Anisotropy 

The geometry of a fluorescence anisotropy experiment performed for a bulk 

solution is shown in Figure 2.3. A sample is excited with a light beam traveling parallel 

to the j:-axis and which is polarized along the >axis. Emission is collected along the>'-

axis using a polarizer oriented parallel to either the x-axis or 2-axis. Fluorescence 

intensity excited vertically (parallel to r-axis), measured vertically (parallel to z-axis) is 

termed /j while that excited vertically (parallel to z-axis), measured horizontally (parallel 

to x-axis) is termed 1^. Without instrumental bias aflfecting the detection of light at 

different polarizations, anisotropy, r, is defined by the following equation [151]; 
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The denominator in the anisotropy expression represents the total fluorescence. It is 

therefore necessary to multiply by a factor of two to account for z-axis excitation and 

>^-8x18 measurement, which is instrumentally difBcult to measure in a conventional 

spectrometer, but is exactly equal to since in solution molecules are, in most every 

case, isotropically distributed around the z-axis. The theoretical limits for anisotropy 

when measured in a bulk solution geometry are -0.5 <r<\. As was true with the linear 

dichroism measurement, fluorescence anisotropy is sensitive to the orientation of the 

transition dipoles defined by the angles 6 and (j>. Figure 2.3 assumes that the absorption 

and transition dipoles, n, and (Je are colinear (i.e. The intensity of fluorescent 

emission is proportional to both the projection of the exciting light on the absorption 

transition dipole, and the projection of the emission transition dipole onto the axis of 

detection. The fluorescence intensity, I, that is detected is expressed as 

=(^I. (2.14) 

where q is a unit vector defining the detection polarization direction. The relationship 

between the molecular and laboratory coordinate reference fi-ames for the absorbance 

linear dichroism experiment is unchanged. Therefore, by relating the molecular 

coordinate system with laboratory coordinate system using equation 2.8, the 

fluorescence intensity as a fiinction of polarization can be related to molecular orientation 

by the following equations: 

/ii =|jip(cos^0,cos^0j) (2.15a) 

=|^r(sin^(|)e)(cos^9,sin^0e). (2.15b) 

In these expressions, 0, is the orientation angle of the absorbance transition dipole vector 

at the time when light is absorbed, while (J)^ and 0^ are orientation angles of the emission 

dipole vector at an arbitrary time when fluorescence emission occurs. Substitution of the 
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previous expressions into equation. 2.13 results in the elimination of the cos^G, 

dependence which appears in each term and makes the anisotropy solely a function of the 

emission dipole orientation. 

(cos'9e)-(sin^(|).)(sin^e,) 

(cos^ 0 J + 2(sin^ <|) J(sin^ 0,} 

For the reader's benefit is noted that for most systems the molecules are assumed to be 

randomly oriented about the z-axis through angles of <j) such that A/((j))=l. The ^ angle 

dependence is subsequently removed by numerical integration; 

•2*  

= (2.17) 

0 

Further simplification of equation 2.16 using the relationship <cos^x> + <sin^x> =1 

results in the following familiar expression for anisotropy. 

3(cos^0e)-1 
'• = -^ (2.18) 

Polarization of the emission results fi'om excitation of, and emission from, an oriented 

system of transition dipoles. For a bulk solution experiment, a value of r == 0 will be 

measured for a completely isotropic system, therefore, the average tilt angle for such a 

system would 0e=54.7°. It is important to note that the dichroic ratio and the anisotropy 

are both measures of molecular order in a system. Furthermore, it is significant that the 

steady state anisotropy is not only a function of molecular orientation, but also of 

rotational difiiision. Free rotation during the lifetime of the excited state will also lead to 

r = 0 when measured in a bulk solution format. Energy transfer between an ensemble of 

randomly oriented probe molecules in a concentrated solution would also depolarize the 

emission. 
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2.2.2. lOW-ATR Linear Dichroism 

Absorbance measurements performed in direct transmission mode have been used 

to study orientation in thin films on transparent substrates, but these often suffer fi-om 

low signal-to-noise ratios. A case in point is the measurement of absorption linear 

dichroism [106], In a single-pass transmission geometry, it is difficult to detect a 

statistically valid difference between absorbances recorded in two orthogonal 

polarizations for submonolayer to monolayer thick films, in which the chromophore 

surface coverage may be on the order of 10'" mol/cm^ or less. 

An alternative to overcome the sensitivity problem of a direct transmission 

experiment is to perform the experiment in a total internal reflection geometry usmg an 

integrated optical waveguide (lOW). Attenuated total reflectance (ATR) is simply the 

total internal reflection experiment performed over a large number of reflections 

resulting in improved detection limits of absorbance due to the increased pathlength. A 

very high density of total internal reflections is accomplished in this work by using a 

planar integrated optical waveguide (lOW). (Detailed descriptions of the fabrication 

process, properties, and theory of lOW's are given elsewhere [166-168] and will not be 

reported here.) An lOW consists of a high index glass film deposited on a lower index 

(typically glass) substrate. This film is on the order of I [im in thickness. The 

superstrate, which is most often air or aqueous solutions, is also of a lower index and 

thus it allows light to propagate via total internal reflection within the confines of the 

high index film. The propagation of the total internal reflecting beam, termed a 

waveguide mode, can be described by either a ray optics approximation or by implicitly 

solving Maxwell's equations [169-171]. 

The advantages of using a planar waveguide compared to optical fibers or a direct 

transmission geometry to spectroscopically study thin films are; /) they can be fabricated 
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Figure 2.4. Schematic of the total internal reflection experiment. A linear dipole is 
oriented in the laboratory coordinate system defined by the x-, y-, and z-axes with the 
origin located at the interface where the light beam is totally reflected. Incident light 
travels along the x-axis to either measure absorbance or excite fluorescence. Emission 
is measured parallel to the z-axis. Dipole orientation is defined by the polar angle 0 and 
the azimuthal angle (|). 
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from a wide variety of materials, ii) the planar geometry makes them compatible with 

established surface modification and deposition technologies. Hi) the electric field 

distributions of the polarization conserved evanescent wave are easily calculated using 

equations 2.6a-c, and iv) the high density of reflections (up to several thousand per cm 

beam travel) that results from the thin guiding film yields a concomitant increase in the 

evanescent pathlength, and thereby the sensitivity. 

The geometry of the total internal reflection experiment differs from that used in a 

bulk solution experiment, hence the mathematics which relate measured absorbance to 

molecular distributions must be modified accordingly. Experiments using lOW-ATR 

absorbance linear dichroism are performed using the laboratory coordinate system 

depicted in Figure 2.4 where the surface of the dielectric waveguide substrate, upon 

which a molecular fihn is supported, is the x-y plane. Light propagates along the x-axis 

and is totally internally reflected at the origin which is at the interface between the 

substrate and the superstrate medium. As was the case with a bulk solution experiment, 

the orientation of a transition dipole, p., can be defined by the angles 0 and (j>. 

Absorbance is measured for both TE and TM polarizations. Absorbance occurs when 

the electric field of the evanescent wave is aligned with the transition dipoles as 

described by equation 2.7. Despite the differing geometries, the relationship between 

the molecular and laboratory reference frames remains unchanged from the bulk 

solution experiment (equation 2.8) so the absorbance of light polarized along x, y, and z 

are given by ; 

(2.19a) 

(2.19b) 

(2.19c) 
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where Mb and A'tm are the total number of reflections at the lOW/superstrate interface 

for either TE or TM polarizations over which the ATR measurement is made. Note that 

equations 2.19 a, b, and c differ from equations 2.9a and 2.9b derived for a bulk 

solution geometry only by factors which account for the evanescent field strengths, |£,p, 

and the number of reflections, N. The evanescent field strengths are calculated from 

equations 2.6a-c. Using the ray optics approximation, which assumes the light acts as a 

coherent propagating by total internal reflection at the waveguide substrate and 

superstrate interfaces, the reflection density per centimeter of beam propagation along 

this interface is given by 

where is the number of reflections, D is the distance in centimeters, and d2 is the lOW 

thickness. The terms Aai and A23 are the Goos-Hanchen shifts [108] at the 10W-

superstrate and lOW-substrate interface, respectively. The number of reflections is 

typically different for TM and TE because each polarization propagates at a different 

waveguide mode angle. 

It is assumed that the in-plane distribution of molecules composing the thin films 

under investigation are azimuthally symmetric, meaning that A^((J))=1. As a result, the (J) 

angle dependence can be removed by integration using equation 2.12 to give the 

following simplified expressions for the absorbance by x-axis orj^-axis polarized light. 

Given that TE polarized light contains only an Ey component whereas TM polarized 

light is composed of Ex and £? components the dichroic ratio (p) for a thin film is then; 

NlD = (2d^ tane, + A^, + A^)"', (2.20) 

(2.21a) 

(2.21b) 
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N^Eljsin^e) 
(2.22) 

Atm + -^z 0) + 2Ef (cos^ 0)) 

Examination of this equation makes it apparent that by assuming that the molecular 

system under investigation is azimuthally symmetric, the dichroic ratio is only a function 

of the out of plane tilt angle 0. 

2.2.3. lOW-ATR Linear Dichroism Normalization 

Experimentally, replicate measurement of dichroic ratios are performed on 

identically prepared samples coated on different waveguides. Since the mode 

propagation angle, refractive index, and thickness differ among waveguides, individual p 

measurements must be first normalized to the mode-dependent parameters (number of 

total internal reflections and the squared electric field amplitudes of the evanescent wave 

strengths) so as to be directly averaged or compared. For TE polarized light, the 

measured absorbance (A-cz) is normalized to the mode-dependent parameters by 

In the case of TM polarized light, a correction must also be made for the non-zero 

component present in the denominator of equation 2.22. The corrertion factor can be 

derived by restating the assumption that the in-plane (x-y) distribution of heme groups is 

isotropic. This means that the absorbance of light polarized along the>'-axis is equal to 

the absorbance of light polarized along the x-axis (after normalizing each measurement 

to the mode-dependent parameters). Thus the x-axis absorbance can be separated from 

the measured quantity Atm, yielding the absorbance of light polarized along the z-axis. 

The expression is 

A 
A 

• (2.23) 
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(2.24) 

The dichroic ratio, p, can therefore be rewritten as 

(sin^ 0) 

2(cos^ 0) 
(2.25) 

It is essential to note that the dichroic ratios reported throughout this work have been 

corrected in this manner so as to be directiy compared. 

2.2.4. riRF Anisotropy 

A total internal reflection format can also be used to excite fluorescence emission 

from a thin film ensemble using the evanescent wave. In this way, TIRF anisotropy can 

be used as a second technique to probe macroscopic molecular orientation. In the bulk 

solution experiment a single excitation polarization is used to excite fluorescence from a 

sample. Emission is measured with polarization discrimination both parallel and 

perpendicular to the excitation polarization vector. In contrast to a bulk solution 

experiment, emission cannot be measured using a detector located along the >'-axis in a 

TIRF geometry because the fihn is molecularly thin. Detection of polarized emission 

instead must be measured perpendicular to the surface along the z-axis. This geometry 

precludes the measurement of two orthogonal excitation vs. emission vectors so 

information about molecular orientation cannot be obtained using a single excitation 

polarization. Therefore, it is necessary that fluorescent intensity be measured by varying 

the excitation polarization. Experiments described here use orthogonally polarized TE 

and TM laser excitation. 
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Independent experiments varying the excitation polarizations allow for the 

measurement of the fluorescence anisotropy which can then be used to determine 

molecular orientation. Fluorescence intensity /, that results from /-axis polarized 

excitation and measurement ofy-axis polarized emission is dependent on the orientation 

of the absorption (n,) and emission transition dipoles. If the position of the 

transition dipoles with respect to the molecular geometry is known, then the orientation 

with respect to the r-axis can be determined. To study the distribution of angles, 6, it is 

convenient to define the anisotropy as: 

Comparing this to equation 2.13, one observes some differences. One difference arises 

from the fact that two excitation polarizations are being used: z and y. As before, the 

numerator represents the diflference in these values while the denominator represents the 

total fluorescence. Another diflference is that there are three terms instead of two 

because two separate emission polarizations are measured for >'-axis excitation. The 

reason for measuring two emission polarizations is to correct for possible bias in the 

detection system which would lead to systematic error if a molecular system under 

investigation has a preferred in-plane alignment about the angle (j). Two polarization 

measurements for z-axis excitation are not necessary because z-axis polarized light 

excites all ^ angles equally. If a molecular system is composed of molecules which are 

oriented randomly in-plane about the angle <j), and instrument bias is not a problem, then 

no emission polarizer needs to be used. This situation is true for many molecular 

assemblies. In this case, the anisotropy can instead defined by: 

v yy y* 

(2.26) 

I . - I y  
(2.27) 



where the subscript denotes the excitation polarization direction. This saves effort since 

only two separate measurements vs. three need to be performed. 

In the following mathematical treatment molecular orientation is related to the 

intensity measurements used to calculate anisotropy as defined by equation 2.26. The 

values and are a fiinction of the orientation distribution. Assuming that no 

polarization bias exists in the detection system, the measured intensities can be related 

to molecular orientation by the following equations; 

2| 14, 
(cos^ (|), cos^ <l)e)(sin^ 0, sin^ 0 J (2.28a) 

||if (cos^ (|), sin^ (j)^)(sin^ 0, sin^ 0^) (2.28b) 

(cos^ <j)e)(cos^ 0. sin^ 0,). (2.28c) 

It should be noted that TM polarized light, which is primarily polarized along the z-axis, 

has a small jc-axis component and is used to determine /zy. Corrertion of /zy for x-axis 

excitation must be performed and is covered in Appendix A. 

Again it is assumed that the in-plane distribution is isotropic and the ({) angle 

dependence is eliminated by integration. Assuming that no rotational motion takes 

place during the excited state lifetime and that the absorption and emission dipoles are 

colinear so that 0,=0e=0, the following expression for anisotropy results: 

E] (cos^ 0 sin^ 0) - (sin^ 0 sin^ 0) 2 y 
(cos^0sin^0) + £^{sin^0sin^0) (2.29) 

Here, the theoretically possible values for anisotropy are -0.5 > r > I, analogous 

to anisotropy measured in a bulk solution geometry. However, in this case the value 

measured for an isotropic orientation distribution is r = -0.2. It should be realized that 

equation 2.29 is consistent for both definitions of anisotropy (i.e. equations 2.26 and 
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Figure 2.5. Relationship between the transition dipoles in a molecule. The angle y is the 
angle between the absorbance (OA) and emission (OE) dipoles which are defined 
relative to the z-axis by Sa and Se respectively. It is assumed the OE can be located with 
equal probability at any point along EFE. 



2.27), and can therefore be used interchangeably. This is because when averaging the 

bias corrected values of and as is done in equation 2.26, one obtains a value 

equal to ly, the intensity obtained without the use of polarization discrimination. The 

procedure for polarization bias correction is given in Appendix A. 

Literature citations and discussion that appear elsewhere in this work make it 

apparent that the assumption that no rotational motion occurs during the excited state 

lifetime is a good one for the systems under investigation. However, the assumption 

that the absorbance and emission dipoles are aligned is only a general rule and is not the 

case for many fluorescent molecules. 

Figure 2.5 represents the situation when the absorbance (OA) and emission 

dipoles (OE) are not parallel and are separated by an average polar displacement 

semiangle y. All angular orientations of the emission dipole relative to the absorbance 

dipole defined by y are assumed to be equally probable and the possible orientations can 

therefore be represented as a cone. As a result, there is not a unique value for 0e. In 

order to describe the relationship between Be and 0a, Soleillet's equation is used [172], 

With reference to Figure 2.5, assume OZ undergoes a displacement 0, to OA and OA is 

displaced y to OE with the planes ZOA and AOE not required to be coplanar. The 

angle between OZ and OE, 0e, is given by the following trigonometric function 

(Soleillet's equation): 

sin0j = sin0, cosy - cos0, siny cos5, (2.30) 

where 5 is the angle between the two planes ZOA and AOE. If these angular 

displacements occur a large number of times (i.e. generating the cone), squaring and 

taking the average gives 
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(sin^ 0e) = 6, )(cos^ y) - 2(sin0, cos0, )(cosy siny)(cos5) 
(2.31) 

+ (cos^ 0, )(sin^ y)(cos^ 6) 

Restating the assumption made above that the molecular transitions between the 

absorbance and emission dipoles are isotropic means all values of 5 from 0 to 2n are 

equally probably so that 
(•2a 
I cos5<i5 

(cos5) = -^^^^; = 0 (2.32) 
I d5 J 0 

and 

f cos^5d5 1 
(COS=5> = -2-5: = (2.33) 

( d5 2 
J 0 

Therefore, when averaged over a large number of displacements, the relationship 

between 0e and 0, is given by: 

(sin' 0,) = (sin' 0, )(cos' y) + ^(cos' 0. )(sin' y). (2.34) 

This expression can be substituted into equations 2.28a-c to give 

= £'|nf (cos' (j). cos' (j),)^sin' 0.(^sin' 0,(cos' y) + ̂ cos' 0,(sin' y)j^ (2.35a) 

= £:'||ip(cos' ()). sin' (J)e)^sin' 0.[^sin' 0.(cos' y) + ̂ cos' 0,(sin' y)j^ (2.35b) 

= £'|nf (cos' (i),)^cos'0.[sin'0.(cos' y> + |cos' 0.(sin' y)j^ (2.35c) 

which fiiUy describe the intensity as a function of polarization in terms of only 0, and (j),. 

The intrinsic mean angle between the absorption and emission dipoles, y, can be 

determined by measuring the fluorescence anisotropy of a dilute, highly viscous bulk 
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solution. Assuming differences (if any) between the chemical environment of the bulk 

solution and the thin film do not affect the transition dipole orientation, the mean angle 

<y> is calculated using; 

where /j and /x are the fluorescence intensities measured with the emission polarizer 

oriented parallel and perpendicular, respectively, to the vertically oriented excitation 

polarizer. 

2.2.5. Orientation Distribution Calculation 

Absorbance linear dichroism and fluorescence anisotropy, when performed 

individually, each result in a single experimentally determined parameter which is 

sensitive to the orientation distribution. Because an orientation distribution is, by 

definition, a fianction of at least two or more variable parameters, either oi these 

experiments performed alone cannot be used to calculate an orientation distribution. 

The same is true for all of the optical techniques discussed previously. 

A solution to this problem is to measure at least two independent parameters. If 

performing steady-state spectroscopic experiments that probe a single dipole transition, 

the combination of linear dichroism, which is a one-photon event, and fluorescence 

anisotropy, which is a two photon event could be used. IR dichroism and polarized 

Raman scattering may be used as well. However, combining two separate linear 

dichroism experiments that probe the same absorbance dipole transition (which can be 

performed by simply using multiple incident polarizations), cannot be used in tandem 

because this is theoretically equivalent to performing the same experiment twice. Two 

linear dichroism experiments can be used together to determine an orientation 

I,+21, 2 J (2-36) 



distribution if; t) each experiment probes a different, non-parallel, molecular transition 

and if) prior knowledge exists so that the two transitions can be related to each other 

geometrically. 

Another approach is to work in a time-resolved mode. For instance, Wirth and 

co-workers [161,173] have used frequency-domain fluorescence spectroscopy to 

measure anisotropy decays for acridine orange adsorbed at solid-liquid and liquid-liquid 

interfaces. Orientation distributions were recovered by fitting the initial and final 

anisotropics to a Gaussian model for the dipole distribution. In other work reported in 

the literature order parameters were measured for fluorescent amphiphiles doped in 

Langmuir-Blodgett films by measuring the fluorescence polarization over a range of 

incident and emission angles [174]. Likewise, Bos and Kleijn [121] measured steady-

state emission intensity and polarization as a function of excitation polarization for a 

fluorescent porphyrin in a TIRF geometry adsorbed to glass. It was claimed that two 

order parameters were obtained by this method, from which an orientation distribution 

was calculated using a maximum entropy method. 

In order to determine orientation distributions, the strategy used here is to 

measure both the absorbance linear dichroism in an lOW-ATR format and steady state 

TIRF anisotropy on identically prepared samples. The angular orientation distribution is 

recovered by modeling the distribution as a probability density function that is specified 

by two adjustable parameters. The fiinction used to model the orientation distribution 

for the systems studied here was a Gaussian distribution given by the equation 

Af(e) = exp[-(e-e.)V2e„=] (2.37) 

where 9n is the mean tilt angle and Go is angular distribution (standard deviation) about 

the mean. The Gaussian form of N(^) is substituted into the integrated equations for the 



89 

dichroic ratio (equation 2.25) and fluorescence anisotropy (equation 2.26). Values for 

0^ and 0o were recovered by iteratively substituting estimated values for 0^ and 0a into 

these equations so that the calculated anisotropy (r) and dichroic ratio (p) matched the 

experimentally measured values for r and p as closely as possible. All calculations were 

performed using Mathematica™ software. 

2.3 THEORY: CIRCULAR DIPOLE ORIENTATION 

In the previous sections the theory relating lOW-ATR linear dichroism and TlRF 

anisotropy to the molecular orientation distribution in a thin film of linear dipole 

oscillators was outlined. In this study of protein films, metalloporphyrin (heme) proteins 

are used. The heme group, which is used as a spectroscopic probe of macroscopic 

order, is described by a circular dipole model. As a result a separate theory must be 

developed to describe how the measured parameters relate to molecular orientation. 

2.3.1. lOW-ATR Linear Dichroism 

The laboratory coordinate system is illustrated in Figure 2.6 using the geometry 

and notation of Thompson et al. [154] and Fraaije et al. [119]. Light propagating along 

the *-axis is totally internally reflected at the origin, which is in the planar interface (the 

x-y plane) between the internal reflection element and the adjacent medium of lower 

refi'active index. The polarization of the evanescent field decays exponentially along the 

positive z-axis fi-om the origin and is either TM or TE polarized. A film of protein 

molecules, in which each molecule contains one heme, is located at the interface in the 

adjacent medium (although only one heme group is illustrated). The chromophores 

partially absorb the evanescent field and subsequently emit fluorescence. 
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porphyrin 
plane ^ 

Figure 2.6. Top: Schematic of the molecular plane of a heme viewed along the z'-axis. 
The adsorption dipoles ni and \i2 are perpendicular to one another in the heme plane, as 
are the emission dipoles Ui and U2. The angle between ni and Ui is y. Bottom: 
Schematic of the heme molecular plane oriented in the laboratory coordinate system, 
defined by the x, y, and z axes. The origin is at the point of reflection in the x-y plane, 
which is the boundary between the total internal reflection element and the adjacent 
medium of lower refractive index. The heme is located at the interface in the lower 
index medium. The molecular plane, defined by the x'-y plane, lies at a polar angle 0 
from the z-axis. The angle between the z-axis and the normal to the molecular plane is 
p. The angle a describes the orientation of |ii in the x'-y' plane, while (j) is the 
azimuthal angle between the x and x' axes. 



Ignoring the presence of sidechains on the porphyrin ring, the heme exhibits D4h 

synunetiy due to the complexed metal ion. This can be modeled as two absorption 

transition dipoles, and which are oriented perpendicular to each other in the heme 

plane, which is designated as the x'-y' plane. The position of the heme plane relative to 

laboratory coordinate system can be described by 6, which is the angle between the 

waveguide surface normal (z-axis) and the heme plane, or p, the angle between the 

waveguide surface normal and the normal to the heme plane (z'-axis). Note that 

0+P=9O°. 

The in-plane orientation is described by the azimuthal angle, (}>, measured 

between the x and x' axes and a, the angle between the and the x' axis. Two 

emission transition dipoles, ui and U2, are also oriented perpendicular to each other in 

the molecular plane. The angle between the absorption and emission dipoles, y, is an 

expression of the extent of emission depolarization in the plane of the heme. For a 

metalloporphyrin with D4h symmetry, the heme plane has an infinite number of 

degenerate dipole transitions. Thus, a polarized radiation field E is absorbed by the 

electronic dipole a that maxinuzes a*E, meaning the heme will absorb light of any 

polarization aligned with the molecular plane (i.e. circularly polarized) [165], Even small 

environmental perturbations can rotate the excited state vector a so that emission should 

be also be circularly polarized and may be described by two orthogonal emission dipoles 

uiandu2. In this case the value of y is essentially meaningless. However, the influence 

of the local environment around the heme, such as the presence of side-chains and axial 

ligands, may cause the emission not to be circularly polarized and act instead more like 

a linear dipole model. The emission is then described by a single emission dipole ui 

related to the absorbance dipole by the angle y. 
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A circular dipole oscillator, which can be modeled as two orthogonal linear 

dipoles of equal amplitude, is an inherently more complicated system than the single 

linear dipole model. As presented for a linear dipole, it is helpful use a transformation 

matrix to relate the molecular coordinate system to the laboratory system resulting in 

the following expressions for and ^2: 

cos(t) cosa - cosP sin (|> sin a 

sin ({) cosa + cos P cos(|> sin a 

sinPsina 

X 

y 

Vz j  

cos<|)sina-cosPsin(j)cosa^ ( 

- sin (j) sin a + cosp cos(j) cosa 

sin 3 cosa 

y 

Kzj  

(2.38) 

(2.39) 

For a circular dipole the absorbance is defined by 

(2.40) 

Assuming that absorption intensity is randomized in the heme plane (m and 112 are 

orthogonal and equal in magnitude) [165] and the angular distribution of absorption and 

emission dipoles is isotropic with respect to (j) and a (i.e., the distribution function 

A'((j))=l and A'(a)=l[24]), the absorbance can be related to molecular orientation by 

+cos' P)) 

"M'7((I + COS' P)) Ay = 

4 = ^TMk-| kr(sin'P> 

(2.41a) 

(2.41b) 

(2.41c) 

Using these expressions the dichroic ratio for an lOW-ATR experiment is given by 

P = ^TE N^El ( \  +  cos ' ^ )  

^TM (-^x (1 + cos- p) + 2£j (sin ̂  p)) 
(2.42) 
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Normalizing the dichroic ratio for waveguide mode parameters and x-axis absorption by 

TM polarized light as described in section 2.2.3 gives the following expression for p: 

It should be noted once again that the normalized dichroic ratios are reported in the 

following chapters so they can be directly averaged and compared. 

2.3.21'lRF Anisotropy 

The fluorescence anisotropy experiment uses the same geometry depicted in 

Figure 2.6 as that used for linear dichroism measurements. Emission is detected along 

the z-axis without polarization discrimination. For experiments on protein films, 

instrumental bias to emission polarization is not present so the steady state fluorescence 

anisotropy is defined as; 

where Iz and ly are the emission intensities for excitation light polarized along the r-axis 

and>'-axis, respectively. The measured fluorescence intensity is defined by: 

where e^y is the emission detection plane. Since no emission polarizer is used to 

discriminate between x- and j'-axis emission, exy is a linear combination of both of the 

polarization axes. Assuming that: /) absorption and emission intensity are randomized in 

the heme plane (absorption and emission are circularly polarized: is orthogonal and 

equal in magnitude to ^2, Ui is orthogonal and equal in magnitude to Uj), if) the 

fluorescence is collected by a low numerical aperture objective so that emission intensity 

is proportional to the projection of u on the x-y detection plane. Hi) the detection 

TMCOTIECTED 

(l + cos' 9) 
2(sin 'e) (2.43) 

(2.45) 
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system exhibits zero polarization bias, iv) no emission depolarization results from 

intermolecular energy transfer during the excited state lifetime, v) there is no x-axis 

excitation and vi) the angular distribution of absorption and emission dipoles is isotropic 

with respect to <|) and a (i.e., the distribution function and ^(a)=l[24]), then the 

measured intensities can be related to molecular orientation by the following expressions 

|2| 14, 

^'4 
I (0 + 3. Xl + <^os^ P J) (2.46a) 

/, = \e, I P«)) (2.46b) 

where p, and Pe are tilt angles of the heme at the time of absorption and emission, 

respectively. If the assumptions stated above are met and no molecular motion occurs 

during the lifetime of the excited state, then Pa=Pe=P. The assumption that the emission 

is randomized within the heme plane (i.e. ui is orthogonal to uj) during the lifetime of 

the excited state may not hold in every instance. In this case the emission is treated as a 

linear dipole with an emission dipole transition related to the absorbance by the angle y. 

Using the theoretical procedure described in section 2.2.4, the dependence on y is 

introduced into equations 2.46a,b: 

P I 14, 
Ey I ||i|^ ((l + COS" p)(cos^ y + sin^ y cos" p)) (2.47a) 

IJ = \e^ I'luf ((sin* p)(sin^ y + cos^ y cos" p)). (2.47b) 

The anisotropy is related to the angular distribution of tilt angles by the following 

expression; 

r = 

. CddiUll. 

((sin^ P)(sin^ y +cos^ y cos^ p)) - E^y ^((l + cos^ p)(cos^ y + sin^ y cos^ p)) 

£?((sin^ p)(sin" y + cos^ y cos^ p)) + ^^((l + cos^ p)(cos^ y + sin^ y cos" p)) 

(2.48) 
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where <y> can be determined from the intrinsic anisotropy as determined in a bulk 

viscous solution experiment using equation 2.36. 

2.3.3. Orientation Distribution Calculation 

The dichroic ratio and anisotropy are again used in combination to determine the 

orientation distribution of heme tilt angles in identically prepared samples. Integration 

about P (not 0) is necessary to extract information about the orientation distribution 

since the normal to the heme plane is the major symmetry axis of the molecule. Hence, 

The fiinctional form of iV(3) is again modeled as a Gaussian distribution, where the 

heme planes are oriented about a mean tilt angle 3^ with an angular distribution 

(standard deviation) of Pa-

The orientation distribution is determined by substituting equation 2.50 into the 

integrated forms of equations 2.43 and 2.48 and iteratively varying 3^ and 3CT until the 

calculated dichroic ratio and fluorescence anisotropy match experimentally determined 

values. Although all calculations are performed using the polar angle 3> all orientation 

distribution data reported are stated in terms of 0 in order to remam consistent with 

previous reports in the literature [82,111,119]. 

J^)/(3)sin3^ 
(2.49) 

(2.50) 



2.4 ASSESSMENT 

Issues regarding the application and utility of the lOW-ATR+TIRF method are 

considered for both the linear and circular dipole oscillator models. These issues are 

outlined in detail for each model in the following sections. These sections also include 

theoretical plots which describe the relationship between linear dichroism, anisotropy, 

and orientation. 

2.4.1. Cross-Examination 

It is important to note that the parameter space in which combinations of 

anisotropy and linear dichroism are physically reasonable is extremely small. The 

relationship between all possible values for r, p, mean tilt angle (0^) and angular 

distribution (Qa) are depicted in Figures 2.7a and 2.7b for a linear dipole model (with Ey 

= Ez= I, Ex = 0, and y = 0°) and in Figures 2.8a and 2.8b for a circular dipole model 

(with Ey = Ez = \, Ex = 0, and y = 41°). The response surfaces defin^ those 

combinations of the parameters that are theoretically possible for a Gaussian orientation 

distribution model. It is evident that most of the parameter space represents 

combinations of r and p that are theoretically inconsistent. For example, a molecular 

assembly of linear dipoles (Figures 2.7a and 2.7b) cannot have anisotropy of 1.0 and a 

dichroic ratio of 4.0 because this would correspond to dipole orientations predominantly 

perpendicular and parallel to the surface, respectively. This illustrates the "cross-

examination" feature of the lOW-ATR+TIRF technique, which aids in detecting 

systematic errors. In other words, an angular distribution cannot be calculated if a given 

pair of spectroscopic measurements (r and p) are physically inconsistent. 
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Figure 2.7a. Response surfaces for a linear dipole oscillator showing theoretically 
possible values of mean tilt angle. Calculations were performed using equations 2.22 
and 2.29 (setting Ey = Ez= 1, Ex = 0, and y = 0°) at a 3° interval for both 0^ and 0o, for 
anisotropy values ranging from -0.5 to 1 and dichroic ratios from 0 to 4. 
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Figure 2.7b. Response surfaces for a linear dipole oscillator showing theoretically 
possible values of angular distribution. Calculations were performed using equations 
2.22 and 2.29 (setting Ey = Ez= Ex = 0, and y = 0®) at a 3° interval for both 0^ and Go, 
for anisotropy values ranging from -0.5 to 1 and dichroic ratios from 0 to 4. 
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Figure 2.8a. Response surfaces for a circular dipole oscillator showing theoretically 
possible values of mean tilt angle. Calculations were performed using equations 2.42 
and 2.48 (setting Ey = Ez= 1, Ex = 0, and y = 41°)-at a 3° interval for both and 9o, for 
anisotropy values ranging from -0.5 to 0.2 and dichroic ratios from 0 to 4. 
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Figure 2.8b. Response surfaces for a circular dipole oscillator showing theoretically 
possible values of angular distribution. Calculations were performed using equations 
2.42 and 2.48 (setting Ey = Ez= \, Ex = 0, and y = 41°)ata3° interval for both 6^ and 
0o, for anisotropy values ranging from -0.5 to 0.2 and dichroic ratios from 0 to 4. 
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2.4.2. Sensitivity 

a. Linear Dipole Model 

Sensitivity is defined here as the amount of change in the measured value of r and p 

vs. a change in orientation distribution. The limits to the sensitivity are determined by 

the range of possible values for the anisotropy dichroic ratio, which are limited to -0.5 < 

r ^ 1.0 and 0 <p < oo, respectively, for the linear dipole model. Although defined by 

these limits, the sensitivity is not constant over the entire range of orientation 

distributions. Figures 2.7a and 2.7b show that r and p are more sensitive to the angular 

distribution when the mean angle (0^) is near the theoretical limits of 0® or 90°. The 

opposite is true when the mean angle is near 55°. This trend is more clearly depicted in 

Figures 2.9a and 2.9b where the anisotropy and linear dichroic ratio are plotted as a 

fiinction of 0o over the range of ± 3° to ± 90° for four discrete values of 0^ (5°, 35°, 

55°, and 85°). When 0ji=5°, r can vary fi-om 0.965 to -0.164 and p can vary fi-om 0.007 

to 0.85, whereas at 0^=55°, r can vary only from -0.013 to -0.197 and p can vary from 

1.098 to 1.01. For both spectroscopic measurements the difference in mean orientation 

angle (5° vs. 55°) results in approximately an order of magnitude smaller range of 

possible values that can be measured. Thus, a less precise evaluation of the orientation 

distribution is obtained for distributions centered about 0^=55° as compared with 0^=5°. 

As seen here the sensitivity problem can become most problematic when trying to 

assess order in a system where distributions are centered about the isotropic or "magic" 

angle of 54.7°. In other words, it is hard to determine the difference between an 

ordered system oriented near the isotropic angle and an isotropic distribution. At this 

angle the linear dichroic ratio can vary only from 1.024 to 1.098. The width of this 

range is considerably smaller than the typical standard deviation of replicate 

experiments. Fortunately, by performing an anisotropy experiment on an identical 
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Figure 2.9a. Relationship between anisotropy and the Gaussian distribution angle, 6o, 
for several discrete mean tilt angles using a linear dipole model, assuming Ey = Ez= \,Ex 
= 0, and y = 0°; (A) 0^ = 5°; (B) 0^ = 35°; (Q 0^ = 55°; (D) 0^ = 85°. 



103 

5 

4 

O •t 
3 

2 
O 
Q 

1 

0 
0 10 20 30 40 50 60 70 80 90 

Gaussian Distribution Angle (degrees) 

Figure 2.9b. Relationship between the linear dichroic ratio and the Gaussian 
distribution angle, 0o, for several discrete mean tilt angles using a linear dipole model, 
assuming Ey = Ez= 1, Ex = 0, and y = 0°: (A) 0^ = 5°; (B) 0^ = 35®; (C) 0^ = 55°; (D) 
0,, = 85°. 
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sample more information is gained. At 0^=55° the anisotropy can vary from -0.013 to -

0.197 thus allowing an orientation distribution to be calculated. Of course, the 

orientation distribution will much less reliable compared with those measured for 

distnbutions centered about extreme angles. The fact that information about the order 

of a system is still gained in this worst case scenario is a paramount advantage to the 

lOW-ATR+TIRF technique compared to individual measurements of linear dichroism 

or fluorescence anisotropy. 

b. Circular Dipole Model 

A circular dipole, which is modeled as two orthogonal linear dipoles, intrinsically 

has half the sensitivity of the single linear model. The range of possible values for the 

anisotropy and dichroic ratio are -0.5 < r < 0.25 and 0.5 < p < oo, respectively. As 

described previously, the sensitivity of the spectroscopic measurements varies as a 

function of the mean orientation angle. This is demonstrated in Figure 2.10a and 2.10b 

where the possible values for the anisotropy and dichroic ratio are plotted as a function 

of 0o for the same given set of mean angles (5°, 35°, 55°, 85°). In this case, 

measurements are most insensitive to distributions centered near 0^=35.3° (P=54.7°) 

which is the isotropic or "magic" angle for this system. For example, when 0p.=35°, r 

can vary only from -0.002 to -0.047, which is an nine-fold smaller interval than when 

0^=85°, where r can vary from -0.488 to -0.078. This trend is also seen for the linear 

dichroic ratio which for 0^=85° can vary from 63.9 to 1.08, but can only vary from 0.96 

to 0.99 for 0^=35°. 
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Figure 2.10a. Relationship between anisotropy and the Gaussian distribution angle, 6a, 
for several discrete mean tilt angles using a circular dipole model, assuming Ey = Ez= 1, 
£•, = 0, and Y = 41°: (A) 0^ = 5°; (B) 0^ = 35°; (C) 0^ = 55°; (D) 0^ = 85°. 
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Figure 2.10b. Relationship between the linear dichroic ratio and the Gaussian 
distribution angle, 0®, for several discrete mean tilt angles using a circular dipole model, 
assuming= £2= 1, £"x = 0, and y = 41°: (A) 0^ = 5°; (B) 0^ = 35°; (C) 0^ = 55°; (D) 
0^=85° 
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2.4.3 Distribution Models 

Ideally, to obtain the true orientation distribution for a system under 

investigation, ^(6) should modeled by a function consisting of an infinite number of 

parameters. Since only two polarized spectroscopic measurements are performed, the 

method described here requires the assumption of a functional form for iV(9) that is 

composed of two variables. It is emphasized that the validity of assuming a Gaussian 

form for the distribution of dipole tilt angles in a molecular film has not been 

mdependently verified. More complex models may be more appropriate to describe 

orientation distributions in certain types of molecular assemblies. A case in point is 

where a system is composed of two distinct populations which have extremely diflferent 

mean orientation angles. An experimental technique that measures only two variables 

and assumes a single Gaussian distribution would likely generate results indicating that a 

broad distribution was present in the film, even if the respeaive distribution of each sub-

population was quite narrow. However, a unique solution for a distribution function 

described by more than two independent parameters cannot be obtained using a 

technique that measures only two variables. 

It is assumed here that for the general case a Gaussian function is appropriate for 

modeling the orientation distribution in thin film assemblies. The Gaussian model is 

physically realistic as it predicts that there is a most probable value (the mean) about 

which a population of molecules is oriented, and small defects or deviations from the 

mean are quite probable. Significant defects are less probable, but never impossible. 

Physically unrealistic aspects of the Gaussian model are that the distribution is, unless 

truncated, always symmetric and that probability always decays exponentially from the 

mean. Thus, a Gaussian model may not always be the best function to describe the 

orientation distribution. Chapter 9 describes other two parameter distribution fijnctions 
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which may be useful and more versatile in modeluig the orientation distributions. Even 

though a true orientation distribution may be unobtainable, it is emphasized that the 

simple models employed here can still be used to make valid comparisons, on a relative 

basis, of macroscopic order in molecular assemblies. 
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CHAPTERS 

MOLECULAR ORIENTATION DISTRIBUTIONS IN 

LANGMUm-BLODGETT FILMS 

3.L INTRODUCTION 

3.1.1 Motivation 

In the previous chapter the theoretical basis of measuring orientation distributions 

in thin film molecular assemblies by integrated optical waveguide-attenuated total 

reflection (lOW-ATR) and total internal reflection fluorescence (TIRF) anisotropy was 

described. This novel combination of techniques, termed lOW-ATR+TIRF, has never 

been used previously so experiments to test the instrumental design and theoretical 

approach needed to be performed. To do this, samples with a known orientation had to 

be fabricated. This was accomplished by using model molecular assemblies consisting 

of Langmuir-Blodgett (LB) films of arachidic acid doped with fluorescent amphiphiles. 

Fatty acid LB films have been extensively studied [175,176] and are known to be well 

ordered on a macroscopic scale, making them an appropriate system for testing the 

lOW-ATR+TIRF approach. 

A second motivation was to determine the molecular order present in LB fihns. 

Thin film assemblies of organic molecules supported on a solid substrate are currently 

being studied in many research laboratories [175-177], The high level of interest stems 

firom potential applications in molecular device technologies such as chemical sensing 

and molecular electronics, in which the film functions as the active element. The 

working assumption underlying these efforts is that the functional properties of a film 
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will be specified by its macroscopic architecture. One area of emphasis has therefore 

been the development of general methodologies to assemble molecules into 

macroscopically oriented, well ordered arrays. Approaches based on the Langmuir-

Blodgett and self-assembly methods have received the most attention to date. 

Continued progress in fabricating mono- and multilayer films with novel functional 

properties is dependent on concurrent development of analytical techniques appropriate 

for characterizing properties such as packing geometry and molecular orientation [175], 

3.1.2. Langmuir-Blodgett Films 

Langmuir-Blodgett films consist of mono-molecular layers stacked sequentially 

onto a solid substrate by deposition fi'om the interface of two dissimilar phases, either 

liquid-liquid or liquid-gas. Modem investigations of molecular films began with Agnes 

Pockels who experimented with a simple trough in her kitchen. Her ideas, as expressed 

to Lord Rayleigh, were published in Nature in 1891. However, it was Irving Langmuir 

who contributed the greatest advances in the area of LB films and published The 

Constitution and Fundamental Properties of Solids and Liquids In 1917. Katherine 

Blodgett, who worked for Langmuir, developed the LB technique of transferring films 

onto solid substrates to build up multilayer films [178], Later, a high level of interest in 

LB films was sparked by the work of Kuhn [179] and Mobius [180] who developed 

precise supermolecular structures doped with dye molecules to determine the principles 

of fluorescence quenching. Applications of LB fihns in the fields of electronics, optics, 

and biotechnology are currently being investigated by many research groups [175]. 

A schematic diagram of the LB film deposition technique is shown in Figure 3.1. 

LB films initially consist of a mono-molecular layer of surface active amphiphiles 

spread, most typically, at the air-water interface. Amphiphilic molecules such as fatty 
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Figure 3.1. Schematic diagram depicting the Langmuir-Blodgett film deposition 
technique. Amphiphilic molecules, for example the fatty acid arachidic acid, are spread 
on the surface in a volatile organic solvent. After the solvent has evaporated the 
monolayer is compressed to a packed solid analogous phase. Deposition onto a solid 
support is accomplished by vertically dipping a substrate into and out of the subphase. 
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acids are introduced to the water surface in a non-aqueous volatile solvent which is 

subsequently allowed to evaporate. Since the fatty acid amphiphiles are composed of 

both a hydrophilic and hydrophobic functional group, they naturally orient themselves 

with the polar carboxylate 'head groups' in contact with the water sur&ce and the 

hydrophobic alkyl 'tail groups' pointing into the air. When a limited number of 

amphiphiles are spread on the surface they become widely spaced in a gas analogous 

phase. By sweeping a barrier over the water surface the fatty add molecules are forced 

closer together and eventually form a compressed, ordered liquid-crystalline monolayer. 

A substrate is either raised or lowered through the film depending on the chemical 

properties of the substrate surface in order to deposit the amphiphiles fi-om the water 

surface to the substrate. In the case depicted in Figure 3.1, a hydrophilic substrate is 

first raised through the mono-molecular fibn to deposit the first layer. Multiple 

monolayers can be further deposited by alternately raising and lowing the substrate 

through the surface. For consistent film quality, the monolayer must be kept at a 

constant surface pressure by closing the barrier as molecules are deposited. 

Most often the liquid surface the amphiphile is spread upon, termed the subphase, 

consists of ultrapure water. However, divalent metal ions such as Cd^^, Zn^"^, and Ba^^ 

are often introduced into the subphase. These can react with the carboxylic acid groups 

of the fatty acids to form a 1:2 metalrfatty acid complex. As a resuh of cross-linking 

brought about by the complexation of the fatty acid molecules, the film is structurally 

more rigid and the repulsion between ionized carboxylate groups is reduced so a more 

stable film is produced. 

Classical LB films have used fatty acid amphiphiles as described here, but almost 

any molecule that exhibits a hydrophilic and hydrophobic character can be used. 

Examples include phospholipids [180], porphyrins [181], and proteins [182,183], In 
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fact, with appropriate synthetic chemistiy almost any species can be tailored to generate 

a monolayer trapped between two phases. 

3.1.3 Previous Spectroscopic Measurements. 

The Avidespread use of LB films has meant that much work has been applied 

towards their characterization. For crystallme films. X-ray and electron diffraction 

methods are very powerful approaches [184]. Atomic force microscopy has also 

become popular [185,186]. However, to characterize structure in less ordered (i.e., 

liquid crystalline) films, alternate methods must be employed and thus optical techniques 

have become the predominant strategy for studying uniaxial (azimuthally symmetric) 

assemblies. Molecular orientation in organic films has been assessed by measuring 

absorbance linear dichroism in the infi-ared and UV-vis spectral regions, polarized 

luminescence, polarized Raman scattering, and second harmonic generation 

[157,164,174,186-190,200]. Each of these methods has its advantages and limitations, 

but the chemical nature of a particular sample is usually the primary consideration in 

choice of method. In most cases an orientation distribution cannot be calculated 

because a single spectroscopic parameter is measured. An exception to this rule was 

reported by LeGrange et al. [174] where two order parameters were measured for 

NBD-dihexyldecylamine doped in LB films of stearic acid by measuring steady-state 

fluorescence anisotropy along two independent axes. 

3.2 EXPERIMENTAL SECTION 

3.2.1. Materials and Spreading Solutions 

Arachidic acid (99%, #A3631) and chloroform (99.9%, #27,063-6) were obtained 

fi-om Sigma and Aldrich, respectively. The fluorescent amphiphiles l,r-dioctadecyl-
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3,3,3',3'-tetramethylindocarbocyanine perchlorate (Dil, #D-282) and 2-(4,4-difluoro-5-

methyl-4-bora-3a,4a-diaza-s-indacene-3>dodecanoyl)-l-hexadecanoyl-sn-gIycero-3-

phos- phocholine (BODIPY, #D-3792) were purchased from Molecular Probes. Their 

structures are shown in Figure 3.2. All other chemicals were reagent grade and 

obtained from commercial sources. All materials were used as received. 

3.2.2 Zinc 5,1045,20-Tetralds(4-octadecylpyridinio)porphyrin (Zn-TOPP) 

TOPP was synthesized using a modification of the procedure described by 

Ruaudel-Teixier et al. [191a]. A 1;40 molar ratio of 5,10,15,20-tetra(4-pyridyl)-

21^,23/^-porphine (Aldrich, 97%) and 1-bromooctadecane (Aldrich, 96%) were added 

to approximately 25 mL of dimethylformamide and refluxed for 12 hr. The solution was 

allowed to cool to room temperature before an equal volume of anhydrous ethyl ether 

was added to precipitate the quatemized porphyrin. After filtering, the solid was 

redissolved in methanol, yielding a burgundy-colored solution. Any remaining insoluble 

matter was then removed by centrifugation. The product was purified by 

recrystallization from methanol several times in an acetone/dry ice bath. Absorbance 

spectroscopy was used to confirm the presence of the alkylated porphyrin. In the 

infrared region, the broad, intense NET*" stretch of the pyridyl precursor in the 3300-

3050 cm"l region was replaced by methylene bands at 2920 cm"^ and 2860 cm"l. 

Additional methylene bands appeared at 1470 cm"l and near 1500 cm'^. The CN 

stretch decreased in intensity and was shifted from 1600 cm"l to 1620 cm'^. The 

visible absorbance spectrum (methanol solution) had bands centered at 422, 518, 552, 

592, and 648 nm, which corresponds closely to the spectral features of tetra-3-

eicosylpyridiniumporphyrin bromide, a very similar compound [191a]. 
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Figure 3.2. Stnicture of the fluorescent amphiphiles Dil and BODIPY. 
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To prepare Zn-TOPP, the methanol was evaporated under a stream of nitrogen 

and the TOPP was redissolved in glacial acetic acid. After heating the solution to 50°C, 

40 mg of ZnCl2 was added and allowed to react for 1 hr. The solvent was evaporated 

under a nitrogen stream and the product was dissolved in chloroform. Excess ZnCl2 

precipitated and was removed by filtration. The visible absorption spectrum of the 

product dissolved in chloroform exhibited bands centered at 442, 525, 574, and 616 nm, 

which matches the published spectrum of Zn-TOPP [191]. The structure of Zn-TOPP 

is given in Figure 3.3. An analogous procedure was used to prepare zinc-5,10,15,20-

tetra(4-pyridyl)porphyrin. 

3.2.3. Substrate Preparation 

Silicon-oxynitrile planar lOWs were fabricated by plasma-enhanced chemical vapor 

deposition on fiised silica substrates (2.5 cmx7.5 cmxl mm slides) at the 

Microelectronics Center of North Carolina, as described previously [192], Waveguide 

thickness and index were measured using the prism coupling technique [193], Fused 

silica substrates were obtained fi-om Dynasil (Berlin, NJ). Prior to deposition of LB 

films, planar waveguide and fiised silica substrates were cleaned by mechanical 

scrubbing using a cotton pad, first in ethanol and then in 2% PCC-54 surfactant solution 

(Pierce). Substrates were then sonicated in 2% PCC-54 for 30 min, followed by 

copious rinsing with deionized (Type I Reagent Grade) water. Cleaned substrates were 

stored b deionized water and blown dry with nitrogen immediately prior to LB film 

deposition. 

3.2.4. Spreading Solutions and Langmuir-Blodgett Film Deposition 

LB films were prepared using a NIMA Technology Model 611 trough. The 

films were composed of five layers: three layers of pure cadmium arachidate (CdA) 
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Figure 3.3. Structure of Zinc 5,10,15,20-Tetrakis(4-octadecylpyridinio)porphyrin (Zn-
TOPP). 
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foUowed by two layers of aracbidic acid (AA) doped with either Dil, BODIPY, or Zn-

TOPP. The undoped CdA layers were used as a "foundation" to dampen substrate 

surface irregularities, which could produce an artificially broadened orientation 

distribution. 

Arachidic acid spreading solution was prepared by dissolving AA in chloroform 

at a concentration of 1 mg/mL. Stock solutions of Dil, BODIPY, and Zn-TOPP were 

also prepared in chloroform. Fluor-doped spreading solutions were prepared by diluting 

the Dil, BODIPY or Zn-TOPP stock solutions with the AA spreading solution. The 

BODIPY;AA molar ratio was 1:175 in LB films prepared for TIRF measurements and 

1:90 m LB films prepared for lOW-ATR measurements. The DiI:AA and Zn-TOPP:AA 

molar ratios were 1:150 in all films. Low molar ratios were used to prevent energy 

transfer between fluorophores, which would result in depolarized emission and 

invalidate the use of steady-state anisotropy measurements to determine molecular 

orientation [159]. For comparison purposes, five-layer films that lacked a fluorescent 

dopant were also prepared. 

Before use the trough was cleaned thoroughly with isopropyl alcohol and rinsed 

with deionized water. Cadmium subphase solution was prepared by dissolving CdCh in 

deionized water at a concentration of 5x10"^ M. The subphase pH was adjusted to 6.5-

7.0 by the addition of a few milligrams of NaHCOs per liter. Two substrates were 

clamped together, leaving one side of each exposed, and were immersed in the 

subphase. Approximately 100 |iL of AA spreading solution was deposited on the 

subphase surface. After a 5 mm wait to allow the chloroform to evaporate, the film was 

compressed at a rate of 100 cm^/min to a pressure of 31 mN/m. LB deposition on the 

exposed side of each substrate was performed by dipping/withdrawing the substrates at 

the rate of 4 mm/min. Transfer ratios were near unity except for the first layer which 
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typically had a higher value of 1.5. After three layers of CdA were transferred, the 

substrates were removed and the subphase was replaced with pure Type I Reagent 

Grade water. 

Approximately 100 of fiuor-doped spreading solution was then deposited on 

the subphase surface, allowed to equilibrate, and compressed to a pressure of 35 mN/m, 

as described above. Two layers of fluor-doped AA were then deposited over the CdA 

layers at a dipping rate of 4 mm/min. Transfer ratios for the fluor/AA layers were 

between 0.9 and 1. On planar waveguide substrates, the fluor/AA layers were deposited 

only over half of the total CdA film area as depicted in Figure 3.4. The other half was 

not coated with fluor to enable the blank propagation loss of the Cd A-coated waveguide 

structure to be measured (see below). The areas coated with the three and five layer LB 

fihns were each approximately 3.0 x 2.5 cm. The subphase was maintained at a 

constant temperature of 24°C during all phases of LB film preparation. Planar lOW-

ATR and TIRF measurements were made within 24 hours of deposition. 

3.2.5. Fluorescence Measurements 

LB films deposited on fiised silica slides were used for fluorescence 

measurements. The slide weis mounted on a Nikon Diaphot inverted microscope 

(described in reference [194]) with the LB film facing the objective. Epifluorescence 

was performed using commercially available filter blocks and a Hg lamp apparatus 

(Nikon). For TIRF measurements, the single line output (514.5 nm for Dil excitation, 

488 nm for BODIPY excitation) fi-om an argon ion laser (Ion Laser Technology 5500) 

was focused with a 90 mm FL lens into a fused silica trapezoidal prism (Harrick 

Scientific) that was coupled to the upper (bare) surface of the slide with an index 

matching fluid. The 575 nm output fi"om a Coherent 599 dye laser (pumped by a 
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Coherent Innova 70 argon ion laser) was used for excitation of Zn-TOPP films. All 

measurements were performed at a laser power between 0.5-1 mW. The beam was a 

totally reflected at the lower (LB film-coated) surface of the slide at an incidence angle 

of 70° (Figure 3.5). Excitation polarization was selected using a half-wave Fresnel 

rhomb. Fluorescence emission was collected with a 4X objective, normal to the LB film 

plane. A monochromator/photomultiplier assembly, aligned to the side camera port of 

the microscope and operated in a photon counting mode, was used to measure emission 

intensity at 568 ran and 518 rmi for Dil and BODIPY, respectively. A sheet polarizer 

was mounted between the monochromator and the camera port to select the 

polarization (x or y) of the detected emission. Three LB films were prepared and 

analyzed for each fluor. Measurements of polarized emission intensity were made at 5-7 

different spots on each film. The spots were randomly chosen and widely spaced over 

an area of at least 3.75 cm^. At each spot, the mean of twenty intensity measurements, 

each integrated over Is, were acquired twice for each of three polarization geometries, 

iTEy, ItEXJ and IjMy, where the upper and lower case subscripts refer to the excitation 

polarization and the emission polarizer orientation, respectively. To negate systematic 

errors due to photobleaching, measurements were performed in the order IjEy, ITEX, 

iTMy, IjMy. IjEx, IXEy-

The measured quantities iTEy, IjEx, IlMy are not equal to the /yy, /yx and /zy 

values used in equation 2.26. The raw data were biased due to: 1) the difference in the 

sensitivity of the detection system to emission polarized along the x- and ^y-axes 

(primarily due to the monochromator); 2) the difference in laser excitation powers 

between TM and TE polarizations; 3) the non-zero x-axis component of TM polarized 

excitation; and 4) the difference in electric field amplitudes between TM and TE 
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Figure 3.5. Geometry of the TIRF anisotropy measurements on dye-doped LB films. 
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polarizations. Four correction steps were applied to convert the measured quantities to 

lyy, and are described in detail in Appendix A. 

Since Zn-TOPP fluorescence should be nearly circularly polarized [165], no 

emission polarizer was present in the detection path. Fluorescence was collected with a 

4X objective and focused through a bandpass filter (635DF35, Omega Optical) onto a 

liquid nitrogen cooled CCD camera (Photometries). The size of the image of the TTRF 

excitation spot on the CCD chip was typically 100 x 200 pixels. Intensity 

measurements were made by summing the pbcel mtensities over this area, using 5 x S 

binning and integrating for 1-5 s. The total number of pixel counts was typically 10^-

10^. A mechanical shutter was used to block laser illumination of the sample between 

measurements. To negate systematic errors due to photobleaching, four measurements 

were made at each spot in the order: ITM, ITE. ITE, ITM, where the subscripts refer to 

the incident polarization. The measurements were made at five different spots spatially 

distributed over the surface of the slide. The mean background intensity, obtained by 

imaging the sample without laser illumination at each spot, was then subtracted fi-om the 

mean ITM ITE values. These values were subsequently corrected for polarization-

dependent differences in laser power and the non-zero x-axis component of TM 

excitation, usmg the procedures outlined in Appendix A, to calculate Iz and /y. These 

values were then used to calculate the anisotropy using equation 2.44. 

3.2.6. lOW-ATR Measurements 

The instrumental arrangement for measuring absorption linear dichroism in LB 

films coated on planar waveguides was similar to previous descriptions [112,195, 

section 8.1]. The 514.5 nm and 457.9 nm lines fi-om a Coherent Innova 70 argon ion 

laser were used for measurements on BODIPY and Zn-TOPP doped films, respectively. 
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The 550 nm output from a Coherent 599 dye laser, pumped with the argon laser and 

using Coumarin 540 as the gain medium, was used for Dil measurements. Input 

polarization was selected with a half-wave Fresnel rhomb. The waveguide was mounted 

on a rotary stage and the beam was coupled into a guided mode using a SF6 prism (Karl 

Lambrecht). The highest order mode that was supported in both TE and TM 

polarizations was used (either m=l or m=2). The guided mode "streak" visible in the 

waveguide was photographed with a charge-coupled device (CCD) camera and a 50 

mm camera lens, oriented normal to the waveguide plane (Figure 3.4). The CCD 

system consists of a Tektronix TK512CB chip mounted in a thermoelectrically cooled 

housing (Princeton Instruments) controlled by a Macintosh Power PC 7100 with IPLab 

software (Signal Analytics). A bandpass filter that transmitted the laser line and blocked 

fluorescence emission was mounted between the lens and the waveguide. In some 

cases, waveguide-excited fluorescence emission was photographed by inserting a 

bandpass filter that blocked the laser line and transmitted the fluorescence. In each of 

the waveguide-supported LB films examined, the guided mode streak was 

photographed at 3-4 different physical locations by vertically translating the 

waveguide/prism assembly with respect to the stationary laser beam. At each location, 

at least three photographs were recorded in each polarization (TE and TM) for 

subsequent averaging. 

Attenuation curves were generated by plotting the logarithm of the vertically 

averaged pbcel intensity in the image of the streak against the horizontal propagation 

distance. There were two visually distinct regions in each curve, which corresponded to 

the two distinct regions of the LB fihn: 1) the area coated with three layers of CdA, 

where the attenuation is due solely to the intrinsic propagation loss of the planar 

waveguide/CdA film structure; and 2) the area coated with three layers of CdA and two 
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layers of fluor-doped AA, where the attenuation is due to the intrinsic propagation loss 

and the absorbance of light by the dopant. The two regions of each attenuation curve 

were fit by least squares regression to log[I(x)] = otx + C where I(x) is the average pixel 

intensity as a function of distance D, x is the propagation distance in cm, a is the loss 

coefiBcient in cm'^ and C is a constant. By subtracting intrinsic loss measured in the 

undoped areas fi-om loss in the doped areas, loss coefi5cients due only to absorbance by 

Dil or BODIPY molecules were obtained for both TE and TM polarizations. 

3.2.7. Infrared Spectroscopy and EUipsometry 

Fourier transform infi-ared (FT-IR) spectra of LB films were measured in an 

attenuated total reflectance geometry using a Nicolet 51 OP FT-IR spectrophotometer 

fitted with a Spectra-Tech ATR accessory. Undoped films were deposited as described 

above on a silicon ATR crystal that had been pre-treated for 30 min in an argon plasma 

cleaner (Harrick PDC-3XG) to generate an SiOi surface. Spectra consisting of 200 

scans were acquired firom 400 to 4000 cm"l at a resolution of 4 cm'^. The uncoated, 

oxidized crystal was used as the reference. For ellipsometry measurements, LB films 

were deposited on single crystal Si wafers (5 cm diameter, 0.43 mm thick, <111> 

orientation with p-type resistivity of 5-15 ohm/cm, polished on one side). The wafers 

were precleaned by sonication in chloroform for 5 min. They were then treated in the 

plasma cleaner for 30 min, soaked in 0.1 M KOH for 2-4 minutes, soaked in 0.1 M 

HNO3 for 5-7 minutes, rinsed in deionized water, and finally dried under a nitrogen 

stream just prior to use. A Gaertner Scientific Model LI 16C ellipsometer was used to 

measure the amplitude ratio (v|/) and phase difference (A) of 633 nm light reflected at 

70°. Measurements were made at several different spots on each film, and thicknesses 

were determined assuming a film refi"active index of 1.52 [196]. 
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3.2.8. Intrinsic Anisotropy Measurements 

Intrinsic anisotropy measurements were performed by entrapping the fluorescent 

amphiphiles in RTV 615 silicone rubber (General Electric). This product starts as a 

liquid at which time a fluorescent molecule could be added to generate a homogeneous 

solution. Addition of a curing agent allows the silicone to harden at room temperature 

over a period of hours to become a optically transparent, colorless, rubber-like material. 

The procedure was carried out by first mixing a 1; 10 v/v mixture of the curing agent to 

RTV 615 silicone. A small amount of either Dil, BODIPY, zinc-5,10,15,20-tetra(4-

pyridyl)porphyrin, fluorescein, or rhodamuie 6G was added fi'om stock solutions in 

ethanol to give an approximately luM final concentration of the fluorescent molecules 

in the silicone solution. The solutions were then degassed under vacuum for a period of 

15 min. Before hardening, the silicone solutions with the fluorescent molecules were 

added to disposable polystyrene cuvettes and then allowed to harden overnight. The 

polarized fluorescence was measured using a conventional fluorimeter by exciting with 

vertically polarized light and measuring emission vertically (/j|) and horizontally (/x). 

Instrument bias was measured by exciting with horizontally polarized light and 

measuring emission both vertical and horizontal; theoretically the values should be 

equal. Values of /j and h corrected for polarization bias were substituted into equation 

2.36 in order to calculate y, the angle between the absorbance and emission dipoles. 

The results are given in Table 3.1. 

3.2.9. Orientation Distribution Calculations 

It is noted here that the originally reported method used to calculate orientation 

distributions as given in our previous paper published in J. Phys. Chem. [197] is 

partially incorrect. With reference to this paper, dichroic ratios were used in equation 
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12 to determine mean tilt angles (6^) for Dil and BODIPY dipoles in the LB films by 

assuming a delta function for the distribution. Calculated 0^ values were then 

substituted into the appropriate expression for ^(0) (equations 8 and 9). The N(Q) 

function was in turn substituted into equation 10 along with the respective anisotropy 

values computed fi-om equation 1. Angular distributions (A0 or 0o) were recovered by 

iteratively solving equation 10 using Mathematica™ software (Wolfi-am Research). 

This approach is flawed in that a delta function is used to calculate 0|a. Only in 

situations where the distribution is relative narrow (i.e. 0o < 15°) is this assumption 

valid. The appropriate method used to calculate the orientation distributions reported 

here is described in sections 2.2.5 and 2.3.3 above. 

The assumption that no rotational motion occurs during the lifetime of the 

excited state appears to be valid in the case of fluors doped in LB films. Using 

fluorescence recovery after photobleaching experiments, the out-of plane-rotational 

correlation times of Dil doped in distearoylphosphatidylcholine LB fihns were 

determined to be approximately 100 s [201], much longer than the lifetime of the 

excited state. Similar results were reported by Smith and McConnell [228]. The same 

behavior should be expected for probes doped in the LB films used here which are 

composed primarily of AA. 

3.3. RESULTS AND DISCUSSION 

The primary goal of this work was to develop a method of measuring orientation 

distributions in thin organic films in order to test the combination of lOW-ATR linear 

dichroism and TIRF anisotropy measurements. LB multilayers with incorporated dyes 

were selected as model molecular assemblies to assess the utility of the lOW-
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ATR+TlRF method. The LB technique is a well established means of depositing a thin 

fikn of an organic amphiphile spread onto and compressed into a Langmuir monolayer 

at an air-water inter£ice and deposited onto a planar substrate. LB films were deposited 

on planar waveguides for lOW-ATR measurements, on fused silica substrates for TIRF 

and epifluorescence measurements, on silicon ATR crystals for infi'ared spectroscopy, 

and on Si wafers for ellipsometry measurements. 

3.3.1. Langmuir-Blodgett Film Characterization 

The macroscopic quality of the LB films was qualitatively analyzed using 

epifluorescence microscopy. The goal was to generate fihns that were devoid of 

structural features. It was observed that incorporating fiuors into CdA layers produced 

non-uniform films with large bright and dim domains (>50 jim), which may have been 

due to aggregation of probe molecules. The use of arachidic acid as the predominant 

amphiphile largely eliminated this problem, meaning that the AA films doped with less 

than 1% fiuor on a molar basis were macroscopically uniform. Polarized 

epifluorescence measurements were performed to test the assumption that the fluors 

were isotropically oriented in the film (x-y) plane. The fluorescence intensities measured 

fi-om Dil-and BODEPY-doped films with the emission polarizer oriented along the x-

and ^/-axes were statistically indistinguishable, which supported this assumption. These 

same films were subsequently used for TIRF anisotropy measurements. 

Technical TIRF spectra of Dil and BODIPY doped LB films were measured 

usmg the fluorescence microscope and are shown along with the corresponding solution 

spectra in Figures 3.6 and 3.7, respectively. The emission maxima were 565 nm and 

518 nm for the Dil and BODIPY films, respectively. These values are very close to the 

568 nm and 518 nm maxima reported for Dil and BODIPY dissolved in ethanol [198], 
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The spectral bandshapes for Dil and BODIPY doped 1:150 and 1:175 in arachidic acid 

were similar in appearance to those observed in solution. These data indicate that Dil 

and BODIPY were not significantly aggregated when incorporated into LB films at the 

low molar ratios employed for TIRF measurements. Aggregation is typically 

accompanied by changes in bandshape and position, and the appearance of new bands. 

Dispersal of fluors in the films is required to prevent energy transfer, which if allowed to 

occur would cause depolarization and yield artificially small anisotropics [159]. It 

should be noted that fluorescence spectra of the BODIPY: AA films with a 1:90 molar 

ratio exhibited a broadened bandshape (Figure 3.8) with an emission maximum of 523 

nm, parameters that suggest some degree of probe aggregation. Relatively brighter 

domains on the order of 1 pmi in diameter were observed in these films when examined 

by epifluorescence. However, since the 1:90 films were used only for the lOW-ATR 

experiments, the presumed aggregation had no effect on the TIRF anisotropy 

measurement. 

Propagation loss coeflBcients were measured by lOW-ATR for waveguides 

coated with undoped LB fihns. There was no difference in loss between regions coated 

with three CdA layers and regions coated with three CdA plus two AA layers. Thus the 

difference in LB film thickness across the waveguide structure had no effect on the 

measured dichroic ratios. Ellipsometry of undoped LB films deposited on oxidized 

silicon wafers was performed to determine film thickness. Using a fikn refractive index 

of 1.52, thicknesses of 86 A and 131 A were measured for 3- and 5-layer CdA films, 

respectively. These results agree well with the published thickness of 26.4 A per layer 

[196], 

The FT-IR/ATR spectrum of undoped LB films was acquired by depositing the 

3 CdA/2 AA layer structure on the surface of an oxidized silicon ATR crystal (spectrum 



130 

C 

C 

a> 
o c 
o 
o 
(0 
£ o 
3 
U. 

520 540 560 580 600 620 640 660 680 700 720 

Wavelength (nm) 

Figure 3.6. Fluorescence emission spectra of Dil in methanol (lop trace, solid line), and 
doped 1:150 mol/mol Dil:arachidic acid in a bilayer LB film (bottom trace, dotted line). 
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Figure 3.7. Fluorescence emission spectra of BOPDIPY in chloroform (top trace, solid 
line), and doped 1:175 mol/mol BODIPY;arachidic acid in a bilayer LB film (bottom 
trace, dotted line). 
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Figure 3.8. Fluorescence emission spectra of BOPDIPY doped LB films. Top trace 
(solid line): 1:175 mol/mol BODIPY:AA; Bottom trace (dotted line): 1:90 mol/mol 
BODIPY:AA. 
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not shown). The hydrocarbon stretching region contained strong bands at 2918 cm~^ 

and 2850 cm*^ which are assigned to the methylene asymmetric and symmetric 

stretching modes Va(CH2) and Vs(CH2), respectively. The frequencies of these bands 

have been used as indicators of the extent of lateral interactions between polymethylene 

chains in crystals, LB films, and self-assembled monolayers [176,199,200]. The 

frequencies observed here are identical to those reported by Porter et al. [199] for long 

chain (/i > 15) alkanethiol monolayers self-assembled on gold, and indicate that the 

polymethylene chains in the LB film are packed in a well-ordered, solidlike state. 

3.3.2. Dil Orientation Distribution 

A LB multilayer of Dil-doped AA, a model molecular assembly with a 

presumably high degree of macroscopic order, was chosen as an initial test case for the 

lOW-ATR+TIRF method. Dil has been employed extensively in fluorescent probe 

studies of membranes and intact cells [198], and fluorescent anisotropy techniques have 

been used to assess molecular order in Dil-labeled structures [157,201]. The linear 

transition dipole responsible for absorbance in the 500-550 nm wavelength regime is 

thought to orient along the long axis of the carbocyanine head group, approximately 

perpendicular to alkyl chains [157]. This suggests that when incorporated in a LB film, 

the transition dipole would lie roughly parallel to the film plane, meaning that the tilt 

angle should be nearly 90° if the alkyl chains are oriented normal to the film plane. 

Two planar lOWs coated with Dil-doped LB multilayer films were prepared and 

characterized. The linear dichroism measured by lOW-ATR was 6.69 ± 1.8. Note that 

the variance represents the standard deviation of the multiple linear dichroism 

measurements, and cannot be related to the angular distribution of dipoles in the film. 

Three fiised silica substrates coated with Dil-doped LB multilayer films were prepared 
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and characterized. The overall mean fluorescence anisotropy for the three samples was 

-0.369 ± 0.025. No systematic differences between samples were detected; the standard 

deviation among different spots on the same sample was about equal to the overall 

standard deviation. Using the mean values, P = 6.69 and r = -0.369, and a value of 22° 

for Y (obtained from the intrinsic anisotropy results; Table 3.1), an orientation 

distribution could not be calculated (Table 3.2). In other words, the combination of P = 

6.69 and r = -0.369 is physically inconsistent with a Gaussian distribution model for a 

circularly polarized oscillator with y = 22°. This illustrates the "cross-examination" 

aspect of measuring absorption linear dichroism and fluorescence anisotropy in tandem 

as discussed in section 2.4.1. To some extent, each measurement verifies the validity of 

the other and most combinations are physically inconsistent. However, orientation 

distributions could be calculated for other pairs of P and r that lie within one standard 

deviation of the experimental mean values, as shown in Table 3.2. Within the ranges of 

P = 6.69 ± 1.8 and R = -0.369 ± 0.025, the calculated values for 0^ and 0<y fell in the 

ranges of 72° to 84° and ± 2 ° to ± 17°, respectively. The average of the calculated 

distribution within this range of experimental error is 76° ± 8° which is plotted in Figure 

3.9. 

As the data in Table 3.2 make clear, the inability to calculate a distribution for the 

combination of p = 6.69 and r = -0.369 is a consequence of the very narrow range of 

allowable values that these parameters can assume when the transition dipole is tilted 

nearly 90° and cannot be attributed to a systematic error. What these results show is 

that; i) the dipole distribution in Dil-doped LB multilayers is centered at a tilt angle 

nearly parallel to the film plane; and it) the dipoles are distributed in a moderate range 

about the mean angle. 
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Table 3.1. Intrinsic Anisotropy Results for Silicone Entrapped Fluorescent 
Molecules. 

molecule matrix aoisotropy 
fluorescein silicone gel 0.394 6° 

rhodamine silicone gel 0.405 4° 

Dil silicone gel 0.315 22° 

BODIPY silicone gel 0.314 22° 

zinc-5,10,15,20-tetra(4-
pyridyOporphyrin 97 % gylcerol 0.058 41° 

a Y is the average angle between the absorbance and emission dipoies calculated using 
equation 2.36. 
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Table 3.2. Dil Orientation Distributions Calculated for Selected Combinations of 
Emission Anisotropy and Dichroic Ratio.^ 

Dichroic 

Ratio (p) 

Anisotropy (r) Dichroic 

Ratio (p) -0.344 -0359 <0j69±0.025^ -0.380 -0.394 

4.89 n/o 72±2° 76°±11° 84°±17° n/o 

5.50 n/o n/o 75°±5° 75°±8° 77°±ir 

n/o n/o n/o 74°±4° 76°±8° 

6.69±U^ n/o n/o n/o n/o 75®±3° 

7.00 n/o n/o n/o n/o n/o 

8.49 n/o n/o n/o n/o n/o 

^ Gaussian orientation distributions expressed as 0^ ± 0a. 

^ Measured p and r values (mean ± standard deviation) for AA LB films doped with 

Dil. 

^ Not obtainable (the combination of p and r did not produce a simultaneous solution 
to equations 2.25 and 2.26, y = 22°). 
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A comparison can be made between these results and previous studies in which 

carbocyanine dye orientation in model membranes was examined using steady-state 

TIRF anisotropy. Axelrod [157] reported that the transition dipole is parallel to the 

membrane surface in Dil-doped erythrocyte ghosts immobilized on poly(lysine)-coated 

substrates. Timbs and Thompson [201] obtained similar results for a LB monolayer of 

distearoylphosphatidylcholine doped with 0.5% Dil. Using absorption LD, Ohta et al. 

[188] measured mean tilt angles of 73°-82° for several carbocyanine dyes co-deposited 

with AA in multilayer LB films. It must be emphasized that an orientation distribution 

could not be determined in any of these studies. However, Timbs and Thompson did 

report combinations of 0|i±A0 for a step function model that were consistent with their 

measured order parameters, where A0 is the polar semiangle of the cone in which the 

dipoles wobble on a time scale faster than that of the measurement: for 0ji=7O°, 

A0=2O°; for 0^=72®, A0=3O°; for 0^=78®, A0=4O''. These values are close to the 

distribution of 76° ± 8° reported here, despite the different film composition 

(phosphatidylcholine versus AA) and orientation distribution model (step function 

versus Gaussian). 

If one assumes that Dil is incorporated into an AA film with the major axis of its 

polymethylene tail groups oriented perpendicular to the electronic transition dipole of 

the headgroup, and that the tail groups are aligned parallel to the major axis of the 

polymethylene chains of the AA matrix, then 0ji=75° for the headgroup corresponds to 

a mean tilt angle of 15° between the polymethylene chain axis and the surface normal. 

This result is consistent with previous work. Numerous studies on alkyl chain 

orientation in LB films of fatty acid salts have been performed using a variety of 

techniques, including X-ray and electron diffraction methods, external reflectance and 

attenuated total reflectance FT-IR spectroscopies, and near-edge X-ray absorption 
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Figure 3.9. Gaussian probability distributions for fluors doped into a LB bilayer of 
arachidic acid: A, BODEPY with 0^ = 62''and 0® = 21°; B, Dil with 0^ = 72°and 0® = 8°; 
C, Zn-TOPP with 0^ = 89°and 0« = 4°. 
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spectroscopy (NEXFAS). The books by Roberts [176] and Ullman [177] review many 

of these studies. Most have reported mean tilt angles ranging from 5° to 30° from the 

surface normal, although typically the first monolayer is tilted closer to 30° and is more 

disordered than subsequent layers, which are tilted at smaller angles. For example, 

Umemura et. al. used FT-IR/ATR to a measure tilt angle of 7° between the 

polymethylene backbone and the surface normal in cadmium stearate multilayers 

deposited on silver and zinc selenide [187], Chollet reported tilt angles of 24° and 8° 

for behenic acid and calcium behenate deposited on CaF2, also using polarized FT-

IR/ATR [202]. Recently, Kinzler et. al. reported NEXFAS measurements of 

orientation in CdA mono- and multilayers deposited on silicon, SiOi, and silver [203], 

In films containing three or more layers, alkyl chains were tilted at less than 16° on all 

substrates, whereas monolayers on silicon and SiOi were tilted approximately 30°. 

In summary, our results for Dil-doped LB multilayers are consistent with prior 

studies of similar molecular assemblies and confirm that the lOW-ATR+TERF method 

can be used to measure dipole orientation distributions in thin molecular assemblies. 

However, the true orientation distribution cannot obtained because the distribution must 

be modeled by a Gaussian fiinction, and the calculated orientation distribution will vary 

slightly within the range of experimental error. 

3.3.3. BODIPY Orientation Distribution 

A second type of LB film assembly, BODIPY-doped AA, was also examined. 

BODIPY is a dipyrrometheneboron difluoride; the derivative employed here was a 

phospholipid labeled at the terminus of one of the acyl chains (Figure 3.2). This 

molecule was selected as a contrast to Dil for two reasons; /) The linear transition 

dipole responsible for absorbance in the 500-550 nm wavelength regime is thought to 
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orient along the long axis of the aromatic structure [204], This suggests that when 

incorporated into a LB film, the transition dipole would lie roughly parallel to the major 

axis of the alkyl chains. Thus the mean tilt angle is predicted to be substantially less 

than that obtained for Dil in an AA LB film, if) When incorporated into a LB film, the 

fluor is expected to be located near the center of the alkyl chain region of the film 

structure. Some evidence [205] suggests that BODIPY experiences a disordered 

environment when confined to the interior of a lipid bilayer, relative to the headgroup 

region. 

Two planar lOWs coated with BODIPY-doped LB multilayer films were prepared 

and characterized. The linear dichroic ratio measured on two individual samples was 

1.44 ± 0.15. Again, the 0.15 represents the standard deviation of the linear dichroism 

measurement, and is not related to the angular distribution of dipoles in the film. Three 

fiised silica substrates coated with BODIPY-doped multilayer LB films were prepared 

and characterized. The overall mean fluorescence anisotropy for the three samples was 

-0.169 ± 0.032. As with Dil, the standard deviation among different spots on the same 

sample was about equal to the overall standard deviation. 

The range of angular distributions that can be calculated for BODIPY-doped AA 

films, using intervals for p and r one standard deviation on either side of the mean 

values, is listed in Table 3.3. The table shows that the overall means of p = 1.44, r = -

0.198, and y = 22° (fi-om intrinsic anisotropy resuhs; Table 3.1) give an orientation 

distribution of 62° ± 21° which is plotted in Figure 3.9. In addition, the table also 

shows that the angular distributions can be obtained for nearly every combination of p 

and r that lie within one standard deviation of the mean values. 



Table 3.3. BODIPY Orientation Distributions Calculated for Selected Combinations of Emission Anisotropy and 
Dichroic Ratio." 

Anisotropy (r) 

Dichroic Ratio (p) -0.178:::;;; •:^;;-9.i88;;;;:;;i; -0.19&l:0.030'' •0.208 iiiiii a 
1.29 59°±17° 59°±20"' 60°±25° 62°±28° 72°±42° 80®±46° /j/o® 

1.39 60°±15° 59°±18° 60°±2r 62°±25° 67°±32° 75°±41° n/o 

l,44i:0.15'' 60°±14° 60°±15° 60°±18° 62°±21° 65°±27° 70°±33° 90°±52° 

1.49 60°±12° 60°±I3° 61°±15° 62°±20° 64°±23° 68°±29° 75°±37° 

1.59 61°±10° 6i°±ir 6r±13° 62°±18° 63°±18° 65°±18° 68®±27° 

^ Gaussian orientation distributions expressed as 0^ ± 6a. 

^ Measured p and r values (mean ± standard deviation) for AA LB films doped with BODIPY. 

^ Not obtainable (the combination of p and r did not produce a simultaneous solution to equations 2.25 and 2.26, y = 22°). 
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The Gaussian distribution of 21° obtained from these measurements is 13° greater 

than the average Gaussian distribution obtained for Dil, indicating a relatively greater 

degree of disorder in the BODIPY-doped films. This is illustrated in Figure 3.9, where 

normalized Gaussian orientation distributions for Dil and BODIPY are plotted. The 

broader distribution for a probe located in the hydrophobic region of the film, relative to 

a probe located in the head group region, is consistent with previous work. NMR 

studies of acyl chain order have shown that methylenes in the center of liquid crystalline 

lipid bilayers are considerably more disordered than those near the surface [206], 

Johnson et al. [205] measured fluorescence anisotropy fi-om phosphocholine bilayers 

containing lipids labeled with BODIPY at different positions along the acyl chains. The 

anisotropy decreased as the distance between the fluor and the headgroup increased, 

again showing that the probe experienced a more disordered environment in the center 

of the bilayer. 

Another feature of the lOW-ATR+TIRF method that deserves discussion is the 

ability to distinguish between a molecular assembly that is partially aligned and one that 

is randomly oriented. In theory, an isotropic assembly of linear dipoles corresponds to a 

linear dichroic ratio of 1.0 and an anisotropy of -0.2. With respect to the BODIPY 

results, p = 1.44 is quite close to the random value of 1, and the overall mean anisotropy 

(-0.198) is nearly identical to -0.2. Consequently, the possibility that the BODIPY 

distribution may be isotropic must be considered. This possibility is diminished by 

independent measurement of both p and r; in tandem these results more decisively 

support the conclusion that the BODIPY distribution is partially aligned. 
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3.3.4. Zn-TOPP Orientation Distribution 

Zn-TOPP was used as a third probe since it is a circular dipole and therefore could 

be employed to test the theory based on the circular dipole model. This molecule 

exhibits an extremely amphiphilic character with six positive charges (including the 

bound zinc ion) and four Cis aikyl chains. Based on the structure of the molecule given 

in Figure 3.3, it is predicted to be aligned in an LB film matrix similar to Dil with the 

plane of the porphyrin parallel with the surface of the substrate. Two planar 

waveguides coated with Zn-TOPP doped films were prepared, and lOW-ATR linear 

dichroism measurements were performed at three distinct physical locations on each. 

The dichroic ratio (P) was 105 ± 42. (Note that the standard deviation of the 

measurement is large because /4TM, the denominator in equation 2.43, was very small). 

TIRF measurements made on Zn-TOPP doped films supported on fijsed quartz 

substrates, prepared under otherwise identical conditions, yielded an anisotropy of -

0.482 ± 0.009. The fact that P > 10 and r is very close to the theoretical minimum of -

0.5 indicates that the molecular plane of Zn-TOPP is nearly parallel to the LB film 

plane. 

However, as was the case with Dil, substituting the mean values for P and r, and a 

value of 41° for Y (based on the intrinsic anisotropy measurements described above 

measured using zinc 5,10,15,20-tetra-4-pyridylporphyrin) did not yield a calculated 

solution. Again, the combination of P = 105 and r = -0.482 is physically inconsistent 

with a Gaussian distribution model for a circularly polarized oscillator with y = 41°. 

However, orientation distributions could be calculated for other pairs of P and r that lie 

within one standard deviation of the mean values, as shown in Table 3.4. Within the 

ranges of P = 105 ± 42 and r = -0.482 ± 0.009, the calculated values for 9^ and GQ fell 
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Table 3.4: Zn-TOPP Orientation Distributions Calculated for Selected 
Combinations of Emission Anisotropy and Dichroic Ratio.^ 

Anisotropy (r) 

Dichroic Ratio (p) 

63 n/o" 90®±5.7° 390+470 

I05±42'' n/o n/o 89°±3.6° 

147 n/o n/o 87°±2.3° 

^ Gaussian orientation distributions expressed as 6^ 0a-

^ Measured p and r values (mean ± standard deviation) for AA LB films doped with 

Zn-TOPP. 

^ Not obtainable (the combination of p and r did not produce a simultaneous solution 
to equations 2.43 and 2.48, y = 41°). 
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in the ranges of 87® to 90® and ± 2.3® to ± 5.7®, respectively. The average Gaussian 

orientation distribution of 89® ± 4® is plotted in Figure 3.9. 

As the data in Table 3.4 make clear, the inability to calculate a distribution for the 

combination of p = 105 and r = -0.482 is a consequence of the very narrow range of 

allowable values that these parameters can assume when the porphyrin plane is tilted 

nearly 90®. With reference to Figure 2.8a and 2.8b, it is apparent that an ensemble of 

circularly polarized oscillators must be distributed narrowly about a tilt angle of 

approximately 90® when r approaches -0.5 and p approaches positive infinity. As was 

the case with the Dil doped films, the inability to calculate a distribution for p = 105 and 

r = -0.482 cannot be attributed to a systematic error in the experimental and theoretical 

approach. Rather this combination of measurements can only be interpreted as evidence 

of a highly ordered film, which is consistent with previous studies of molecular 

orientation in porphyrin-containing LB films [207]. 

In summary, over length scales on the order of a centimeter, (/) the angular 

distribution of porphyrin planes in Zn-TOPP doped LB films is centered at a mean tilt 

angle nearly parallel to the film plane, and (//) the porphyrin planes are distributed in a 

very narrow range about the mean angle. Finally, the Zn-TOPP results demonstrate 

extension of the lOW-ATR+TIRF method to orientation distribution measurements on 

films containing circularly polarized oscillators. 

3.3.5. Assessment 

Some issues regarding the application and utility of the lOW-ATR+TIRF method 

need to be considered. First, it is important to note that the parameter space in which 

combinations of anisotropics and mean tilt angles are physically reasonable is 

considerably smaller than the theoretically allowable ranges for r and p alone. The 
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"cross-examination" aspect of measuring absorption LD and fluorescence anisotropy is 

evident from the Dil and Zn-TOPP results. 

Sensitivity to the orientation distribution is also an issue. Figures 2.7a and 2.7b 

show that the anisotropy and dichroic ratio are most sensitive to the distribution when 

0(X is near 0° or 90°, and are relatively insensitive when 0jx is around 55° for a linear 

dipole. The trends for a linear dipole model are illustrated more clearly in Figures 2.9a 

and 2.9b, in which anisotropy is plotted as a function of distribution for 0|i=5°, 35°, 

55°, and 85°. Since the range of theoretically measured values are smaller, a less 

precise evaluation of the width of the distribution can be obtained when 0jx=55°. Note 

that the mean tilt angle obtained for the BODIPY-doped LB films fell within this 

insensitive region. The eflfect is apparent from the range of distributions calculated 

using the Gaussian model for values of p and r within ±one standard deviation of their 

respective means (Table 3.3). At one extreme there is a combination of p and r that 

yields an ordered orientation distribution of 61° ± 10°, whereas at the other extreme the 

orientation distribution is calculated to be 90° ± 52°. In contrast, for the Dil-doped 

films, the corresponding range of distributions is only 2° to 17° (see Table 3.2), despite 

the fact that the standard deviation of the experimentally determined values are similar. 

The smaller range of distributions for Dil is a consequence of its greater mean tilt angle; 

when 0^«76°, the anisotropy is much more sensitive to the distribution. 

Second, in our experience, the standard deviation of a 0p. measurement using 

lOW-ATR is typically ±10%. We attribute these fluctuations primarily to differences in 

intrinsic loss among planar waveguides. This is supported by the fact that the standard 

deviation for multiple measurements on the same sample is always less than that among 

multiple samples. Thus in the case of two highly ordered assemblies of dipoles, it could 
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be difiBcult to discern real differences using the lOW-ATR+TIRF method to assess 

orientation distribution. 

A related issue is substrate flatness. Taking the Gaussian model for Dil 

orientation in a LB multilayer as an example, we do not know what fraction of the ± 8° 

angular distribution can be attributed to substrate surface roughness. However, the 

fraction can be estimated using data reported in Chapter 7 which used atomic force 

microscopy to measure a rms surface roughness of 0.9 A over a scan area of 250 nm x 

250 nm on new polished fused quartz substrates. Assuming that this fluctuation occurs 

over a molecular dimension of 20 A, the surface roughness contributed to the measured 

distribution is tan-^(0.9/20), or only 2.6°. It therefore appears that distributions 

substantially greater than several degrees cannot be attributed solely to substrate surface 

roughness. 

Third, the lOW-ATR and TIRF measurements were performed on LB films 

prepared on different substrates, although this was done for convenience and is not a 

requirement inherent in the method. Thus it is possible that the film structure was 

influenced by the substrate (it is also noted that the FT-IR/ATR and ellipsometry data 

were obtained on different substrates). However, since fluors were present only in the 

fourth and fifth layers of the LB multilayer, the effect was probably minimal. This 

assumption is supported by Kinzler et. al. [203], who found that mean polymethylene 

chain orientation in CdA multilayers deposited on silicon, Si02, and silver was 

independent of the substrate. 

Fourth, the lOW-ATR+TIRF method is sensitive to submonolayer surface 

coverages. In the case of Dil, the effective surface coverage in the films examined here 

was about 0.02 of a monolayer. This coverage is well above the lOW-ATR detection 
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limit of 0.004 of monolayer of Dil reported by Plowman et al. [195], The method 

therefore shows potential for measuring orientation distributions in molecular assemblies 

with much poorer spectral properties and surface coverages than the LB films examined 

here. 

Fifth, as implemented here, the lOW-ATR+TIRF method requires the assumption 

of a functional form for N{Q). We emphasize that the validity of fitting the distribution 

of dipoles in a molecular assembly to a Gaussian model has not been independently 

verified. Intuitively the Gaussian appears to be physically realistic, however, different 

models may be more appropriate to describe orientation distributions in other types of 

molecular assemblies. Of course when using a technique that measures only two 

variables, distribution functions that contain more than two independent parameters 

cannot be considered. However, even though a true orientation distribution may be 

unobtainable, the simple models employed here can still be used to make a valid 

comparison of the macroscopic order in two molecular assemblies on a relative basis. 

3.4. CONCLUSIONS 

The combined use of the lOW-ATR LD and TIRF anisotropy techniques can be 

employed to determine the orientation distribution of fluorescent molecules in a 

substrate-supported film. The results for the dye impregnated LB films examined here 

show that dipoles in the headgroup region are more ordered than dipoles in the allcyl 

chain region. The lOW-ATR+TIRF method should prove useful in studying 

relationships between assembly technique, structure, and function in two-dimensional 

molecular arrays. 
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CHAPTER 4 

MOLECULAR ORIENTATION DISTRIBUTIONS OF 

CYTOCHROME c ADSORBED TO SUBSTRATES OF VARIABLE 

SURFACE CHEMISTRY 

4.1. INTRODUCTION 

4.1.1. Motivation 

Due to their large size and chemically heterogeneous nature, proteins are highly 

surface active molecules. Thus an adsorbed protein film will form when a solution of 

dissolved proteins contacts the surface of virtually any synthetic material [208,209], 

Understanding and ultimately controlling this phenomenon is an important issue in 

numerous biotechnologically-related fields, such as afBnity-based separations, 

biomaterials science, and biosensor development [175], Developing a fundamental 

understanding of protein adsorption behavior has consequently been a very active 

research area. Two recent reviews [208] discussed the major scientific issues currently 

being addressed by numerous research groups studying immobilized protein films, as 

well as progress and prospects. One of these issues, molecular orientation, is the major 

subject of this research. 

Due to the inherently asymmetric distribution in physical/chemical properties and 

biofimctional sites on the surface of a protein, the geometric orientation of an adsorbed 

protein molecule may: /) differ among adsorbent surfaces having different physical and 

chemical properties; and //) determine if the molecule's native bioactivity is retained in 

the interfacial environment. For example, the orientation of an adsorbed protein may 
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differ on hydrophilic and hydrophobic surfaces [111], and may affect its ability to 

participate m electron transfer [22,210] or bind to a dissolved ligand [24,118], 

Experimentally observed differences in surface activity and biofunction among protein-

surface combinations have frequently been attributed to differences in molecular 

orientation. Unfortunately, systematic investigation of these relationships has been 

limited by the experimental difficulty of measuring molecular orientation in a protein 

monolayer adsorbed at a solid-liquid interface. 

In the previous chapter, the dipole orientation distributions in model LB films of 

arachidic acid doped with fluorescent amphiphiles were determined using a combination 

of two techniques: absorption linear dichroism, measured in a planar integrated optical 

waveguide-attenuated total reflection (lOW-ATR) geometry, and emission anisotropy, 

measured in a total internal reflection fluorescence (TIRF) geometry. The mean dipole 

tilt angle and angular distribution about the mean are recovered by using a Gaussian 

model for the dipole orientation probability. The work successfiilly tested the lOW-

ATR+TIRF method. 

Here this method is extended to investigate molecular orientation in 

submonolayer to monolayer thick films of cytochrome c (cyt c) adsorbed to substrates 

of differing surface chemistry. Specifically, it was determined if a macroscopically 

oriented protein film can be produced via "nonspecific" adsorption at a solid-liquid 

interface. The data presented below are the first reported orientation distribution 

measurements for protein film assemblies. The results show that an adsorbed cyt c film 

with a narrow orientation distribution can be produced when a single, high affinity type 

of noncovalent binding occurs between the surface of the protein and the substrate 

surface. When multiple, competing adsorptive interactions are operative, a relatively 
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disordered film will be produced. Although in retrospect these results are not 

surprising, their direct observation is unprecedented. 

4.1.2. Cytochrome c 

The cytochromes are electron transfer proteins which contain iron bound as an 

iron-porphyrin or heme. Although discovered years earlier, cytochromes were first 

shown to function as biological redox proteins by David Keilin beginning in 1925 [211], 

One of the most studied cytochromes is cytochrome c. It is a small protein 

(MW»12,500) with the iron heme covalently bound to a single polypeptide chain. The 

crystal structure of horse heart cytochrome c [227] is shown in Figure 4.1, and has a 

secondary structure consisting of 40% a-helix. The physiological role of cytochrome c 

is to transfer electrons fi"om the mitochondrial enzyme complex cytochrome bci to the 

terminal enzyme, cytochrome c oxidase. Both the bci complex and cytochrome c 

oxidase are integral membrane bound proteins so cytochrome c acts as a mobile electron 

shuttle between the two. In order to understand the electron transport process, the 

interaction of cytochrome c with its electron transfer partners has received considerable 

attention over the years [212-214], 

In this chapter the adsorption behavior of cytochrome c was studied as a 

function of surface chemistry. One of the clear advantages of studying the orientation 

distribution of this protein is that it has an intrinsic spectroscopic probe, the heme 

group, which adsorbs light in the visible region. Although the iron effectively quenches 

the porphyrin's fluorescence, it can be replaced by the closed-shell ion to yield a 

fluorescent analogue [215], The use of cytochrome c has other advantages. First, it 

structurally stable and therefore may not be susceptible to denaturation upon adsorption 

which could affect orientation measurements. Second, cytochrome c has a pi of 10.7 
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Figure 4.1. X-ray crystal structure of horse heart cytochrome c. 
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giving it a net +9 charge at pH 7.0. Most importantly, the charged amino acid groups 

are distributed highly asymmetrically on the protein surface [216], This is advantageous 

because it may allow the protein to interact specifically in an electrostatic manner with a 

charged surface to yield an oriented fihn. 

4.2. EXPERIMENTAL SECTION 

4.2.1. Protein solutions 

Ferricytochrome c from horse heart (cyt c, Sigma, 99%) was dissolved in 50 

mM phosphate buffer, pH 7.2, and purified by gel filtration on Sephadex G-25. Stock 

solutions were then diluted with phosphate buffer to the final concentration required in 

particular experiments, as measured by absorbance spectrometry (54 lo nm = 106,100 M* 

^ cm"^ [217]). Ferrocyt c was prepared by treating a solution of ferricyt c in phosphate 

buffer with a molar excess of sodium dithionite. After purification on a Sephadex G-25 

column, the protein solution was saturated with argon gas to prevent re-oxidation, and 

used immediately after dilution to the final concentration required in particular 

experiments, as measured by absorbance spectrometry (e4i6nin 129,100 M'^cm"^ 

[217]). 

Preparation of zinc-substituted cyt c (Zn-cyt c) began with the removal of the 

native iron atom to produce free base cyt c, following the procedure of Robinson and 

Kamen [218]. Typically, 20-50 mg of cyt c was added to a Teflon flask which was 

attached to a vacuum HP apparatus. HF was introduced into the reaction flask by 

cooling it in a dewar flask of liquid N2 and heating an attached reservoir of HF. The 

reaction flask was then warmed to room temperature and stirred for 5-10 min, which 

produced a deep purple solution. The bulk of the HF was then removed by a reciprocal 
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procedure. Residual HF was removed by evaporation in a fiime hood for 1 hr. The 

absorbance spectrum of the product dissolved in phosphate buffer closely matched that 

of free base cyt c [18], and this solution emitted red fluorescence when excited with 

green light (514.5 nm). 

To introduce zinc, free base cyt c was dissolved in 50 mM ammonium acetate 

(pH 5.0) and purified on a Sephadex G-25 column. After an equal volume of glacial 

acetic acid and a 10-fold molar excess of solid ZnCl2 were added, the solution was 

heated to 50°C with stirring for 2.5 hr. The product was then dialyzed against 50 mM 

ammonium acetate, pH 5.0, for 6 hr and then overnight against 50 mM phosphate 

buffer, pH 7.2. The concentration of Zn-cyt c was determined by absorbance 

spectrometry using 8423 nm = 243,000 M'^cm'^ [215]). 

Bovine serum albumin (BSA, fraction V, Sigma) derivatized with fluorescein 

was prepared by dissolving BSA in 10 mM carbonate buffer, pH 9.2, at a concentration 

of 10 mg/mL. An equimolar amount of fluorescein isothiocyanate (FITC, Molecular 

Probes), dissolved in anhydrous dimethylsulfoxide at a concentration of I mg/mL, was 

added to the BSA solution and allowed to react for 3 hr. The reaction was quenched by 

adding hydroxylamine, and the solution was dialyzed against phosphate buffer. Using 

absorbance spectrometry, a fluoresceiniBSA molar ratio of 0.7 was determined for the 

product. 

4.2.2. Substrate Cleaning and Silane Deposition 

Two types of planar waveguides were used as substrates for linear dichroism 

experiments. Silicon-oxynitride planar waveguides were fabricated by plasma-enhanced 

chemical vapor deposition on fused silica slides at the Microelectronics Center of North 

Carolina, as described previously [192]. Waveguides composed of a titania-silica 
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composite glass were fabricated on soda lime glass slides using a sol-gel dip coating 

process, as described by Yang et. al [219]. Fused silica slides (2.5 cm x 7.5 cm x 1 mm 

thick, Dynasil, Berlin, NJ) were used as substrates for TIRF anisotropy experiments. 

Clean, hydrophilic substrates were prepared by soaking waveguides and slides in 

a 60°-80° chromic acid bath for 20-30 min, rinsing with deionized water (Type I 

Reagent Grade), soaking in a 1 M nitric acid solution for one hour, and rinsing again 

with deionized water. Substrates coated with dichlorodimethylsilane (DDS) were 

prepared by soaking hydrophilic substrates in a 2% (v/v) solution of DDS in dry toluene 

(distilled over sodium) for 2 hrs, followed by sequential rinsing with toluene, ethanol, 

and water. Substrates were either used immediately or stored in a sealed container at 

room temperature in the dark until use. 

Long chain silane surfactants used to prepared self-assembled monolayers 

(SAMs) were synthesized. Undecylenyl acetate was prepared by combining o-

undecylenyl alcohol (3.5 mL, 0.0187 moles) with triethylamine (3.9 mL, 0.0187 moles) 

and cooling the stirred mixture to 0°C under nitrogen. Acetyl chloride (1.23 mL, 

0.0224 moles) was mixed with 50 mL of dichloromethane and this solution was added 

dropwise to the stirred ©-undecylenyl alcohol mbrture over a 30 min period. The 

solution was stirred for an additional 1.5 to 2 hr, then transferred to a separatory funnel 

and washed sequentially with cold water, 5% HCl, 20% NaHC03, and saturated 

aqueous NaCl. The resulting solution was dried with MgS04, filtered, and concentrated 

by rotary evaporation. Purification was done by flash chromatography using 5% ethyl 

acetate:hexane as the eluent. The product, undecylenyl acetate, was then used to 

prepare l-acetato-ll-(trichlorosilyl)undecane following the procedure reported in ref 

[29]. l-Thioacetato-16-(trichlorosilyl)hexadecane was prepared according to the 
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procedure described in ref [220]. The purity of both products was determined by NMR 

analysis. 

The long chain silane surfactant, l-thioacetato-16-(trichlorosilyl)hexadecane, 

was used to prepare substrates coated with self-assembled monolayers (SAMs) bearing 

a thiol tail group. Clean, hydrophilic substrates were immersed into a 0.1% (3-4 mM) 

solution of the surfactant dissolved in dicyclohexyl (Aldrich) for 4-5 hours. Upon 

removal from the silane solution, substrates were copiously washed with chloroform, 

acetone, and deionized water, dried under a stream of nitrogen, and stored in a sealed 

container at room temperature in the dark until use. Just prior to use, the thioacetate 

tail group was reduced to a thiol using lithium aluminum hydride. A solution of ether 

saturated with LiAttLt was prepared and allowed to stand until a clear supernatant 

formed. The supernatant was withdrawn into a clean beaker, and the substrate was 

immersed in this solution for about 30 s. The substrate was then washed sequentially in 

4% HCI, chloroform, acetone, and deionized water and dried under a stream of 

nitrogen. The reduction process was repeated two times to insure complete conversion 

of the thioacetate to the thiol, producing a SAM composed of covalently bound CieSH 

moieties. Using l-acetato-ll-(trichlorosilyl)undecane, substrates coated with CnOH 

SAMs were prepared in an otherwise identical manner. These coatings are referred to 

below as thiol and hydroxy SAMs, respectively. 

Static water contact angles of 10° ± 6° and 88° ± 1° for hydrophilic and DDS-

coated substrates, respectively, were reported previously [212]. Measurements were 

performed in a similar manner for substrates coated with thiol and hydroxy SAMs, 

yielding contact angles of 72° ± 2° and 45° ± 2°, respectively. 
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4.2.3. Langmuir-Blodgett Film Deposition 

For protein adsorption studies, LB films consisted of four layers: three layers of 

pure cadmium arachidate (CdA) followed by a single layer of arachidic acid (AA). The 

undoped CdA layers were deposited beneath the doped AA layers to dampen substrate 

surface irregularities. 

Substrates were cleaned by mechanical scrubbing with a cotton pad in a 2% 

(v/v) solution of PCC-54 surfactant (Pierce), followed by sonication in 2% PCC-54 

solution for 30 min, and rinsing in deionized water. Substrates were then blown dry 

under nitrogen and used immediately. A spreading solution of AA with a surfactant 

concentration of 1 mg/mL was prepared in chloroform. The CdA layers were deposited 

as described in the previous chapter. Transfer ratios were near unity except for the 

second layer, which was typically 0.85. The CdCl2 subphase was then replaced with 

deionized water and a single layer of AA was deposited at 35 mN/m which left the outer 

layer in a "head group-out" orientation. The substrate was then released from the 

dipping mechanism into a Teflon container that had been placed ui the subphase prior to 

film deposition. This allowed the film to remain under water during subsequent 

manipulations, which prevented the "head group-out" surface from being exposed to air. 

4.2.4. lOW-ATR Measurements 

For experiments on protein films, the waveguide was sealed in a liquid flow cell 

fabricated from Plexiglas; for waveguides coated with a "head group-out" AA LB film, 

this task was performed in a tank of water to prevent exposing the film to air. The flow 

cell was mounted on a rotary stage, which allowed it to be rotated relative to a 

stationary 514.5 nm beam from a Coherent Innova 70 argon ion laser. The beam was 

launched into the highest order mode of the waveguide that was supported in both TE 
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and TM polarizations through an integral SF6 coupling prism glued into the upper 

housing of the flow cell [221] as depicted in Figure 4.2. The incident power was 

typically 2-3 mW. Input polarization was selected using a combination of Glan laser 

polarizers and a half wave Fresnel rhomb. The guided mode "streak" visible in the 

waveguide was photographed through a window in the lower housing of the flow cell 

using a thermoelectrically cooled, slow scan CCD camera (Princeton Instruments), 

oriented normal to the waveguide plane and fitted with a 50 mm camera lens. At least 

three photographs were recorded in each polarization (TE and TM) for subsequent 

averaging. Attenuation curves were generated by plotting the logarithm of the vertically 

averaged pbcel intensity in the image of the streak against horizontal propagation 

distance, which was approximately 3.5 cm. Curves were fit by least squares regression 

to log[I(x)] = ax + C where I(x) is the average pixel intensity as a function of distance 

D, X is the propagation distance in cm, a is the loss coeflBcient in cm"^ and C is a 

constant. 

Experiments were initiated by injecting a buffer solution into the flow cell and 

allowing it to stand for an equilibration period, typically 30 min. Images of the guided 

mode streak were then acquired in both TE and TM polarizations. A protein solution 

(35-50 jiM) was subsequently injected, followed by a 30 minute adsorption period, after 

which images of the guided mode streak were again acquired in both polarizations. The 

slopes of the attenuation curves generated from images with only buffer in the flow cell 

are denoted cco.TE and CXO,TM, the respective TE and TM intrinsic loss coeflScients. 

With protein present in the flow cell, the slopes of the attenuation curves are at,TE and 

at,TM, the loss coefficients due to both intrinsic loss and absorbance by bulk dissolved 

and adsorbed protein. The loss coefficients due solely to bulk dissolved protein, ab.TE 

and ab,TM, were calculated from knowledge of the physical parameters of the 
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Figure 4.2. Geometry of the lOW-ATR measurement on immobilized protein films. 
The drawing is not to scale. 
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waveguide, as described in refs [111,112], The loss coefBcients due solely to the 

adsorbed protein film, a^TE and af;TM, were then calculated by difference (e.g., a^TM 

= ctt,TM - oo.TM - o'b,TM)- Since af is proportional to Af, the absorbance of light by the 

adsorbed protein film, the dichroic ratio p (in equation 2.43) is equal to the ratio of the 

thin film loss coefBcients. 

lOW-ATR measurements on protein films adsorbed to hydrophilic, DDS-coated, 

and LB film-coated substrates were performed using silicon-oxynitride planar 

waveguides. Measurements on protein films adsorbed to substrates coated with thiol 

and hydroxy SAMs were performed using sol-gel planar waveguides. 

4.2.5. Intrinsic Anisotropy Measurements 

The intrinsic anisotropy (ro) of Zn-cyt c was measured using a solution 

containing 3 fiM protein in 97:3 (v/v) glycerol:phosphate buffer (50 mM, pH 7). The 

measurements were performed using a Spex Fluorolog fluorometer at excitation and 

emission wavelengths of 582 nm and 636 nm, respectively. The polarization bias of the 

instrument was determined independently using a 1 ^iM solution of rhodamine B in 

ethanol. The mean angle (y) between the absorption and emission dipoles was 

calculated using eq. 2.36. 

4.2.6. TURF Measurements 

TIRF anisotropy measurements on cyt c films were performed using 

modifications of the instrumental arrangement and procedures described in the previous 

chapter for Zn-TOPP-doped LB. The emission spearum of Zn-cyt c in pH 7.2 

phosphate buffer excited at 550 nm is shown in Figure 4.3. 

Slides were fitted to a liquid cell fabricated fi-om Plexiglas, using high vacuum 

grease (Dow Coming) to seal the cell to the slide. The cell covered about two-thirds of 
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Figure 4.3. Emission spectrum of Zn cyt c in 50 mM pliosphate buffer, pH 7.2. 
Excitation was performed at 550 nm. 
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the slide, leaving the remainder exposed to effect prism coupling (Figure 4.4). For 

slides coated with a "head group-out" AA LB film, this task was performed in a tank of 

water to prevent exposing the film to air. Experiments were initiated by exchanging the 

water in the cell for about 3-5 mL of protein solution, which covered approximately 4 

cm^ of the surface of the slide. The protein solution was incubated in the cell for 

approximately 30 minutes in a humidified container under an argon atmosphere at room 

temperature. The solution was then replaced with phosphate buffer, without allowing 

the protein-coated surface of the slide to be exposed to air. The prism was coupled to 

the exposed portion of the slide with index matching fluid. 

The slides were then mounted on a Nikon Diaphot inverted microscope with the 

LB film-coated side facing the objective. The 575 nm output firom a Coherent 599 dye 

laser (pumped by a Coherent Innova 70 argon ion laser) was launched into the slide at 

an incidence angle of 70°, using a fiised quartz trapezoidal prism (Quartz Scientific) 

coupled to the upper (uncoated) surface of the slide with index matching fluid. Laser 

power was typically ImW. Excitation polarization was selected with a half-wave 

Fresnel rhomb and sheet polarizer. Fluorescence was collected with a 4X objective and 

focused through a bandpass filter (635DF35, Omega Optical) onto a liquid nitrogen 

cooled CCD camera (Photometries). Since Zn-cyt c fluorescence should be nearly 

circularly polarized [37], no emission polarizer was present in the detection path. The 

size of the image of the TIRF excitation spot on the CCD chip was typically 100 x 200 

pixels. Intensity measurements were made by summing the pbcel intensities over this 

area, using 5x5 binning and integrating for 1-5 seconds. The total number of pixel 

counts was typically 10^-10^. A mechanical shutter was used to block laser illumination 

of the sample between measurements. To negate systematic errors due to 

photobleaching, four measurements were made at each spot in the order: ITM> ITE, ITE, 
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Figure 4.4. Diagram of flow cell for TIRF anisotropy measurements. The drawing is 
not to scale. 
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ITM> where the subscripts refer to the incident polarization. The measurements were 

made at five different spots spatially distributed over the surface of the slide. The mean 

background intensity, obtained by imaging the sample without laser illumination at each 

spot, was then subtracted fi'om the mean ITM IJE values. These values were 

subsequently corrected for polarization-dependent differences in laser power and the 

non-zero x-axis component of TM excitation, using the procedures outlined in 

Appendix A, to calculate Iz and ly. These values were then used to calculate the 

anisotropy fi-om equation 2.44. This procedure was also used for FITC-BSA films, 

except that in place of the 615 nm bandpass filter, a sheet polarizer and a 515 nm 

bandpass filter (515EFLP, Omega Optical) were mounted between the microscope 

objective and the CCD. 

4.2.7 Orientation Distribution Calculations 

Orientation distributions were calculated as described in section 2.3.3. 

Integrations were performed using Mathematica™ software. For consistency with 

previous work [212], and values were converted to and reported as 0^ and 0cr, 

respectively. The equations and method for determining 0^ and ©a for films containing 

FITC used the linear dipole model as described in section 2.2. 

4.2.8 Protein Surface Coverages 

A surfactant desorption assay was used to measure the surface coverages of cyt 

c adsorbed to hydrophilic and silane-coated surfaces. Glass beads (3 mm diameter, 

Baxter) were used as substrates to increase the surface area relative to planar substrates. 

Hydrophilic beads and beads derivatized with the DDS, CnOH, and CieSH coatings 

were prepared using the procedures described above for planar substrates, except the 

deposition time was increased to 6-7 hrs and, for CnOH and CieSH, the silane 



165 

concentrations were increased to 0.3%. Ferricyt c was incubated with approximately 20 

g of beads in a clean glass vial for 30 min to efifect adsorption (under conditions 

equivalent to those used for planar substrates) and then rinsed with phosphate buffer. 

Ten mL of 2% (v/v) PCC-54 surfactant (Pierce) in deionized water was then added to 

the vial. The beads were sonicated in this solution for approximately 1 hr. After 

separating the beads from the solution, the concentration of desorbed cyt c in the 

solution was determined by absorbance spectrometry, using a molar absorptivity of 

122,000 M'^cm'^ at 406 nm (our measurement) for cyt c dissolved in 2% PCC-54. 

Surface coverages were calculated by ratioing the amount of desorbed protein to the 

aggregate surface area of the glass beads, under the following assumptions: /) The 

surface roughness of the glass beads was equivalent to that of the planar substrates used 

for polarized lOW-ATR and TIRF measurements. //) The post-adsorption rinse in 

buffer did not remove adsorbed protein. Hi) The desorption of adsorbed cyt c in 2% 

PCC-54 was quantitative. This assumption was assessed by measuring the fluorescence 

emission intensity from Zn-cyt c adsorbed to hydrophilic glass beads. After sonication 

in 2% PCC-54, adsorbed protein could not be detected above background emission 

when the beads were examined under an epifluorescence microscope, from which we 

estimate that the desorption efiBciency was at least 90%. 

Planar substrates (2.5 cm x 7.5 cm x I mm glass slides) were used for surface 

coverage determinations of cyt c adsorbed to LB fihns. The relatively small surface area 

to volume ratio (relative to the glass beads) necessitated the use of a fluorescence assay. 

Eight "head group-out" LB films were incubated for 45 min in a solution containing a 

2:3 molar ratio of Zn-cyt c:ferricyt c, with a total protein concentration of 50 ^M. The 

ratio of substrate surface area to volume of protein solution was approximately the same 

as used in the linear dichroism and fluorescence anisotropy experiments. After washing 
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with phosphate buffer, the slides were immersed in a Teflon cell containing 10 mL of 

1% (v/v) Triton X-100 in 200 mM KCl and sonicated for 10 min. Essentially 

quantitative desorption of protein was again confirmed by epifluorescence microscopy. 

The concentration of desorbed cyt c in the sonicated solution was determined by 

fluorescence spectrometry, using a dilution series of Zn-cyt c dissolved directly in 1% 

Triton X-100/200 mM KCl to generate an external calibration curve. Surface coverages 

were calculated by ratioing the amount of desorbed protein to the aggregate surface 

area of the slides, under the applicable assumptions stated above. 

4.3. RESULTS AND DISCUSSION 

In the previous chapter, the development of a methodology, based on a 

combination of lOW-ATR linear dichroism and TIRF anisotropy measurements, to 

measure the orientation distribution of fluorescent dipoles in a substrate-supported, 

submonolayer fihn was described. In that initial phase, the lOW-ATR+TIRP method 

was tested on model molecular assemblies consisting of Langmuir-Blodgett films of 

arachidic acid (AA) doped with linear dipole oscillators. 

The primary goals of the present work were to: 1) Extend molecular orientation 

distribution measurements, using the lOW-ATR+TIRF method, to thin film assemblies 

of heme proteins, and 2) Investigate the effect of substrate surface chemistry on 

molecular orientation in adsorbed monolayers of heme proteins. Orientation 

distributions were measured for a model heme protein, horse heart cyt c, adsorbed to 

several different surfaces; hydrophilic (bare) glass substrates, substrates derivatized with 

DDS, substrates coated with thiol and hydroxy SAMs, and substrates coated with 

Langmuir-Blodgett films of AA. 



167 

4.3.1. Considerations for Fluorescence Measurements on Cyt c Films 

In native cyt c, the fluorescence emission of the heme is quenched by the central 

iron atom. Therefore, to perform fluorescence anisotropy measurements, the protein 

had to be modified by removing the iron [215,218], which produces free base cyt c in 

which the porphyrin exists as two tautomers with exchangeable hydrogens bound to two 

of the four central nitrogens [119]. The heme absorption dipoles are no longer 

degenerate [119], which makes the theoretical analysis somewhat more complicated. 

Inserting a Zn atom into the porphyrin restores the approximately D4h symmetry of the 

chromophore [165], and was the approach employed here. The major disadvantage is 

that Zn-cyt c has a lower fluorescence quantum efiBciency than free base cyt c [215], 

NMR studies of Zn-cyt c indicate that its conformation is not significantly 

perturbed relative to native cyt c [222], However, removing the iron atom does alter 

the structural stability of the protein, possibly due to the absence of histidine-Fe ligation. 

This was confirmed by comparing the effect of a denaturing agent, guanidine HCl, on 

the intrinsic spectral properties of native ferricyt c and Zn-cyt c. The Soret band 

absorbance maximum and the tryptophan fluorescence intensity (which is quenched in 

the folded state because of energy transfer to the heme) of both proteins were 

monitored as a flinction of guanidine HCl concentration. The results are shown in 

Figure 4.5. The denaturation midpoint of Zn-cyt c occured at a guanidine HCl 

concentration of approximately 1.75 M while that of native ferricyt c was about 3 M. 

Despite this difference in structural stability, it is assumed that the surface activities of 

Zn-cyt c and native cyt c are equivalent with respect to all of the substrates examined in 

this study. Invoking this assumption permits Zn-cyt c to be used as a substitute for 

native cyt c, which in tum makes it possible for us to measure molecular orientation 

distributions in cyt c films using the lOW-ATR+TERF method. 



168 

10 

a.) 

E 8 
:::, 
E 

'>< ta ::e 
6 cu-

u E 
CC 
ta-

.Q ,, 
._ C 
0 ta 4 .!.c 
<a, 
C ._ 
·- 0 cu (I) 
en 2 C 
ta .c 
0 

0 
0 2 3 4 5 6 

[Guanidine] (M) 

70 

b.) 
60 

~ 50 
Cl) 

c-
SJ!! c·--C 40 cu:::, 
g~ 
cu ta u ... 
Cl)~ 30 cu .Q ...... occ :::s-u: 

20 

10 
0 2 3 4 5 6 

[Guanidine] (M) 
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(solid diamonds) as measured by a.) Soret band maximum shift and b.) tryptophan 

fluorescence. 
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The mean angle (y) between the absorption and emission dipoles of Zn-cyt c was 

determined by measuring the intrinsic emission anisotropy (tq) of the protein dissolved 

in a viscous solvent at excitation and emission wavelengths of 582 nm and 636 nm, 

respectively. Using equation 2.36, a value of 41° was calculated for y (mean of two 

measurements). For comparison, a y value of 41° was also measured for zinc-

5,10,15,20-tetra(4-pyridyl)porphyrin. Measurements of y were not performed for 

adsorbed Zn-cyt c . For the purposes of this study, a constant value of 41° was 

assumed, regardless of whether the protein was dissolved or adsorbed at a solid-liquid 

interface. 

Since nonradiative energy transfer between fluorophores in a close-packed 

molecular assembly results in depolarized emission, it must be eliminated if anisotropy 

measurements are to be used to quantitatively assess dipole orientation. In this study, 

TIRF anisotropy measurements were performed on adsorbed protein films formed by 

incubating substrates with solutions containing a 1:10 molar ratio of Zn-cyt c:ferrocyt c. 

Absorbance spectra of both proteins are plotted in Figure 4.6. Assuming a statistical 

distribution of molecules in a close-packed, randomly oriented protein monolayer, the 

average center-to-center distance between zinc porphyrin groups would be about 57 A. 

This separation is large enough to theoretically eliminate almost all energy transfer 

between zinc porphyrins. Ferrocyt c was used as the diluent since the a/|3 absorbance 

bands of the heme are blue shifted relative to ferricyt c and therefore do not overlap the 

Zn-cyt c excitation band centered near 580 nm. This prevented energy transfer from 

Zn-cyt c to native cyt c, which would resuh in quenching and possibly eventual transfer 

to another Zn-cyt c molecule in the film. To test if a 1;10 molar ratio of Zn-cyt 

crferrocyt c was suflBcient to prevent energy transfer in an adsorbed protein film, 

hydrophilic glass substrates were incubated with solutions containing 1;10, 1:20, and 
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Figure 4.6. Absorbance spectra of 8 nM Zn-cyt c (dashed line) and 14 ferrocyt c 
(solid line) dissolved in 50 mM phosphate buffer, pH 7.2, in a 1 cm pathlength cuvet. 



171 

1:30 molar ratios of Zn-cyt:ferrocyt c, with the total protem concentration held constant 

at 35 ^M. The fluorescence anisotropy measurements performed on the resulting 

protein films were statistically equivalent, which supports the assumption that a 1:10 

molar ratio is su£Bciently dilute to prevent energy transfer in a Zn-cyt:ferrocyt c film. 

This section is concluded by stating a general assimiption that must be invoked 

to enable the use ofTIRF anisotropy measurements to examine molecular orientation in 

protein films containing Zn-cyt c; The molecular orientation distribution of Zn-cyt c 

molecules, coadsorbed m a film composed predominately of native cyt c, is equivalent to 

the molecular orientation distribution of all the protein molecules in the film. Although 

this assumption appears reasonable, we have not verified it independently. 

4.3.2. Protein Surface Coverages 

A surfactant desorption assay was used to determine protein surface coverages. 

The measurements were performed using the solution concentrations and incubation 

times listed for each substrate in Table 4.1. From the crystallographic dimensions of cyt 

c (25 X 25 X 37 A) [223], a surface coverage of 2.2 x lO'^^ mol/cm^ is the equivalent of 

one monolayer, assuming that the orientation of the molecules in the fihn is 

geometrically random and no "spreading" occurs due to adsorption-induced 

conformational changes. The surface coverages listed in Table 4.1 are given in 

monolayer units and range fi^om 0.4 on the hydroxy SAM to 1.4 on the arachidic acid 

LB film. 

These measurements should be considered approximate. The standard 

deviations range up to 25%. A potentially greater source of uncertainty is the 

assumptions involved. As noted above, the mean surface area occupied by an adsorbed 

protein molecule is not known (and may differ among the various surface chemistries). 



Table 4.1: Surface Coverages and Orientation Distributions for Adsorbed Cytochrome c Films. 

substrate 
surface 

bulk protein 
concentration ̂  

adsorption 
time ® 

surface 
coverage 

(monolayers) ̂  

dichroic ratio 
(P) 

anisotropy (r) orientation 
distribution 

(0|i ± 0o, deg) 
hydrophilic glass 35 nM 30 min 1.3 ±0.29 

(n=3) 
0.59 ± 0.05 (n=2) -0.021 ± 0.019 (n=3) 12°±33°c 

thiol SAM-
coated glass 

35 mM 3 hr 0.5 1.66 ±0.23 (n=3) -0.176 ± 0.030 (n=5) 61°±23°d 

hydroxy SAM-
coated glass 

35 ^M 8-10 hr 0.4 0.70 ± 0.03 (n=3) -0.053 ± 0.023 (n=3) 13° ±29° 

DDS-treated glass 35 fiM 30 min 0,8 ±0.21 
(n=3) 

1.58 ±0.03 (n=3) -0.188 ± 0.013 (n=6) 49°± 11° 

arachidic acid 
LB film 

50 nM 30 min 1.4 1.54 ± 0.17 (n=7) -0.154 ± 0.026 (n=3) 46° ± 6° 

^ Concentration of protein solution and amount of time that solution that was incubated with substrate to effect adsorption. 

^ Based on one monolayer = 2.2 x 10"'' mol/cm^. Unless otherwise noted, n=l for all measurements. 

^ Distribution is representative of the range of distributions listed in Table 4.2. 

^ Distribution is representative of the range of distributions listed in Table 4.3. 
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Furthermore, to correlate molecular orientation and surface coverage measurements on 

protein films adsorbed to different materials (e.g., fused silica slides and soda lime glass 

beads), one must assume that the adsorption behavior on the two glass types is similar 

and that the surface roughness of the two materials is also similar. Despite the 

uncertainties, the results are consistent with known trends. At pH 7, the net charge on 

cyt c is +9 and distributed asymmetrically [216], which presumably is the cause of its 

well known tendency to adsorb strongly to negatively charged surfaces, such as 

membranes containing anionic lipids or fatty acids [22S]. Based on its neutral, 

hydrophilic character, the surface of the hydroxy SAM would be expected to exhibit the 

lowest aflBnity for protein adsorption [208,209], which is consistent with our 

observations. 

4.3.3. Orientation Distributions in Adsorbed Cyt c Films 

lOW-ATR linear dichroism and TIRF anisotropy measurements were performed 

on adsorbed cyt c films prepared using the solution concentrations and incubation times 

listed for each substrate in Table 4.1. The results of these experiments (dichroic ratio, 

anisotropy, and calculated orientation distribution, expressed as 0^ ± 0c) are also listed 

in Table 4.1. 

For two of the substrates, hydrophilic glass and thiol SAM-coated glass, 

orientation distributions could not be calculated fi'om the respective pairs of measured 

mean values for p and r. In other words, the mean values were physically inconsistent 

with a Gaussian distribution model for a circularly polarized oscillator with y = 41°. 

The cause(s) of this inconsistency are unknown, but the most likely is random 

measurement error (as discussed above for the Zn-TOPP doped LB films). Other 

possibilities include: /) y may not be 41° if the native protein structure is perturbed in 
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the interfacial environment, and //) a Gaussian model may be inappropriate for this 

sample. 

However, in the case of cyt c adsorbed to hydrophilic glass, orientation 

distributions could be calculated for other pairs of p and r that were close to the 

respective mean values of 0.59 and -0.021. (This suggests that random measurement 

error is the primary cause of the physical inconsistency). The results of the calculations 

are shown in Table 4.2. All of the orientation distributions listed there have small 

values (ranging from 5° to 16°) and large 0a values (ranging from ± 24° to ± 45°). 

Thus, despite the lack of an exact fit for p = 0.59 and r = -0.021, it is apparent that the 

heme molecular planes in a cyt c film adsorbed to hydrophilic glass are very broadly 

distributed about a mean tilt angle that is close to the normal axis to the fihn plane. 

Consequently, for purposes of comparison to other films, the average values of 0^ and 

0CT listed in Table 4.2 have been entered into Table 4.1. We consider these values, 0^ = 

12° and = ± 33°, to be representative of the degree of (dis)order in a cyt c film 

adsorbed to hydrophilic glass. 

A similar argument can be made for cyt c adsorbed to thiol SAM-coated glass. 

The orientation distributions calculated from pairs of p and r within one standard 

deviation of the respective mean values of 1.66 and -0.176 are shown in Table 4.3. The 

orientation distributions listed there have 0ji values that range from 52° to 73° and 0^ 

values ranging from ±11° to ± 38° (although most 0CT values are > ± 20°). The average 

values, 0n = 60° and 0a = ± 23°, are considered representative for the purpose of 

comparing these samples to protein films adsorbed on other substrates, and appear in 

Table 4.1. 
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Table 4.2: Orientation Distributions of Cyt c Films Adsorbed to Hydrophilic Glass 
Calculated for Selected Combinations of Emission Anisotropy and 
Dichroic Ratio." 

Dichroic Anisotropy (r) 

Ratio (p) -&.001 -0.011 -0.02I±0.019'* •0.031 -0.041 

0.59±».05  ̂ c 
n/o n/o n/o n/o n/o 

0.74 16°±24° n/o n/o n/o n/o 

0.77 14°±29® IFiSl® 10°+32® n/o n/o 

0.81 11®±34® 10°±37° 5°±45° 15°±31° n/o 

^ Gaussian orientation distributions expressed as 0^ ± 9o. 

Measured p and r values (mean ± standard deviation) for cyt c adsorbed to 

hydrophilic glass. 

c Not obtainable (the combination of p and r did not produce a simultaneous solution 

to equations 2.43 and 2.48,7=41°). 
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For comparative reference, tables giving the calculated orientation distributions 

from pairs of p and r within one standard deviation of the respective mean values for cyt 

c adsorbed to AA LB films and DDS are also given in Tables 4.4 and 4.S respectively. 

In these instances an orientation distribution could be calculated from the mean 

experimental values. In general, the reported orientation distribution calculated based 

on the mean values is representative of the values reported in these tables. 

The distribution data listed in Table 4.1 can be separated into two groups: 1) Qa 

< ± 11° for films adsorbed to AA LB films and DDS-coated substrates. In these cases, 

the distribution is relatively narrow indicating that a relatively high degree of liquid 

crystalline order is present. The orientation distributions are comparable to the 76° ± 8° 

measured previously for DiICi8(3) doped into a LB bilayer of AA, and that of the Zn-

TOPP doped LB fihns which have a measured orientation distribution of 89° ± 4°. 2) 

0(y > ± 23° for films adsorbed to hydrophilic, thiol SAM-coated, and hydroxy SAMs-

coated substrates. In these cases, the distribution is relatively broad indicating that the 

films are relatively disordered. The difference between the narrow and broad 

distributions is illustrated in Figure 4.7, where normalized Gaussian orientation 

distributions for cyt c adsorbed to hydrophilic glass and to AA are plotted. For 

comparison purposes, the distribution for the Zn-TOPP doped LB fihns is also plotted. 

The extent of disorder in the second group can be compared to that of FITC-

BSA adsorbed to hydrophilic glass, which we examined as a model for a randomly 

oriented protein film assembly. It is reasoned that even if BSA molecules adsorb to 

glass in a geometrically nonrandom manner, the orientation distribution for the 

fluorescein label would be relatively isotropic since there is a large number of spatially 

distributed lysines on the surface of BSA available for attaching a FITC label. 
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Figure 4.7. Gaussian probability distributions for: A, cyt c adsorbed to hydrophilic 
glass with 0^ = 12° and 0© = ± 33°. B, cyt c adsorbed to AA LB film with 0^ = 46° 
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Table 4.3: Orientation Distributions of Cyt c Films Adsorbed to Thiol SAMs 
Calculated for Selected Combinations of Emission Anisotropy and 
Dichroic Ratio.® 

Dichroic 

Ratio (p) 

Anisotropy (r) Dichroic 

Ratio (p) -0.146 -D.I76±0.030'* -0,206 

1.43 n/o ® 52®±20® 61°±28® 73°±38° n/o 

1.53 n/o n/o 52°±17° 61°±26° 73°±34° 

n/o n/o n/o 520+140 61®±23° 

1.79 n/o n/o n/o n/o 52°±11° 

1.89 n/o n/o n/o n/o n/o 

^ Gaussian orientation distributions expressed as 6^ ± 

^ Measured p and r values (mean ± standard deviation) for cyt c adsorbed to thiol 

terminated SAMs on glass substrates. 

c Not obtainable (the combination of p and r did not produce a simultaneous solution 

to equations 2.43 and 2.48,7=41°). 
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Table 4.4: Orientation Distributions of Cyt c Films Adsorbed to Arachidic Acid LB 
Films Calculated for Selected Combinations of Emission Anisotropy and 
Dichroic Ratio.® 

Dichroic 

Ratio (p) 

Anisotropy (r) Dichroic 

Ratio (p) >0.128 -0.141 -0.15410.024'' •0.180 

1.07 n/o  ̂ n/o n/o n/o n/o 

1.30 440+130 48®±19® 58°±33° n/o n/o 

1.38 42°±8° 45''±10° 48''±17® 55®±25° 67°±54° 

1.54±0.47'* n/o n/o 46°±6° 48°±11° 50°±14° 

1.70 n/o n/o n/o 47°±5° 49°±9° 

1.78 n/o n/o n/o n/o 4go±3o 

2.01 n/o n/o n/o n/o n/o 

^ Gaussian orientation distributions expressed as 0^ ± Qa-

Measured p and r values (mean ± standard deviation) for cyt c adsorbed to arachidic 

acid LB films glass. 

c Not obtainable (the combination of p and r did not produce a simultaneous solution 
to equations 2.43 and 2.48, y=41°). 
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Table 4.5: Orientation Distributions of Cyt c Films Adsorbed to DDS Coated Glass 
Calculated for Selected Combinations of Emission Anisotropy and 
Dichroic Ratio ° 

Dichroic 

Ratio (p) 

Anisotropy (r) Dichroic 

Ratio (p) 

Dichroic 

Ratio (p) :: -0.188ifl.0i3® 

1.52 49°±14° 52°±18° 54°±20"' 60"'±24° 65°±29° 

1.55 48°±11° 51°±16° 57°±23° 63°±27° 

1.5g±0.03'' 47®±6® 49"'±12° 50®±13° 540+190 60°±24° 

1.61 n/o  ̂ 490+110 50®±12° 53o±i7o 550+190 

1.64 n/o 48°±7° 49®±10° 5r±14° 53°+16° 

^ Gaussian orientation distributions expressed as 0^ ± 0a-

^ Measured p and r values (mean ± standard deviation) for cyt c adsorbed to DDS 

coated glass. 

^ Not obtainable (the combination of p and r did not produce a simultaneous solution 

to equations 2.43 and 2.48,7=41°). 
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Adsorbed BSA films were prepared by incubating hydrophilic glass substrates 

with a 38 jiM solution of FTTC-BSA in phosphate buffer for 30 min, followed by rinsing 

in phosphate buffer. To prevent energy transfer between surface bound fluorescein 

moieties, films used in TIRF experiments were prepared from an incubation solution 

that contained a 10-foId molar excess of unlabeled BSA (i.e., the total protein 

concentration was 38 jiM but the fluorescein concentration was only 2.6 jiM). Linear 

dichroism and anisotropy measurements yielded a dichroic ratio of p = 1.35 ± 0.10 

(n=2) and an anisotropy of-0.214 ± 0.009 (n=3), respectively. Usmg the theory for a 

linear dipole presented in Chapter 2 and assuming y = 0°, a Gaussian orientation 

distribution of 64° ±30° was calculated. (Table 4.6 gives orientation distributions 

calculated for p and r within one standard deviation of the respective mean values.) 

These values are reasonably close to the theoretical expectation for a completely 

random distribution, which is 0^ = 55° and 0<j > ± 30° (see Chapter 2). More 

significantly, with reference to the data listed in Table 4.1, it is apparent that the 

orientational disorder in cyt c films adsorbed on hydrophilic, thiol SAM-coated, and 

hydroxy SAM-coated substrates is comparable to the FITC-BSA film. 

The remainder of this section addresses the question: Why is the orientation 

distribution narrow in some cyt c films and broad in others? One probable explanation 

is that a broad distribution results firom multiple types of adsorptive interactions. In 

other words, adsorption to the substrate occurs via several contact regions on the 

surface of the protein. These different protein-substrate interactions may share a 

common physical basis (e.g., all primarily electrostatic) or may be physically distinct 

(e.g., some primarily electrostatic, some primarily hydrophobic). Regardless, the net 

result will be a film composed of sub-populations of molecules in different geometric 

orientations, which will sum to produce a broad orientation distribution (as measured 
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Table 4.6: Orientation Distributions of FTTC-BSA Films Adsorbed to Bare Glass 
Calculated for Selected Combinations of Emission Anisotropy and 
Dichroic Ratio.® 

Dichroic 

Ratio (p) 

Anisotropy (r) Dichroic 

Ratio (p) mmmmm wmmm: -0.2l7±0;00«'' 'wmmi 
63°±33° 64°±34° 66®±38° 68°±42° 75°±51'' 

tM 62°±28° 64®±32° 65®±34® 68°±38° 720+440 

1^6±0.10*' 62''±25° 63°±27® 64®±30° 65°±31° 68°±35® 

62®±23° 63°±24° 63°±25® n/o n/o 

1.46 62°±2r n/o  ̂ n/o n/o n/o 

^ Gaussian orientation distributions expressed as 0^ ± 6a. 

^ Measured p and r values (mean ± standard deviation) for cyt c adsorbed to arachidic 

acid LB films glass. 

^ Not obtainable (the combination of p and r did not produce a simultaneous solution 
to equations 2.25 and 2.26, y=0°). 
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using the lOW-ATR+TIRF method). In contrast, a narrow distribution will be 

produced when the protein adsorbs to the surface predominately at a single contact 

region, presumably via a single type of physical interaction of high afSnity (relative to 

competing interactions). 

Consequently, a limited investigation into the physical nature of cyt c adsorption 

to DDS-coated glass, hydrophilic glass, and AA LB films was undertaken. Experiments 

were performed to determine the extent to which cyt c could be desorbed fi"om these 

substrates by soaking them in buffer solutions containing a high salt concentration or a 

nonionic surfactant. Epiiluorescence microscopy of Zn-cyt c was used to quantitatively 

monitor the extent of desorption. The intent was to determine if the (approximately) 

monolayer films formed by adsorption on these three substrates contained distinct sub-

populations of protein molecules. 

For these experiments, the substrate was first mounted in a liquid cell. Protein 

films were formed by adsorption fi'om solutions containing 1;10 Zn-cyt crferrocyt c, 

under the same conditions used to form films for TIRF anisotropy measurements. After 

rinsing the film in 50 mM phosphate buffer (pH 7.2, ionic strength of 113 mM) without 

allowing it to dry, the cell was refilled with phosphate buffer and the fluorescence 

emission intensity was measured. The cell was then filled with buffer containing 200 

mM KCl (ionic strength of 313 mM). After soaking periods ranging fi'om 15 min to 24 

hr, the cell was refilled with phosphate buffer and the emission intensity was again 

measured. In other cases, after the initial rinse in phosphate buffer, the slide was soaked 

in buffer containing 2% (v/v) Triton X-100 for periods ranging fi-om 15 min to 24 hr 

(i.e., the treatment with 200 mM KCl was bypassed). The results are shown in Table 

4.7. Listed are the emission intensities measured after application of each desorption 
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Table 4.7. Desorption of Zn-Cyt c from Substrate Sur&ces by Salt and Surfactant 
Solutions. 

Percentage oflnitial Fluorescence Intensity 
Remaining After Applying Desorption 
Treatments to Adsorbed Cyt c Films ̂  

Desorption Treatment hydrophilic 
glass 

arachidic acid 
LBTdm 

DDS-coated glass 

50 mM buffer rinse ^ 100% 100% 100% 

50 mM bufifer containing 

200 mM KCl, 15 min static 84 ± 4.5% 53 ± 7% 94 ± 10% 

incubation. (n=2) (n=5) (n=3) 

50 mM bufifer containing 

200 mM KCl, 24 hr static 60 ±4% 9 ±3% 55 ± 3% 

incubation. (n=2) (n=3) (n=2) 

2 % Triton X-100 

i n 50 mM buffer, 15 min 47 ±3.5% nm ^ 22 ± 6% 

static incubation. ^ (n=2) (n=3) 

2% Triton X-100 

in 50 mM buffer, 24 hr 36% nm'' 8 ± 2% 

static incubation. (n=l) (n=3) 

^ Films were formed by adsorption from solutions containing 1:10 Zn-cyt ciferrocyt c, 
under the same conditions used to form films for orientation distribution 
measurements (Table 2). Emission intensities measured after application of 
desorption treatments were normalized to the first value measured for each film after 
the initial rinse in phosphate buffer. 

b 50 mM phosphate buffer, pH 7.2. 

c Not measured. 
Desorption experiments using Triton X-100 were performed on protein films that 
had been rinsed in 50 mM buffer but had not been soaked in 200 mM KCl solution. 
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treatment, normalized to the first value measured for each film after the initial rinse in 

phosphate buffer. 

The data indicate that the nature of cyt c binding to hydrophilic glass is complex. 

Some fraction of the molecules in the film appear to be electrostatically adsorbed, since 

treatment with high ionic strength buffer for periods of 15 min and 24 hours desorbed 

16% and 40% of the film, respectively. Treatment with 2% Triton X-100 for 15 min 

caused 53% of the film to desorb, and extending this treatment to 24 hours removed 

64%. For the purposes of this discussion, the remaining 36% is considered 

"irreversibly" adsorbed. The nature of the adsorptive interactions between a protein 

molecule and a glass surface that both can and cannot be disrupted by Triton X-100 is 

unknown. However, it is clear fi-om these data that several types of interactions exist 

between the surfaces of the cyt c molecule and hydrophilic glass. 

Significantly different behavior was observed for cyt c adsorbed to AA LB films. 

Soaking in high ionic strength buffer for only 15 min removed 47% of the protein; 

extending this treatment to 24 hours removed a total of 91%. These data strongly 

suggest that a single mechanism, electrostatic attraction, dominates the binding 

interaction between cyt c and arachidic acid LB films. Similar results have been 

reported for cyt c adsorbed to negatively charged membranes and self-assembled 

monolayers [210,225]. The predominance of electrostatic adsorption is not surprising 

given that: /) the charge on the protein at pH 7 is +9 [216]; and //) the hydrophilic 

headgroup plane of an AA LB film should be highly ordered and uniformly charged 

[185]. 

Another type of behavior was observed for cyt c adsorbed to DDS-coated glass. 

Soaking in high ionic strength buffer for 15 min removed only 6% of the protein; 
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extending this treatment to 24 hours removed a total of 45%. Treatment with 2% 

Triton X-100 for periods of 15 min and 24 hours removed 78% and 92% of the protein, 

respectively. These results suggest that a significant fraction of the protem film is 

weakly bound via electrostatic forces. This is not surprising since it is well known that 

silanizing a glass surface reduces but does not eliminate its intrinsic negative charge 

[226]. However, the essentially quantitative removal in 2% Triton X-100 indicates that 

the adsorption of cyt c to DDS-treated glass is predominately hydrophobic in nature, 

which is expected based on the wettability of the substrate surface (water contact angle 

of 88°). 

Overall, the results of the desorption experiments support the idea that cyt c 

adsorption to either an arachidate LB film or DDS-coated glass is dominated by a 

single, substrate-specific type of noncovalent interaction, whereas multiple types of 

interactions occur between cyt c and hydrophilic glass. Furthermore, only on hydrophilic 

glass does "irreversibly" adsorbed protein comprise a significant fi-action of the film. 

This model correlates well with the orientation distribution data: Narrow distributions 

result from protein adsorption via a single, dominant interaction, whereas a broad 

distribution is observed for a protein film generated via multiple types of adsorptive 

mteractions. 

In the case of AA LB films, the narrow orientation distribution can be 

rationalized in terms of the protein structure. It is well known that the distribution of 

charged residues on the surface of cyt c is highly asymmetric [216]. The calculated 

dipole moment is greater than 300 Debye, with the dipole vector oriented about 33° 

from the heme plane [216]. The asymmetry is readily observable by examining the 

crystal structure of the protein (we used the program Insight H, Biosym Technologies, 

San Diego, operating on a Silicon Graphics workstation). Lysine residues are enriched 
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on the protein face where the heme edge is exposed, and carboxylates are located 

primarily on the top and back of the molecule. Thus in retrospect, it is not surprising 

that a narrow orientation distribution is produced when cyt c adsorbs to a negatively 

charged, physically homogeneous substrate. 

The physical basis for the narrow distribution of heme tilt angles on DDS-coated 

substrates is less clear. By analogy to the AA LB film case, a favored interaction 

between one face on the protein molecule and the substrate surface is indicated. Based 

on the desorption data, this face is predicted to be predominately hydrophobic, although 

it also may contain positively charged residues (since a considerable fi-action of absorbed 

protein could be desorbed in 200 mM KCl). However, the existence of such a face is 

not apparent fi-om a qualitative examination of the crystal structure. There is a 

noticeable lack of hydrophobic residues on those areas of the cyt c surface that are 

locally enriched with charged amino acids, and the distribution of hydrophobic residues 

over the remainder of the surface appears to be relatively uniform. Thus in contrast to 

the AA LB film case, our experimental observation of an oriented cyt c film adsorbed to 

DDS-treated glass is not readily supported based on the crystal structure. 

Overall, the data suggest that the adsorptive mteraction(s) between the surfaces 

of the protein and the substrate is the dominant faaor governing molecular orientation 

in adsorbed cyt c films. However, other factors may influence the presence of 

macroscopic (dis)order and should be considered. First, a conformational change 

induced by adsorption [208,209] may alter the geometric relationship between the heme 

plane and the three-dimensional polypeptide matrix surrounding it. Consequently, there 

are at least three possible explanations for the broad distribution of heme tilt angles in a 

cyt c film adsorbed to hydrophilic glass: ;) The protein is adsorbed via several different 

contact regions on the surface of the protein, which produces a film containing sub-
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populations of molecules having different geometric orientations, ii) The protein 

adsorbs via a single contact region, but a broad distribution in the extent of adsorption-

induced conformational changes produces a broad molecular orientation distribution. 

in) A combination of / and ii. At this point, we cannot distinguish between these 

possibilities. 

Second, lateral interactions between adjacent protein molecules in a closely 

packed film could be an energetically important factor in producing a macroscopically 

oriented film at a solid-liquid interface. Lateral interactions coupled with lateral 

difiRjsion appear to be necessary to form two-dimensional protein crystals at the air-

water interface [89], In this study, the two films with surface coverages substantially 

less than a monolayer (on thiol and hydroxy SAMs) were disordered. However, 

substantial disorder was also present in the film adsorbed on hydrophilic glass, which 

had a surface coverage greater than one monolayer. Therefore, the presence of adjacent 

protein molecules in itself does not appear to be a sufiBcient condition for producing an 

oriented film. However, it should be noted that we do not know if the extent of lateral 

interactions differed among the proteins fihns adsorbed to hydrophilic glass, DDS-

coated glass, and AA LB films. 

4.3.4. Assessment 

The results presented above demonstrate that orientation distributions in 

hydrated heme protein films can be measured using the lOW-ATR+TIRF method. This 

technique is sensitive to submonolayer coverages. Using our existing instrumental 

arrangement, the sensitivity for linear dichroism measurements is in the range of 5-10% 

of a monolayer (ca. 10"12 mol/cm^ for cyt c) for a chromophore of moderate molar 

absorptivity (e.g., E = 8800 M'^cm*^ at 514.5 nm). A substantially lower detection limit 
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could be achieved if the lOW-ATR measurements were performed at a wavelength near 

the peak of the Soret absorbance band, where the molar absorptivity is about ten-fold 

greater. Due to the intrinsic sensitivity of fluorescence and the high throughput of our 

instrument, steady-state anisotropy measurements can be readily performed on a film of 

chromophores having moderate photophysical properties (e « 5000 M'^cm"! and 

quantum yield « 0.1) and very low surface coverage (on the order of 10*1'^ mol/cm^ for 

a zinc-porphyrin). Thus with respect to sensitivity, the use of the lOW-ATR+TIRF 

method to examine orientation distributions in molecular films Avill always be limited by 

the lOW-ATR measurement. 

Finally, as employed here, the method requires the assumption of a fiinctional 

form for N(Q). It should be re-emphasized that the validity of assuming a Gaussian form 

for the distribution of heme tilt angles in a molecular film has not been independently 

verified. More complex models may be more appropriate to describe orientation 

distributions in other types of molecular assemblies. For example, if a protein is 

adsorbed via two distinct contact regions that are spatially separated on the surface of 

the molecule, the actual distribution would be a weighted composite of the two sub-

populations. 
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4.4. CONCXUSIONS 

A combination of lOW-ATR linear dichroism and TERF anisotropy techniques 

was employed to study molecular orientation in heme protein films. The data presented 

here are the first orientation distribution measurements reported for protein film 

assemblies. The results show that a macroscopically ordered fikn of adsorbed cyt c 

molecules can be produced when a single, high afiBnity type of noncovalent binding 

occurs between the surface of the protein and the substrate surface. When multiple, 

competing adsorptive interactions are operative, a relatively disordered film will be 

produced. Although these findings are not surprising in retrospect, their direct 

observation is unprecedented. In addition to protein fihns, the lOW-ATR+TIRF 

method should prove useful in studying relationships between assembly technique, 

structure, and fiinction in other types of two-dimensional molecular arrays. 
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CHAPTERS 

MOLECULAR ORIENTATION DISTRIBUTIONS IN YEAST CYTOCHROME 

c FILMS FORMED BY SITE DIRECTED IMMOBILIZATION ON PYRIDYL 

DISULFIDE CAPPED PHOSPHOLIPID BILAYERS 

5.1. INTRODUCTION 

Adsorption can be a technically facile method to generate monolayer protein 

films, however there are disadvantages. First, the interaction with the surface is in many 

cases reversible, since an equilibrium exists between protein which is bound and that 

which is fi-ee in solution. This equilibrium may be highly dependent on solution 

conditions making its application to device fabrication unattractive. Second, in using an 

adsorption process, it can be difficult, if not impossible, to control the orientation of a 

protein immobilized to the surface. This problem arises because proteins are chemically 

heterogeneous and may interact with a surface via a variety of different intermolecular 

forces. Even so it was observed in the previous chapter that ordered protein films could 

be generated as demonstrated by the narrow orientation distribution of horse heart 

cytochrome c adsorbed to arachidic acid LB films. Experiments suggest that this is a 

result of a electrostatic interaction that occurs between the positively charged protein 

and the negatively charged surface. On the other hand, it should be emphasized that a 

simplistic immobilization approach such as this may not lead to an oriented protein film 

since it was observed that since bare glass, which can also be characterized as a 

negatively charged surface, yielded a disordered adsorbed cytochrome c film. In 

addition, many proteins do not exhibit such a high degree of structurally asymmetric 
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characteristics as cytochrome c does, which can be utilized to orient a protein in a 

directed manner. 

These problems have made covalent immobilization schemes the predominant 

method of protein immobilization when an ordered film is desired (see section 1.1.2.b). 

One general approach has been to use a structuraUy unique site or region on the surface 

of the protein to site-specifically attach a protein to an appropriately derivatized 

substrate surface. Often this is performed using reduced cysteine residues because of 

their relative scarcity in proteins. Utilization of a single reduced cysteme to covalently 

anchor a protein in a site-du-ected manner to a modified surface has been reported 

elsewhere [82,137], however the only orientation distribution measurements on these 

types of systems have been performed in this laboratory [79]. In spite of these previous 

studies, the question still remains: Does an ordered protein film result firom this site 

directed approach? 

In this chapter, the lOW-ATR+TIRF technique is used to determine the 

molecular orientation distribution of wild type yeast iso-1-cytochrome c immobilized on 

pyridyl disulfide capped, substrate supported phosphtidylcholine (PC) bilayers deposited 

onto a planar support by the Langmuir-Blodgett (LB) method. This molecular 

architecture is depicted in Figure 5.1. Immobilization of yeast cytochrome c is 

accomplished by the formation of a covalent bond through the single reduced cysteine 

at position 102 using a pyridyl disulfide reactive group via a disulfide exchange 

mechanism. This chemistry was successfully used to covalently bond antibody Fab 

fi"agments to liposomes for application to drug delivery systems [80], Zwitterionic 

phosphatidylcholine LB films were used to modify the glass substrates to help prevent 

non-specific electrostatic adsorption so immobilization can take place (ideally) through 

only covalent bond formation. The work reported here shows that a majority of the 
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Figure 5.1. Schematic of the immobilized protein film architecture under study. A 
phospholipid bilayer of consisting of a 1 :8 mol/mol ratio DOPE-PDS:DOPC is first 
deposited onto bare glass substrates using the Langmuir-Blodgett method. Yeast 
cytochrome c is covalently bound to the pyridyl disulfide moiety on the surface of the 
phospholipid bilayer via a single reduced cysteine at position 102. Orientation 
measurements utilized the heme as an intrinsic spectroscopic probe. The mean 
orientation of the heme planes is described by the angle 8µ, which is the angle between 
surface normal and the plane of the heme. The deviation about the mean tilt angle is 
described by Ser, the standard deviation of the Gaussian distribution function that is 
assumed to approximate the true orientation distribution. 
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cytochrome c in the films produced by this site-directed methodology are covalently 

bound resulting in a narrow orientation distribution to yield a macroscopically ordered 

protein film. 

5.2. EXPERIMENTAL SECTION 

5.2.1. Protein Solutions 

Yeast cytochrome c (Sigma, Type I) fi"om Saccharomyces cerevisiae was 

dissolved in pH 6.0, 50 mM citrate, lOOmM KCl buffer. A molar excess of dithiothreitol 

(DTT, Sigma 99%) was added to reduce the protein to ferrocytochrome c (cyt c) and 

eliminate protein dimers. Excess DTT was removed by purification on a Sephadex G-

25 column and the concentration of the cyt c stock solution was measured using 

absorbance spectrometry (e408=96,OOOM"'cm"*). These solutions were used immediately 

after preparation. 

The Fe complexed in the heme of native cyt c effectively quenches porphyrin 

fluorescence. To perform anisotropy measurements, the Fe was replaced with Zn to 

generate a fluorescent zinc-substituted cyt c (Zn-cyt c). Zn-cyt c was produced in a 

manner similar to that described previously in section 4.2.1 by first removing the native 

iron [218]. The notable modification to the procedure was that the final dialysis of Zn-

cyt c was performed against pH 6.0, 50 mM citrate, 100 mM KCl buffer. This pH was 

used because at times precipitation of the protein was observed at pH 7. The 

concentration of yeast Zn-cyt c solutions was determined by absorbance spearometry 

using 6420=112,000M'cm'V (The molar absorptivity of yeast Zn-cyt c was measured by 

two separate experiments. The first method measured the amount of protein by weight 

after lyophilizing the protein fi-om deionized water. The second used a standard 

bicinchoninic acid (BCA) protein assay. Both experiments returned the same reported 
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molar absorptivity.) Just prior to use, stock solutions of Zn-cyt c were treated with 

excess DTT and purified on a Sephadex G-25 column to eliminate protein dimers that 

may have formed during storage. Solutions were used immediately after purification. 

5.2.2. Langmuir-Blodgett FUm Deposition 

Phospholipid bilayer LB deposition was carried out Avith some modifications of 

the procedure described previously [229]. Fused quartz slides (2.5cm x 7.5cm x 1 mm 

thick. Quartz Scientific) were used as substrates for TIRF anisotropy measurements. 

Silica-titania waveguides fabricated by a sol-gel dip coating process were used as 

substrates for lOW-ATR linear dichroism experiments [219]. All substrates were 

cleaned prior to deposition by soaking in an 80°C chromic acid bath for 30 min, rinsing 

with deionized water (Type I Reagent Grade), scrubbing with a cotton pad in 0.1% 

PCC-54 surfactant (Pierce), and again rinsing with deionized water. The substrates 

were blown dry with Na prior to use. 

A spreading solution consisting of a 1:8 molar ratio of 1,2-dioIeoyI-sn-glycero-

3-phosphoethanolamine-A''-[3-(2-pyridyldithio)propionate] (DOPE-PDS, Avanti Polar 

Lipids) and l,2-di[cis-9-octadecenoyI]-sn-glycero-3-phosphocholine (DOPC, Sigma 

99%) was prepared in chloroform (HPLC Grade, Aldrich, 99.9%+) at a total lipid 

concentration of 3 mg/mL. The structure of these lipids are shown in Figure 5.2. Based 

on a surface area per lipid molecule of 65 as determined by surface area pressure 

isotherms (Figure 5.2), the ratio of DOPE-PDS lipid molecules per cyt c was 1.3 based 

on the projected area of the protein (755 from the crystallographic dimensions) in a 

close packed monolayer. 

LB films were deposited using a NIMA Technology Model 611 trough. Two 

slides were placed back-to-back, mounted on the dipping mechanism, and immersed in a 
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Figure 5.2. Pressure area isotherm of (A), DOPC and (B), I :8 DOPE-PDS:DOPC on 
Type I deionized water at a temperature of 21 °C. Inset are the structures of DOPC and 
DOPE-PDS. 
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sub-phase of Type I deionized water. The use of two slides allowed for LB film 

deposition on only one side of each slide. Sufficient spreading solution was added to 

the trough surface and the chloroform was allowed to evaporate. The fibn was initially 

compressed to 5 mN/m and allowed to equilibrate for 15-20 min. Compression to the 

deposition pressure of 35 mN/m was then performed at a rate of 50 cm^/min and the 

film was again allowed to equilibrate for 5 minutes. Vertical deposition was performed 

at a dipping rate of 2 mm/min and a subphase temperature of 21°C. Transfer ratios 

between 1 and 1.1 were consistently measured for the first layer. The second monolayer 

was deposited in a horizontal geometry. The pair of slides was remounted on the 

dipper arm, with the slide plane parallel to the surface of the trough. With the surface 

pressure held constant at 35 mN/m, the slides were pushed horizontally through the 

surface of the trough at a velocity of 100 mm/min. At this point, the lower slide 

supporting the phospholipid bilayer film was removed fi-om the dipper and transferred to 

a collection dish placed in the trough prior to the addition of the subphase. The top 

slide, having only a monolayer phospholipid film deposited firom the vertical transfer 

step, was discarded. The substrate supporting the phospholipid bilayer was removed 

firom the trough using the collection dish and mounted in a flow cell without exposure 

to air. 

To assess the macroscopic uniformity of these films, phospholipid bilayers 

consisting of DOPC doped with a 0.7% molar ratio of the fluorescent lipid l-acyl-2-[12-

[(7-nitro-2-1,3-benzoxadiazoI-4-yl)amino] dodecanoyl]-sn-glycero-3-phosphoethanol-

amine (NBD-PE, Avanti) were also prepared. 
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5.2.3. Orientation Measurements 

lOW-ATR linear dichroism measurements and TIRF anisotropy measurements 

were performed as described previously (Chapter 4). Orientation measurements were 

performed on films incubated with either 35 |iM cyt c (lOW-ATR linear dichroism 

measurements) or 35 nM 1:5 Zn-cyt c:cyt c (TIRF fluorescence anisotropy 

measurements). A mixture of Zn-cyt c and cyt c was used because in a packed 

monolayer of Zn-cyt c, nonradiative energy transfer can take place between molecules 

resulting in depolarization of fluorescence emission. The cyt c diluent in a film of 

statistical composition increases the distance between Zn porphyrins and has o/p 

absorption bands that do not overlap the Zn-cyt c excitation band centered at 580 nm 

(see Figure 4.6). 

Solutions were injected into the flow cell and incubated with the supported lipid 

bilayer for a period of 14 hr. This time period was chosen to ensure complete reaction 

between the cyt c and the DOPE-PDS based on previous kinetic experiments [80], 

After 14 hr, the protein incubation solution was flushed fi^om the flowcell prior to 

spectroscopic measurement using pH 6.0, 50 mM citrate, 100 mM KCl. Three 

replicates were performed for both the linear dichroism and anisotropy experiments. 

Orientation distributions were calculated as outlined in Chapter 2 using a Gaussian 

model and reported as a mean and standard deviation. 

5.2.4. Protein Surface Coverage Determination 

The surface coverage of cyt c immobilized on DOPE-PDS/DOPC bilayers was 

determined by first preparing Zn-cyt c/cyt c films, dissolving the lipid and protem fi-om 

the surface using a surfaaant solution, and measuring the Zn-cyt c fluorescence 

intensity of the resulting solution to quantitate the total amount of protein bound to the 
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bilayers. This procedure was carried out by first depositing phospholipid bilayers on 

three sets of 3" x 2" glass microscope slides using the same deposition procedure as 

described above except that the second backing slide was not removed after the 

horizontal transfer step. After the horizontal deposition step, the supported 

phospholipid bilayers with backing slide attached were placed in a incubation cell which 

held SO mL of solution. This manipulation was carried out under buffer solution. The 

buffer solution was then exchanged for 35 |iM 1:4 mole/mole Zn-cyt c:cyt c solution 

and incubated under conditions equivalent to those used for orientation measurements. 

With the pairs of slides still placed back to back, protein could not adsorb to the bare 

glass backside surface of the substrates supporting the phospholipid bilayers. After 

incubation with the protein solution, each pair of slides were taken from the incubation 

cell and rinsed with buffer to remove any residual protein solution. At this point the 

backing slides were removed and discarded before the slides supporting the 

phospholipid bilayers/cyt c films were placed in a Teflon container containing 12.5 mL 

pH 6.0, 50 mM citrate buffer, 200 mM KCI, and 1% v/v Triton X-100. All three 

sample slides were added to this single surfactant solution to increase the amount of 

protein removed for detection. The Teflon cell containing the slides/films and the 

surfactant solution was sonicated for approximately 10 min to dissolve the bilayer and 

any bound protein from the substrate surface. Quantitative desorption of the protein 

was confirmed by epifiuorescence microscopy. 

Quantification of the amount of protein removed from the surface was 

accomplished using an external fluorescence calibration curve. A dilution series of Zn-

cyt c was prepared using the same Triton X-100 surfactant solution used to remove the 

phospholipid bilayer and protein from the slides. An amount of lipid equal in 

composition and concentration to that composing the desorbed films was added to these 
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solutions. The amount of protein desorbed from the sample slides was determined from 

the calibration curve and the siuface coverage was calculated by ratioing the amount of 

protein removed to the area of the slides assuming a molecularly flat surface. 

5.2.5. Protein Desorption Experiments 

Protein films were prepared as described above using the 35 nM 1:5 Zn-cyt 

c'.ferrocyt c solutions used for fluorescence anisotropy experiments. The amount of 

protein removed from the surface of the phospholipid bilayers by a variety of solution 

treatments was analyzed using an epifluorescence microscope monitoring the 

fluorescence intensity of the film as a fimction of solution composition by a procedure 

outlined previously in section 4.3.3. Two types of planar bilayers were used; pure 

DOPC serving as a control, and 1:8 DOPE-PDS:DOPC. Stepwise, after rinsing away 

the protein incubation solutions with 50 mM citrate buffer containing 100 mM KCI, an 

initial average fluorescence intensity was obtained by measuring fluorescence from five 

individual widely spaced areas of the fibns. In subsequent steps, solutions of higher 

ionic strength, using 200 mM KCI in 50 mM citrate buffer, or 10 mM DTT in 50 mM 

citrate bufifer, were added to the flowcells, allowed to incubate for a prescribed amount 

of time, then rinsed away with citrate buffer. The remauiing fluorescence from the film 

was measured after each treatment, ratioed to the initial measured value, and reported 

as a percentage. It is assumed that the molar absorptivity and quantum yield of the Zn-

cyt c were unaffected by changes in solution composition. 
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5.3. RESULTS AND DISCUSSION 

5.3.1. Langmuir-Blodgett Film Characterization 

The pressure area isotherms of pure DOPC and a 1:8 mol/mol DOPE-

PDSiDOPC mixture measured at 21°C are shown Figure 5.2. Both curves depict a 

single fluid phase. This is characteristic of DOPC which has a chain-melting 

temperature of -22°C The isotherm of the mixture was nearly identical in shape to pure 

DOPC. The slight mcrease in area/molecule vs. pressure observed for the DOPE-

PDS/DOPC mixture the may be due to the bulkier PDS headgroups. Deposition at 35 

mN/m corresponds to mean molecular area of approximately 65 A^, a typical value for a 

fluid, packed monolayer [229,230]. 

To assess the macroscopic uniformity of the films, a small amount of 

fluorescently labeled lipid NBD-PE was introduced into 1:8 mol/mol DOPE-

PDS:DOPC films and observed using an epifluorescence microscope. The NBD-PE 

doped films were used for LB film characterization only. Spatially uniform fluorescence 

was observed at a magnification of 400X indicating a lack of micron-scale defects or 

phase differences within the film structure [231]. After incubation overnight with either 

2 mg/mL BSA or 10 mM DTT in citrate buffer, the fluorescently doped films were 

unaltered as determined by both visual inspection of quality by epifluorescence and 

quantitation of the fluorescence. Rinsing with buffer also did not affect the visual quality 

or intensity of fluorescence observed after treatment. In order to determine if lateral 

diSusion was occurring within the bilayer, a small area was photobleached using epi-

illumination focused with a 40X objective for 15 s. Fluorescence intensity was then 

qualitatively observed with a lower magnification; the photobleached "hole" contracted 

steadily until finally disappearing after roughly 30 min. This qualitative result is 
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consistent with difiusion coefScients of 1-8 x 10** cm^/s measured with similar films 

using fluorescence recovery after photobleaching [229], 

5^.2. Protein Film Characterization 

Zn-cyt c doped protein films prepared for TIRF anisotropy measurements were 

observed using epifluorescence microscopy. Emission fi'om protein films appeared 

spatially uniform, lacking any macroscopic structures. This observation was confirmed 

by TIRF measurements; the fluorescence emission measured at five widely spaced 

locations in each film varied by 6% (relative standard deviation). The surface coverage 

of cyt c immobilized on 1:8 DOPE-PDS:DOPC films was measured by removing the 

film and protein with surfactant. A surface coverage of 2.0 x 10"" moles/cm^ was 

measured. This value corresponds to a 0.9 monolayer based on a surface coverage of 

2,2 X 10"" moles/cm^ for a packed cyt c monolayer which assumes that the orientation 

of the molecules in the film is geometrically random and no "spreading" occurs due to 

denaturation that could be induced by adsorption. 

5.3.3. Orientation Distribution 

The lOW-ATR linear dichroic ratio, p, measured on three replicate samples, was 

1.13 + 0.10. TERF anisotropy measurements performed on identically prepared samples 

result gave a value of r = -0.101 ± 0.12 (n=3). Using the mean experimental values, an 

orientation distribution of 40° ±11° was calculated for cyt c films formed on DOPE-

PDS:DOPC lipid bilayers based on a Gaussian distribution model. The molecular 

geometry is depicted schematically in Figure 5.1 where the mean tilt angle of 40 

degrees, 0^, is the angle between the surface normal and the heme plane. The width of 

the measured distribution is illustrated in Figure 5.3, where a normalized Gaussian curve 

with 0n± 0o= 40° ± 11° is plotted. 
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Table 5.1: Orientation Distributions Calculated for Selected Combinations of 
Emission Anisotropy and Dichroic Ratio; Application to Cyt c Films 
Formed by Covalent Bonding to Pyridyl Disulfide Capped Phospholipid 
Bilayers.® 

Dichroic 

Ratio (p) 

Anisotropy (r) Dichroic 

Ratio (p) iipiqisillli -0,101^0.012" 

1.03 370+100 n/o^ n/o 

1,0S 38°±6° 29o±\4o AT'mp 

42®±2° 40°±11® 4r±i5'' 

1.18 n/o 41°±6° 4i®±ir 

1.23 n/o n/o 4r±7° 

^ Gaussian orientation distributions expressed as ± 6a. 

^ Measured p and r values (mean ± standard deviation) for cyt c bound to pyridyl 

disulfide capped phospholipid bilayers. 

^ Not obtainable (the combination of p and r did not produce a simultaneous solution 

to equations 2.43 and 2.48, Y=41°)-
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Figure 5.3. Gaussian probability distributions for: A, yeast cyt c immobilized on pyridyl 
disulfide capped phospholipid bilayers; 0^=40® and 0o=l 1®. B, yeast cyt c immobilized 
on thiol terminated Cie self-assembled monolayers coated on planar glass substrates as 
described in [79]; 0^=67® and 0o=39°. 
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It is appropriate to consider the effect of measurement errors on the calculated 

orientation distribution. This is illustrated in a limited manner in Table 5.1 where the 

orientation distributions for cyt c films formed on DOPE-PDS:DOPC lipid bilayers are 

calculated for a range of values within lone standard deviation of the mean values. This 

table demonstrates two things. First, it can be seen that for some pairs of values no 

orientation distribution can be calculated because only a very limited number of 

combinations of linear dichroism and anisotropy are theoreticaUy self-consistent. This is 

an example of the "cross-checking" nature provided by performing two individual 

experiments to arrive at an orientation distribution (section 2.4.1). Second, the 

calculated orientation distributions do not vary appreciably within this range. The 

narrowest distribution is 42° ± 2° while the broadest is 42® ± 20°; the value 40° ±11° 

appears to be representative of the distributions listed in the table. 

An orientation distribution centered about 40° is geometrically reasonable when 

considering the crystal structure of yeast cyt c. The Cerius^ software 

(BioSym/Molecular Sunulations Inc.) package was used to simulate the x-ray crystal 

structure of a single yeast cyt c molecule covalently bound at position 102 to a 

crystalline phospholipid surface composed of 1:8 DOPE-PDS;DOPC with a packing 

density of 65 A^/lipid. The bond lengths, angles, torsions, and inversions were energy 

minimized for the entire system using the software package. The calculations also 

energy minimized the system taking into account hydrogen bonding and van der Waals 

interactions. The results of the simulation are illustrated in Figure 5.4. Although the 

calculated orientation can be considered only an approximation since important 

parameters such as neighboring cyt c molecules and electrostatic terms were omitted 

from the simulation, it was found that the heme is oriented 32° from the surface normal. 
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Figure 5.4. Structure of yeast cyt c covalently immobilized at cysteine 102 to the 
surface of a 1 :8 DOPE-PDS:DOPC phospholipid film via a disulfide bond, as modeled 
using the software Cerius2

. The angle between the heme plane and the surface normal is 
32°. 
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This tilt angle is close to the measured mean orientation angle of 40° which supports the 

orientation distribution data. 

5.3.4. Desorption Experiments 

In order to assess the types of interactions that immobilize cyt c to the 

phospholipid bilayers utilized here, a series of desorption experiments were performed 

as described above. The data indicate that other interactions besides covalent bond 

formation appear to immobilize the cyt c to the lipid bilayer surface (Table 5.2). 

Approximately 10% of the cyt c was removed from the DOPE-PDS doped bilayers by a 

higher ionic strength bufifer containing 200 mM KCl. This indicates that a small fraction 

of the protein is electrostatically adsorbed. To determine the extent of covalent bond 

formation between the cyt c and the PDS lipids, a 10 mM solution of DTT in citrate 

buffer, capable of reducing disulfide bonds, was added to the flowcell. About 30% of 

the protein was removed by this treatment after 15 min while more, 54%, was removed 

after a 24 hr static incubation time period. This left 36% of the protein on the surface. 

It was hypothesized that although the covalent bond was being broken by DTT 

treatment, an elearostaticly mediated adsorption interaction between cyt c and the 

phospholipid bilayer prevented the protein from leaving the surface. This line of 

thought was supported by the presence of the electrostatically adsorbed fraction. In 

order to overcome possible secondary electrostatic interactions, a separate set of 

desorption experiments were performed incubating of DOPE-PDS protein films with 10 

mM DTT and 200 mM KCl in citrate buffer. The data show only a slightly smaller 

percentage of the protein remains after this combined treatment; 41% after 15min and 

32% after 24hr. In summary, the desorption experiments show that yeast cyt c films 

bound to DOPE-PDS doped phospholipid bilayers are composed of approximately 10% 
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Table 5,2. Desorption of Yeast Cyt c from Substrate Supported Phospholipid 
Bilayers by Salt and Dithiothreitol Solutions. 

Percentage oflnitial Fluorescence 
Intensity After Applying Desorption 

Treatments to Cyt c Films" 
Immobilized on Bilayers Composed 

of: 

Desorption Treatment 
DOPC 

only 
1:8 DOPE-PDS: 

DOPC 
buffer rinse: 

SOniM citrate buffer pH 6.0, lOOmM KCl 

100% 100% 

buffer containing 200mM KCl, 

15 min static incubation 

51%±1% 

(n=2) 

91%±5% 

(n=7) 

buffer containing no KCl, 

lOmM DTT,15 min static incubation 

47% 

(n=l) 

58%±5%'' 

(n=5) 

buffer containing 200mM KCl, 

lOmM DTT, 15 min static incubation 

nm'' 41%±2%'' 

(n=2) 

buffer containing no KCl, 

lOmM DTT, 24 hr static incubation 

nm 36%±2%'' 

(n=3) 

buffer containing no KCl, 

lOmM DTT, 24 hr static incubation 

nm 32%±4%'^ 

(n=4) 

buffer containing 200mM KCl, 

24 hr static incubation 

25%±5% 
(n=2) 

nm 

^ Protein films were formed by treatment of surfaces with 1:5 Zn cyt c:ferrocyt c, under 
the same conditions used to form films for orientation distribution measurements (see 
text). Epifluorescence emission intensities measured after application of each 
desorption treatment were normalized to the first value measured for each film after 
the initial rinse in phosphate buffer. 

^ Not measured. 

Denotes separate series of sequential desorption experiments. 
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protein which is adsorbed electrostatically, 60% that is covalently attached via disulfide 

bonding, and 30% which is irreversible bound by unknown interactions. 

The desorption experiments also indicated that protein adsorption occurs on 

pure DOPC bUayers. Protein adsorption to pure DOPC occurs to such an extent that 

the relative initial fluorescence intensity is nearly equal to that of cyt c films prepared 

using the DOPE-PDS/DOPC bilayers. However, in contrast, approximately 80% of the 

cyt c adsorbed to pure DOPC was removed by the addition of 200 mM KCl over a 

period of 24 hr. The remaider (about 20%) is similar in magnitude to the irreversibly 

bound fi^action observed with DOPE-PDS/DOPC bilayers. 

The desorption data raise two questions. First, what causes yeast cyt c to 

adsorb in such relatively large amounts to pure DOPC films despite the zwitterionic 

character of the lipid headgroups? Horse heart cytochrome c, which has net positive 

charge of +9 at neutral pH asymmetrically distributed on the surface of the protein, 

adsorbs avidly to membranes composed of negatively charged phospholipids [232]. 

Interaction primarily occurs between negatively charged lipids such as 

phosphatidylserine, phosphtidylinositol, or cardiolipin. It has been shown that there is 

minimal interaction between phosphatidylcholine membranes and horse heart 

cytochrome c [232-234], although weak binding to phosphatidylcholine has been 

recently quantitated [235], Contrary to experiments using horse heart cytochrome c, 

the desorption experiments performed here indicate that a presumably electrostatic 

interaction occurs between the zwitterionic bilayer and yeast cyt c, as evidenced by 

removal of the protein by moderately high ionic strengths. Therefore, at least in the 

case of yeast cytochrome c, DOPC films do not seem to offer a perfectly inert surface to 

prevent non-specific interactions. 
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An additional factor influencing electrostatic adsorption may be the interaction 

between the positively charged cytochrome c and the negatively charged silica surface 

acting as the solid support for the bilayer. If this is the case the energy of the 

electrostatic interaction is a function of the surface charge density and the distance 

between the surface and the protein. One reason the interaction energy should 

theoretically be weak is the comparably low surface charge density of the glass surface. 

A surface charge density of 0.41 charges/nm^ for silica was measured in the presence of 

IN NaC104 at pH 7.0 [236] and a similar value was measured for quartz [237]. These 

results are confirmed by capillary electrophoresis studies [238,239], Furthermore, for 

every negative charge on the glass surface there would be a corresponding eight positive 

and eight negatively charged groups located in a DOPC film. From a numerical 

standpoint, the total number of charges in the phospholipid bilayer would be effective in 

screening the silica surface charge density. Another factor that contributes to the 

negation of an electrostatic interaction between the silica and the protein is distance. 

Simply considering Coulomb's law, the electric potential is inversely proportional to the 

distance squared. Distance reduces the interaction energy across the phospholipid 

bilayer that is approximately 60 A thick. 

5.3.5. Irreversibly Immobilized Protein 

The second question raised by the desorption experiments is what is the nature 

of the "irreversibly" bound protein that carmot be removed firom DOPE-PDS/DOPC 

bilayers by salt and DTT treatment? The desorption experiments that were performed 

shed little light on the molecular interactions that bind this sub-population of protein 

molecules to the bilayer. Possible explanations are that the protein is: I) bound by 

disulfide bonds inaccessible to DTT. 2) adsorbed via electrostatic interactions of high 

energy, or i) adsorbed to film defects small enough not to be detected by visible light 
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microscopy which lead to hydrophobic interactions with the alkyl chains of the lipids, 

interactions which were not probed by the desorption experiments. 

In order to understand the effect the irreversibly bound protein fraction has on 

the orientation distribution measured for the entire film (entire film is defined as the total 

0.9 monolayer of bound cyt c), the orientation distribution of the "irreversibly" bound 

sub-population was measured. It is assumed that if the total orientation distribution 

consists of a finite number of experimentally accessible sub-populations, it can be 

broken into a set of distributions multiplied by a weighting factor which is equal to the 

fiactional percentage of the sub-distribution. If, for example, the total consists of two 

sub-populations then this principle is given by 

A^(0)u,u. = A X A^(9). +B X N{Q\ (5.1) 

where the ̂ (0)'s are the orientation distribution functions and the terms A and B are the 

fi-action that each distribution contributes to the total (where A+B=l). The anisotropy 

and linear dichroism measured from the entire film is sensitive to A'(0)toui. Knowing the 

fraction of each protein sub-population, and measuring the orientation distribution the 

"irreversibly" bound fraction by first removing the covalently and electrostatically bound 

protein, the orientation distribution of the covalently and electrostatically bound protein 

can be calculated. Neglecting orientation effects, the fluorescence intensities from the 

desorption experiments can serve as an approximate estimate of the fractions A and B in 

equation 5.1. Orientation measurements of the irreversibly bound fraction were 

performed by preparing the cyt c films under the identical conditions as described 

previously followed by a 24 hr static treatment with a buffer solution containing 200 

mM KCl and 10 mM DTT to remove the covalently and electrostatically bound protein. 

Measurements of anisotropy and linear dichroism yielded values of -0.097 ±0.017 (n=3) 
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and 0.965 (n=l), respectively. From these parameters an orientation distribution of 33° 

± 40° was calculated for the "irreversibly" bound protein. This distribution is much 

broader than the overall distribution, and is centered in an angularly distinct region from 

the overall orientation distribution on the opposite side of the magic angle (35.3°). The 

distribution function for the "irreversibly" bound fraction was then substituted as one of 

the terms in equation 5.1 with a corresponding decimal fraction of 0.3. A fraction of 

0.7 was used for the covalently and electrostatically bound fraction and the resulting 

composite N(0)toiai was substituted into the equations for anisotropy and linear dichroic 

ratio (see Chapter 2). Solving for the overall anisotropy and dichroic ratio (-0.101, 1.13 

respectively) a orientation distribution of 39° ± 9° was calculated for 

covalently/electrostatically bound fraction. This result is somewhat narrower that the 

total orientation distribution (Figure 5.5. (A)), but not very different due to the fact the 

disordered "irreversibly" bound fraction makes up only a small percentage of the total 

film. Figure 5.5 (B) shows that the linear combination of both sub-population 

distributions yields a total distribution very similar to the overall distribution of 40° ± 

11°. 

The work presented here serves as a demonstration that it is possible to measure 

orientation distributions of film sub-populations if a methodology exists to selectively 

remove one fraction at a time. Instrumentally this is a result of the sensitivity provided 

by performing the absorbance linear dichroism experiment in a waveguide attenuated 

total reflection format. It should be emphasized that although this experiment designed 

to measure orientations of fractional components is revealing, the linear dichroic ratio 

was measured only once and should be considered exemplary. 
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Figure 5.5. Gaussian probability distributions for the individual sub-populations of yeast 
cyt c molecules bound to pyridyl disulfide capped phospholipid bilayers. Plots of the 
sub-population distributions. (1) is the overall orientation distribution measured for the 
entire film, 0^=40° and 0o=ll°; (2) is the orientation distribution calculated for 
covalently bonded and electrostatically bound sub-population composing 70% of the 
total respectively, 9^=39° and 9o=9®; and (3) is the measured orientation distribution of 
the 30% irreversibly bound protein, 0^=33° and 0o=4O°. 
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5.3.6. Assessment of the Site-Directed Methodology 

The orientation distribution for yeast cyt c bound to DOPE-PDS/DOPC 

phospholipid bilayers was determined to be quite narrow, 40° ± 11°, with a majority of 

the protein found to be covalently bound. This result is comparable to measurements 

made on horse heart cytochrome c adsorbed to arachidic acid LB films where the 

protein fihn was highly ordered having a measured orientation distribution of 46° ± 6°. 

This is in contrast to yeast cyt c films prepared in previous studies in our lab [79] by 

incubation of the protein with thiol terminated self-assembled monolayers (SAM) 

formed on glass substrates. In that study, the principle of site-directed immobilization 

using the single cysteine of yeast cyt c was identical to that employed here. However, 

for the SAM-based molecular architecture, an orientation distribution of 67° ±39° 

degrees was measured. Figure 5.3 demonstrates the difference between the orientation 

distributions of the phospholipid and SAM based architectures. Desorption experiments 

carried out on the SAM based architectures showed that the broad distribution of 

porphyrin orientations appeared to be the result of extensive of non-specific binding, 

primarily electrostatic and hydrophobic, which occurred between the protein and the 

silanized surface. Moreover, little cyt c was found to be immobilized to the thiol 

terminated SAM solely by a disulfide bond. 

Cytochrome c has large number of charged residues which give the protein a 

significant positive charge and dipole moment [216a], and as a result it will adsorb to 

surfaces by principally electrostatic interactions [225b]. One of the main objectives in 

employing zwitterionic phospholipid bilayers in this study was to eliminate unwanted 

non-specific interactions between the protein and the bilayer surface, which could 

possibly preclude site directed, covalent attachment and thus possibly lead to a 

disordered film. Other advantages to this molecular architecture are: /) a 6.6A spacer 
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arm is present between the reactive PDS moiety and the surface of the bilayer to 

facilitate covalent bonding to cysteine 102, which is not directly on the protein surface 

[240] and 2) that lipid difilision occurs within the plane of the bilayer, which may 

facilitate lateral packing interactions between covalently bound cyt c, and perhaps lead 

to a more ordered array of protein molecules. 

In regard to the goal of using a site-directed covalent bond to immobilize cyt c 

to produce an ordered molecular array, this approach was found to be at least partially 

successful. The work presented here is the first direct evidence that a cysteine-directed 

immobilization strategy can produce a macroscopically oriented protein film. However, 

despite the majority of cyt c forming a covalent bond between the pyridyl disulfide 

groups and cysteine 102, some non-specific protein adsorption was observed as well. 

Much of the non-specificaUy adsorbed protein was "irreversibly" bound in a wide 

distribution of orientations, but represented a small enough fi'action not to significantly 

affect the overall orientation distribution. Despite the promising results of this study, 

the major limitation of the use of LB film architectures for biomolecular device 

fabrication is their inherent lack of durability. 
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5.4. CONCLUSIONS 

Yeast cyt c was immobilized using a site-directed strategy on phospholipid 

bilayers using a pyridine disulfide reactive group. Orientation distribution measurements 

showed that the protein film is macroscopically ordered on the siorface. Further 

experiments elucidated the nature of the binding interactions that occur between cyt c 

and the phospholipid bilayers, and showed that a large fi'action of the protein molecules 

in the film are covalently bonded to the bilayer. However, there were additional non

specific interactions observed by a fi-actional component of the film that exhibited a 

broad orientation distribution, but contributed little to overall orientation distribution 

fiinction. 



217 

CHAPTERS 

MOLECULAR ORIENTATION DISTRIBUTION OF 

YEAST CYTOCHROME c BIOSPECIFICALLY BOUND TO STREPTAVIDIN 

PROTEIN FILMS IMMOBILIZED TO BIOTIN CAPPED SUBSTRATE 

SUPPORTED PHOSPHOLIPID BILAYERS 

6.1. INTRODUCTION 

An alternative immobilization method to adsorption or covalent attachment is 

biospecific binding. The advantage of biospecific interactions is that a site directed 

approach can be used to bind a protein to a surface without the harsh chemical 

treatment often needed for covalent bonding, while still providing a high energy 

interaction when compared with adsorption. Biospecific binding can therefore be 

considered an attractive middle ground between adsorption and covalent binding 

techniques. Depending on the magnitude of the interaction energy, biospecific binding 

may be considered reversible or irreversible, which may aid or hinder individual 

applications. Ligands that have been tethered to the surface in order to biospecifically 

immobilize proteins delivered fi'om solution have included enzyme substrates [101], 

antigens [66], or other fimctional groups [105]. However, the most widely employed 

biospecific interaction used to date has been the biotin/streptavidin or biotin/avidin 

combination. 

As described in greater detail in section 1.1.2.c, avidin and streptavidin bind 

biotin (Vitamin H) with very high aflSnity (K » lO'^ M"') and thus have been used in a 

multitude of bioanalytical assays [94], The most versatile feature of this system is that 

avidin and streptavidin have four biotin binding sites located in pairs symmetrically on 
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either side of the protein. This unique binding geometry is due to the fact both proteins 

consist of four monomer subunits that each bind biotin. (These monomers are 

discernible in the x-ray crystal structure of streptavidin [90] shown in Figure 6.1.) As a 

result, when avidin or streptavidin is biospecifically bound to a biotin modified surface 

by one or two of the bindmg sites on one side of the protein, two additional biotin 

binding sites on the other side are presented to the solution. Other biotinylated 

reagents, proteins, or analytes can then be bound to the remaining fi-ee sites of the 

immobilized avidin or streptavidin. In this manner complex protein film assemblies can 

be generated. For example, Spinke and co-workers [96] fabricated a multilayer system 

deposited on a gold substrate which, starting with the gold surface out, consisted of the 

following layers: a biotinylated thiol SAM; streptavidin; a biotinylated Fab fi^agment; its 

antigen, human chorionic gonadotrophin (HCG); and a monoclonal antibody which 

binds HCG. The result was three individual protein layers formed exclusively by 

biospecific binding designed to function as an immunoassay with relevance to pregnancy 

testing. This type of approach has been vaunted as a model system for the development 

of biosensors based on naturally occurring recognition processes [21], 

A key issue that up to this point has received little attention fi^om researchers has 

been the orientation of the biospecifically bound proteins. The only orientation 

measurements have been made on 2D crystals of avidm [138] and streptavidin [139] 

obtained fi-om biospecific binding to mixed lipid monolayers containing biotinylated 

lipids at the air/water interface. The samples were transferred to electron microscope 

grids, stained, and analyzed by electron diffraction. Electron diffraction techniques are 

limited by the fact that only highly ordered crystalline samples can be studied and only 

after heavy metal ion staining of the sample and measurement in a vacuum. Moreover, 

orientation in subsequent biospecifically bound protein layers has yet to be reported. 
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Figure 6.1 . X-ray crystal structure of streptavidin. 
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Based on discussions in previous chapters, orientation is clearly an issue when 

developing biomolecular device technologies, for example, biosensors and bioelectronic 

devices. In Chapter 5 it was found that an ordered molecular protein film could be 

generated using a site-specific covalent immobilization scheme where yeast cytochrome 

c was bound via a structurally unique cysteine at position 102 to pyridyl disulfide 

capped phospholipid bilayers. Here, this work is extended to determine if molecular 

order is maintained through an intermediate protein layer generated by biospecific 

binding interactions. A schematic of the molecular architecture used for this study is 

depicted in Figure 6.2. The surface is first modified by the LB deposition of a biotin 

capped phosphatidylcholine bilayer. This is followed by the formation of a streptavidin 

protein layer formed by biospecific binding to the biotin capped lipids. The final layer 

consists of yeast cytochrome c biotinylated specifically at cysteine 102. Biotinylated 

cytochrome c (B-cyt c) is allowed to bind to the fi-ee recognition sites on the 

streptavidin in order to generate a second protein layer. 

The following is an explanation of the choice of molecular components used in 

this system. A dioleoyl phosphocholine lipid bilayer is deposited as a base layer 

because: /) the density of surface immobilized biotin is easily tailored, it) based on work 

performed in the previous chapter, a phospholipid bilayer resuUs in a relatively inert 

biomimetic surface to prevent non-specific adsorption of proteins, and Hi) it has been 

shown that lipid fluidity is critically important in the binding and packing of streptavidin 

to lipid films [248,249]. Streptavidin binding has been found to be completely inhibited 

on lipid films in a highly condensed liquid crystalline state. In this regard, the dioleoyl 

phospholipids used in this study have chain melting temperatures of -22°C so that at 

room temperature these Upids will be deposited in a liquid analogous phase. This 

characteristic has been confirmed by fluorescence recovery after photobleaching 
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Figure 6.2. Schematic of the protein bilayer assembly under study. A phospholipid 
bilayer composed of a 1 :20 mol/mol ratio of DOPE-biotin:DOPC is first deposited onto 
a bare glass substrate using the Langmuir-Blodgett method. Streptavidin is allowed to 
biospecifically bind to the biotin tethered from the lipid film surface. Yeast cytochrome 

c biotinylated at cysteine 102 is allowed to biospecifically bind to the remaining free 

biotin binding sites on streptavidin. 
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experiments that show the lipids difiiise rapidly within the plane of the bilayer [229], 

Therefore, this system exhibits the fluid properties necessary to facilitate biospecific 

bindmg and subsequent packing of bound protein molecules. Streptavidin is used 

instead of avidin because streptavidin lacks the polysaccharide pendant groups which 

are attached to native avidin which could disrupt the molecular order of biospecifically 

bound proteins. Avidin has also been shown to be more prone to non-specific 

adsorption [269], which would also be undesirable in the development of this molecular 

architecture. Yeast cytochrome c is used to generate the outermost protein layer 

because it has an intrinsic spectroscopic probe, the heme group, and because it can be 

site-specifically modified with a thiol reactive biotinylating reagent via the unique 

cysteme at position 102. 

The goal of this research was to determine the orientation distribution of the 

cytochrome c in a biospecifically constructed asymmetric protein bilayer and compare 

this to films formed by direct covalent binding to phospholipid bilayers. It was also 

hoped that by labeling streptavidm in a unique location with an fluorescent probe such 

as fluorescein, the orientation distribution of the streptavidin layer could be obtained as 

well. 

6.2. EXPERIMENTAL SECTION 

6.2.1. Protein Solutions 

Streptavidin (Sigma) was dissolved in 50 mM phosphate buffer pH 7.0 

containing 100 mM KCl (referred to hereafter as phosphate buffer). Streptavidin was 

also labeled with two amine reactive fluorescent probe molecules; fluorescein 

isothiocyanate (FITC) and anthracene-2,3-dicarboxaldehyde (ADC; Molecular Probes, 
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Inc., #A-1139). The structure and reaction products of these fluorescent labels are 

shown in Figure 6.3. Streptavidin was modified with FITC using a 1:1 molar ratio 

FTTCistreptavidin as described previously [98,241]. Usmg absorbance spectrometry, a 

FITCrsteptavidin molar ratio of 0.6 was determined for the labeled product. 

A modified procedure based on previous reports [242-244] was used to label 

streptavidin with ADC by first dissolving the protein in 50 mM borate buflfer, pH 9.5. 

To this solution, 300 |JL of 10 mM NaCN in 50 mM borate buflfer was added along 

with a 1:1 molar ratio of ADCrstreptavidin. The mixture was allowed to react at room 

temperature for 30 min before being purified on a Sephadex G-25 column using 

phosphate buflfer. Using absorbance spectrometry, a ADCrstreptavidin molar ratio of 

0.85 was determined for the labeled product. All streptavidin solutions were passed 

through 0.4 [im polysulfone membrane filters just prior to fihn fabrication. 

Yeast cytochrome c (Sigma) was first purified by cation exchange [245,246]. A 

100 |iM solution was first dissolved in 25 mM phosphate buflfer with 10 mM 

dithiothreitol (DTT) to eliminate possible protein dimers. The protein was purified by 

cation exchange on a carboxymethyl cellulose (CM52, Whatman) column. The protein 

was eluted with an ionic strength gradient using an increasing concentration of sodium 

phosphate with a constant 10 mM DTT concentration. Other than an extremely large 

band attributed to the wild type yeast iso-1-cytochrome c, only two other minor bands 

were observed. A small band which eluted prior to the major fi-action was attributed to 

the deamidated form of cyt c while the other minor band which eluted after the major 

fi-action was speculated to be dimerized or polymerized forms of the protein [245,246]. 

The wild type yeast iso-1-cytochrome c (cyt c) collected fi-om the major band was split 

into two fi-actions. One fi^action was dialyzed against Type I deionized water for three 

days. The resulting solution was then allowed to evaporate overnight leaving only the 
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Figure 6.3. Structure and reaction products of fluorescein isothiocyanate (FITC, top) 
and anthracene-2,3-dicarboxaldehyde (ADC, bottom) used to label streptavidin. 
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protein behind. Using the procedures outlined previously in section 4.2.1, the iron 

bound in the heme was replaced by zinc to generate Zn-cyt c, the fluorescent form of 

the protein. After purification, the Zn-cyt c was dialyzed against phosphate buffer. The 

second cyt c fraction was dialyzed against phosphate buffer for three days to remove 

excess DTT used during purification. 

The thiol reactive biotinylating reagent N-[6-(biotinamido)hexyl]-3'-(2'-

pyridyldithio) propionamide (Biotin-HPDP, Pierce) depicted in Figure 6.4 was dissolved 

in a minimal amount of ^JV-dimethylformamide. A 10 fold molar excess of Biotin-

HPDP was added to both the cyt c and Zn cyt c solutions. The reaction was allowed to 

proceed at room temperature for 3 hr with constant mixing. After this period of time 

some precipitation of the Biotin-HPDP was observed which was removed by 

centrifiigation. Absorbance measurements were used to quantitate the concentration of 

the reaction product pyridine-2-thione (8343 nm = 8080 NT' cm'^ [247]) which was 

proportional to the amount of protein which had been biotinylated. These 

measurements indicated that at this step, approximately 25% of the protein was 

biotinylated for both the cyt c and Zn-cyt c solutions. As a result, the biotinylation 

procedure was repeated twice more to ensure complete reaction as determined by 

absorbance measurements. The biotinylated cytochrome c solutions (now referred to as 

B-cyt c, and B-Zn-cyt c) were purified individually by extensive dialysis for five days 

against phosphate buffer. This was followed by size-exclusion chromatography using a 

Sephadex G-25 column in order to remove any excess Biotin-HPDP. Immediately prior 

to use in film fabrication, the protein solutions were passed through 0.4 [xm polysulfone 

membrane filters to remove any particulate matter. 
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Figure 6.4. Stmcture and biotinylation reaction scheme of Biotin HPDP. 
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6.2.2. Langmuir-Blodgett Film Deposition 

Fused quartz sUdes (2.5 cm x 7.5 cm x 1 mm thick. Quartz Scientific) were used 

as substrates for TIRF anisotropy measurements. Uranium doped silica-titania 

waveguides, fabricated by a sol-gel dip coating process described in Chapter 8, were 

used as substrates for lOW-ATR linear dichroism experiments. All substrates were 

cleaned prior to deposition by soaking in an 80°C chromic acid bath for 30 min, rinsing 

with deionized water (Type I Reagent Grade), scrubbing with a cotton pad in 0.1% 

PCC-54 surfactant (Pierce), and again rinsing with deionized water. The substrates 

were blown dry with N2 prior to use. 

The spreading solution consisting of a 1:20 molar ratio of 1,2-dioIeoyl-sn-

glycero-3-phosphoethanolamine-^-[biotinyl] (DOPE-biotin, Avanti Polar Lipids) and 

l,2-di[cis-9-octadecenoyl]-sn-glycero-3-phosphocholine (DOPC, Sigma 99%) was 

prepared in chloroform (HPLC Grade, Aldrich, 99.9%+) at a total lipid concentration of 

3 mg/mL. The structure of DOPE-biotin is shown in Figure 6.5. Based on a surface 

area per lipid molecule of 60 as determined by surface area pressure isotherms 

(Figure 6.5), the ratio of DOPE-biotin lipid molecules per streptavidin was 2.9 based on 

the projected area of the protein (3600 from the crystallographic dimensions) in a 

close packed monolayer. Phospholipid bilayer LB deposition was carried using the same 

procedure described in section 5.2.2. 

6.2.3. Protein Film Deposition and Orientation Measurements 

Orientation distribution experiments were performed on both the streptavidin 

and cytochrome c layers in separate experiments on separate samples. To study the 

orientation in the streptavidin layer, 1 •.20 DOPE-biotin:DOPC phospholipid bilayer films 

were first deposited. After LB deposition, the supported phospholipid bilayer was 
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mounted in a flowcell and rinsed with phosphate buffer. The buffer solution was 

replaced with a either a 2.0 |iM 1:10 FTTC- or ADC-streptavidin;unlabeled streptavidin 

solution. This particular doping density was used to increase the distance between 

streptavidins covalently modified with fluorescent probes, essentially eliminating the 

possibility of energy transfer which could invalidate the anisotropy results. After a 2 hr 

incubation time, the streptavidin solutions were replaced with phosphate buffer. TIRF 

anisotropy measurements were performed using the instrumental arrangement described 

in Chapter 4. The 488 nm and 514.5 nm lines from a Ion Laser Technology air-cooled 

argon ion laser were used to excite fluorescence from FITC- and ADC-streptavidin, 

respectively. Fluorescence was detected through an emission polarizer using a 515 nm 

cutoff longpass filter for FITC labeled streptavidin films, while a bandpass filter with a 

20 nm bandwidth centered at 568 nm was used to measure ADC fluorescence. Linear 

dichroism experiments were not performed on these films for reasons outlined below. 

The orientation distribution was also measured on the cyt c layer in 

streptavidin/B-cyt c bilayer films. These fikns were prepared by first depositing a 1:20 

DOPE-biotin:DOPC phospholipid LB film. After mounting the substrate supported 

lipid fibn in a flowcell and rinsing the films with phosphate buffer a 2 [oM solution of 

streptavidin was introduced and allowed to bind to the biotin capped lipid bilayer. After 

a 2 hr incubation time, the excess streptavidin was rinsed from the cell with phosphate 

buffer. Next, a 19 fiM B-cyt c solution consisting of pure B-cyt c (for lOW-ATR linear 

dichroism measurements) or a 1:5 B-Zn cyt c:B-cyt c mixture (for TIRF anisotropy 

measurements) was added to the flowcell. The B-cyt c solution was allowed to react 

with the surface for 3 hr before being flushed from the cells with phosphate buffer prior 

to measurement. Waveguide linear dichroism and TIRF anisotropy measurements were 

performed using the instrumental arrangement described in Chapters 4 and 5. Likewise, 
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orientation distributions were calculated using a Gaussian model distribution as 

described previously in Chapter 2. 

6.2.4. Protein Surface Coverages 

The surface coverage of both the streptavidin and B-cyt c film layers were 

determined using the procedure outlined in section 5.2.4 where the entire film assembly 

was fabricated and then removed by sonication in a Triton X-100 surfactant solution. 

The desorbed protein was then quantitated by a fluorescence assay. Briefly, 

streptavidin/B-cyt c protein films were generated on two sets of 3" x 2" glass 

microscope slides as described above for TIRF cyt c anisotropy measurements except 

that FITC-streptavidin was used in place of unlabeled streptavidin. After forming the 

assembly, the films were removed by sonication for 10 min in a Teflon vessel containing 

12.5 mL of 1% (v/v) Triton X-100 in 50 mM phosphate buflfer, pH 7.0 with 200 mM 

KCl. This procedure completely removed the phospholipid bilayer and all associated 

protein as confirmed by epifluorescence microscopy. The amount of protein removed 

fi-om the surface was determined by measuring the fluorescence of both FITC-

streptavidm and B-Zn-cyt c that were dissolved fi-om the surface. FITC-streptavidin 

excitation was performed at 490 nm with emission at 520 nm. B-Zn cyt c excitation 

was performed at 420 nm with emission at 623 nm. (Note that these are an excellent 

combination of wavelengths to independently measure the two concentrations because 

there is very little spectral overlap between each fluor.) Quantification of the amount of 

protein removed firom the surface was accomplished using an external fluorescence 

calibration curve. A dilution series of both FITC-streptavidin and B-Zn-cyt c were 

prepared using the same Triton X-100 surfactant solution used to remove the 

phospholipid bilayer and protein fi-om the slides. An amount of lipid equal in 

composition and concentration to that composing the desorbed films was added to these 
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solutions. The amount of protein desorbed from the sample slides was determined from 

the calibration curves and the surface coverage was calculated by ratioing the amount of 

protein removed to the area of the slides, assuming a molecularly flat surface. 

6.3. RESULTS AND DISCUSSION 

6.3.1 Langmuir-Blodgett Film Characterization 

The surface pressure vs. area isotherms of pure DOPC and 1:20 DOPE-

biotiniDOPC are given in Figure 6.5. As would be expected, these isotherms nearly 

overlap since DOPC is the major component in both films. A pressure of 35mN/m 

corresponds to approximately 60 per molecule, a typical value for a fluid, packed 

monolayer [229,230]. (A larger molecular area was measured, 65 for DOPE-PDS 

doped DOPC films used in Chapter 5 because a greater doping density, a 1:8 molar 

ratio, of the DOPE-PDS was used.) 

To assess the macroscopic uniformity of these films, phospholipid bilayers 

consisting of 1:20 DOPE-biotin;DOPC were doped with a 0.7% molar ratio of the 

fluorescent lipid l-acyl-2-[12-[(7 nitro-2-l,3-benzoxadia2ol-4-yl)amino]dodecanoyl]-sn-

glycero-3-phosphoethanolaniine (NBD-PE, Avanti). The resulting fluorescently doped 

substrate supported bilayers appeared to be uniformly fluorescent by visual inspection at 

400X magnification using epifluorescence microscopy. Intensity values measured by 

TIRF quantitatively confirmed this observation. As was the case in the previous 

chapter, films were unaffected by storage at ambient conditions overnight or by 

manipulations such as rinsing with buffer solutions. 
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Figure 6.5. Pressure area isotherm of (A) 1:20 DOPE-biotin and (B) DOPC on Type I 
deionized water at a temperature of 21°C. Inset is the structure of DOPE-biotin. 
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6.3.2. Protein Film Characterization 

In order to access the macroscopic quality of the streptavidin film, FITC-

streptavidin was allowed to bind to 1:20 DOP£-biotin;DOPC phospholipid bilayers 

which were subsequently observed by epifluorescence. A uniform fluorescence was 

observed which lacked any large structural features. Previous work has shown that 

difiusion of phospholipids occurs within the lipid bilayer [229]. It was speculated that 

proteins immobilized to the lipid headgroups would also be able to diffiise. This 

hypothesis was tested using a crude fluorescence recovery after photobleaching 

experiment performed in a TIRF geometry. The experiment was performed by initially 

measuring the fluorescence intensity from a single spot on the FITC-streptavidin film 

using minimum laser power. This TIRF spot area was then quickly photobleached by 

exposure to maximum intensity laser light for approximately 1 s. The laser beam was 

then blocked by a computer controlled mechanical shutter. The laser power was 

reduced to its lowest setting and intensity measurements of the photobleached spot were 

made using 500 ms integration times every 30 s. Laser light was blocked by the 

mechanical shutter between each measurement. Fluorescence intensity gradually 

recovered but never to its original intensity. It was found that only approximately 10-

20% of the fluorescence recovered over a period of 30 min meaning only a small 

fraction of the bound streptavidin appeared to be mobile. This is in comparison to the 

same experiment performed NBD-PE doped films where it was found that greater than 

60% of the fluorescence recovered over a period of 30 min implying that a significant 

firaction of the NBD-PE doped in the lipid bilayer was mobile. 

Bilayer protein films consisting of unlabeled streptavidin and 1:5 B-Zn-cyt c:B-

cyt c were observed by epifluorescence. Although exhibiting only a faint fluorescence, 

these films also appeared macroscopically uniform by epifluorescence with no structural 
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features. This was confirmed by TIRF intensity measurements. A 6% relative standard 

deviation between in fluorescence intensity was measured fi'om ten spots on two 

separate films. 

6.3.3. Orientation Distributions 

a. Streptavidin 

Unlike cytochrome c, streptavidin lacks an intrinsic spectroscopic probe that can 

be used to perform the polarized spectroscopic experiments. However, Ringsdorf et al. 

have reported that streptavidin is preferentially labeled at a single lysine residue under 

conditions where the labeling molar ratio is 1:1 [98]. In theory, this allows for a 

structurally unique site to be labeled with a fluorescent tag which can be used for 

absorbance linear dichroism and TIRF anisotropy experiments. FITC was used to label 

the streptavidin in order to provide a spectroscopic probe of molecular orientation. An 

anisotropy of -0.172±0.032 (n=3) was measured for FTTC-streptavidin. Noting that the 

anisotropy for a completely isotropic system is -0.2, this result meant that either: /.) 

streptavidin may have a broad disordered distribution when bound to the surface, ;7) 

contrary to previous reports, labeling occurred at multiple sites, or Hi) significant 

rotational motion of the FITC probe occurs during the lifetime of the excited state. 

Since the FITC label is bound to streptavidin through a smgle bond, the last possibility 

seemed most likely. In order to test this hypothesis, the intrinsic fluorescence 

anisotropy of FITC-streptavidin was measured in a viscous solution composed of 30% 

v/v glycerol in phosphate buflfer. Based on the viscosity of this solution and the 

hydrodynamic volume of the protein assuming it is spherically shaped, the rotational 

correlation time for the entire streptavidin molecule was calculated to be 80 ns, which is 

considerably longer than fluorescein's excited state lifetime of 4.5 ns [254], This meant 
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that rotational motion could not be ascribed to motion of the entire protein, only 

localized motion of the FITC probe. An intrinsic anisotropy of 0.306 was measured for 

FTTC-streptavidin which corresponds to y = 23°. The results obtained in Chapter 3 

showed that FTTC rigidly immobilized in a silicone rubber matrix had an measured 

intrinsic anisotropy of 0.394 corresponding to y = 6°. Comparison of the intrinsic 

anisotropics of FTTC-streptavidin to rigidly immobilized FITC makes it apparent that 

rotational motion of the covalent bound FTTC is occurring to a significant extent. 

Rotational motion of the fluorescent probe is unacceptable when measuring 

molecular orientation for two reasons. First, if a labeling group is subject to rotation, a 

broad range of orientations may be possible. Averaged over an entire ensemble, this 

would be observed as an artificially broad orientation distribution which may be 

uncharacteristic of the sample. Second, steady state anisotropy measurements are 

sensitive to rotational motions since, during the excited state lifetime reorientation of the 

probe may occur. If motion of the label is rapid and isotropic, this will result in a 

measured anisotropy characteristic of an isotropic system, which carmot be related to 

the overall orientation of the system under study. For these reasons, measurement of 

the orientation distribution for the streptavidin film using an FITC label is impossible 

and the lOW-ATR measurements were therefore not performed. 

The results obtained using an FITC label prompted the use of a second 

fluorescent labeling reagent, ADC, which forms a five membered ring with an amine 

nitrogen (Figure 6.3). It was postulated that this structure could prevent fi-ee rotation 

about the label-lysine bond. However, this could still not hinder rotations about single 

bonds in the lysine chain which connect the probe to the overall protein structure, and as 

a result, little improvement was found over the FITC label. The anisotropy of ADC-

streptavidin bound to phospholipid bilayers was -0.175±0.053 (n=3). Intrinsic 
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fluorescence anisotropy measurements confirmed that significant fi'ee rotation of the 

label was occurring in this instance as well. A value of ro = 0.235 was measured for 

ADC-streptavidin in a 30% v/v glycerol solution which corresponds to y = 32°. Despite 

the different chemical structure, the results indicate that use of ADC did not prevent 

rotational motion. Therefore it was impossible to measure the orientation distribution 

of the streptavidin protein film using the lOW-ATR+TIRF approach so lOW-ATR 

linear dichroism measurements were again not performed. 

b. Cytochrome c 

Arguably, the most important protein layer to be studied is the biospecifically 

bound B-cyt c layer. Orientation and order can be directly compared to the results in 

Chapter S to determine if an intermediate protein layer affects the orientation 

distribution of protein m the outermost layer. Unlike streptavidin, the heme group of 

cyt c is an intrinsic spectroscopic probe that is covalently bound to the protein in two 

places and is not subject to the problems associated with fluorescent labeling with FITC 

and ADC. 

Three separate films were prepared for both lOW-ATR linear dichroism and 

TIRF anisotropy measurements. The overall dichroic ratio, p, was 1.18dt0.06 (n=3) 

while the anisotropy, r, was -0.107±0.011 (n=3). Using the mean values, an orientation 

distribution of 41° ± 11° was calculated assuming a Gaussian distribution function. 

Other values for the orientation distribution could be calculated in a range of p and r 

within ±one standard deviation of the mean values and are listed in Table 6.1. It can be 

seen that there is little variation in the calculated orientation distributions which are 

obtained. The mean tilt angle, 0^, ranges fi^om only 40° to 44° degrees while the 

distribution about the mean tilt angle, 0o, varies from only 7° to 21°. Moreover, 41° ± 



236 

Table 6.1: Orientation Distributions Calculated for Selected Combinations of 
Emission Anisotropy and Dichroic Ratio; Application to B-Cyt c Films 
Formed by Biospecific Bonding to Streptavidin Immobilized on Biotin 
Capped Phospholipid Bilayers.^ 

Dichroic 

ratio (p) 

Anisotropy (r) Dichroic 

ratio (p) -0.107±0.011 

1J2 40°±14° n/o^ n/o 

1.16 40°±9° 42°±14® 44®±21® 

1.1«±0.057'' 40°±7° 41°±11° 43°±17® 

1.20 n/o 41o±9o 42°±14° 

1J4 n/o 41o±7o 42°±11° 

^ Gaussian orientation distributions expressed as 0^ ± 0cy. 

^ Measured p and r values (mean ± standard deviation) for B-cyt c biospecifically 

bound to streptavidin immobilized to biotin capped phospholipid bilayers. 

^ Not obtainable (the combination of p and r did not produce a simultaneous solution 
to equations 2.43 and 2.48, y=41°). 
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11° is representative of the orientation distributions which occur within this range of 

experimental values. 

The observed orientation distribution of41®±ll°is striking because it is nearly 

identical to the orientation distribution of 40° ±11° measured for yeast cyt c covalentiy 

bound directly to the phospholipid bilayer. In other words, the molecular orientation 

appears to be preserved nearly unchanged through an intermediate streptavidin layer. 

This is graphically presented in Figure 6.6 where the orientation distribution for both 

molecular architectures are plotted. 

6.3.4. Biospecific Binding Assays 

The orientation distribution measurements indicate that the molecular order of 

the biospecifically bound B-cyt c layer is unchanged as compared to cyt c covalentiy 

bound to lipid bilayers despite the introduction of a streptavidin intermediate layer. 

Clearly, in order to make this conclusion from this data, it is necessary to determine if 

the films are truly the result of biospecific binding interactions and are not simply the 

result of non-specific adsorption processes. In order to address this question, two sets 

of experiments were performed. The first experiment was designed to test if 

streptavidin was biospecifically bound to the biotin groups tethered fi-om the 

phospholipid bilayer. This experiment was carried out by depositing two sets of lipid 

bilayers, differing in composition. One set of films consisted of the 1:20 DOPE-

biotin:DOPC mixture while the other was composed exclusively of DOPC which acted 

as a control since it lacked biotin ligands. FITC-streptavidin was incubated with each 

set of films for two hours. After this time the protein solution was rinsed away with 

phosphate buffer and the FITC fluorescence intensity measured to determine in relative 

terms the amount of protein bound to each type of film. Nearly eight times the 
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Figure 6.6. Gaussian probability distributions for: A (dotted line), yeast cyt c covalently 
immobilized on pyridyl capped phospholipid bilayers; 0^=4O® and 0O=l 1®. B {solid line) 
biotinylated yeast cyt c biospecifically bound to streptavidin immobilized to biotin 
capped phospholipid bilayers; 0^=41° and 0O=l 1®. 
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fluorescence intensity was measured from films which were formed on lipid bilayers 

composed of the DOPE-biotin:DOPC mixture compared with those which had been 

formed on lipid bilayers composed of only of DOPC (Figure 6.7). The error bars in 

Figure 6.7 represent the standard deviation of fluorescent intensity values measured 

from six individual locations on two separate films (i.e. n=2). This result showed that a 

large fraction of the streptavidin which is bound to the DOPE-biotin:DOPC bilayer films 

appears to be biospecifically bound instead of being non-specifically adsorbed. 

The second experiment was designed to test if B-cyt c was biospecifically bound 

to the streptavidin layer. This was accomplished by first depositing lipid bilayers 

consisting of the 1:20 DOPE-biotin.DOPC mixture. Streptavidin solutions were 

subsequently added to form the streptavidin protein film layer. Next, after rinsing away 

the streptavidin solutions, the films were divided into two sets. One set of films was 

incubated with 100 |iM aqueous biotin in phosphate buffer whereby the biotin was 

allowed to bind to the free recognition sites on the bound streptavidin. Since the 

biotin/streptavidin mteraction is essentially irreversible, this was assumed to permanently 

block these binding sites. The second set of films was left untreated. After rinsing the 

films with phosphate buffer, the films were incubated with 19 jiM 1:5 B-Zn-cyt c:B-cyt 

c solutions for 3 hr. The cyt c solutions were replaced with phosphate buffer and the 

fluorescence of the bound B-Zn-cyt c was measured in an epifluorescence format to 

quantitate in relative terms the amount of protein bound to each film. It was found that 

an eight fold greater fluorescence intensity was measured from films that had not been 

treated with aqueous biotin to block the binding sites (Figure 6.8). The error bars in 

Figure 6.8 represent the standard deviation of fluorescent intensity values measured 

from three individual locations on two separate films (i.e. n=2). This result strongly 
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Figure 6.7. Test for biospecific binding of streptavidin to DOPE-biotin doped 
phospholipid bilayers. Films consisting of either I :20 DOPE-biotin:DOPC or pure 

DOPC were deposited. A 2 µM solution of FITC labeled streptavidin was incubated 

with each film. After a 2 hr incubation period the films were rinsed with phosphate 
buffer and the fluorescence intensity of the FITC label was measured to quantitate the 
amount of streptavidin bound to the surface. 
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Figure 6.8. Test for biospecific binding of biotinylated cyt c to immobilized 

streptavidin. In both cases films of streptavidin bound to I :20 DOPE-biotin:DOPC 

phospholipid bilayers are formed first. These films are then divided into two sets. One 

set of streptavidin films is treated with aqueous biotin (+biotin) to block the biotin 

binding sites while another set is left untreated (-biotin). Both sets of films are rinsed 

with buffer and treated with B-cyt c. The fluorescence from B-Zn-cyt c is measured to 

quantitate the amount of protein that is bound in either case. 
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suggests that biospecific binding is indeed occurring between the B-cyt c and the 

streptavidin layer. 

6.3.5. Desorption Experiments 

Another method to determine if biospecific binding of B-cyt c had occurred was 

to perform a series of desorption experiments. With reference to Figure 6.4, it can be 

seen that the reaction of Biotin-HPDP with thiol groups results in a disulfide bond that 

is cleavable by reductive treatment using DTT. Therefore, if B-cyt c is bound to 

immobilized streptavidin, it should be liberated from the surface by treatment with DTT. 

A series of desorption experiments treating the streptavidin/B-cyt c films with solutions 

containing higher ionic strengths, with or without DTT, were performed. The results 

are reported in Table 6.2. Three separate protein film assemblies were constructed 

using the same procedure outlined for TIRF anisotropy measurements. The films were 

rinsed with phosphate buflfer and the initial fluorescence intensity was measured. The 

films were then treated with phosphate buffer containing a total of 200 mM KCl (total 

ionic strength =313 mM). After 15 min, 93% ± 12% of the protein remained. No 

change in the amount of cyt c bound to the surface was observed (91% ± 7%) after 

extending this treatment to 8 hr. Films were then treated with a phosphate buffer 

solution containing a total of 200 mM KCl and 10 mM DTT. After 15 min the amount 

of protein remaining on the surface, as quantitated by the fluorescence intensity, was 

52% ± 8%. Extending the DTT treatment for 8 hr left only 35% ± 9% of the initial 

protein bound to the surface. In summary, approximately 5%-10% of the B-cyt c is 

bound loosely by electrostatic interactions, 60% is biospecifically bound, and 35% is 

bound by unknown interactions. In general, these results correlate well with the 

biospecific binding assays reported above and are remarkably similar to analogous 
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Table 6.2. Desorption of Biotinylated Yeast Cyt c from Films of Streptavidin 
Bound to Substrate Supported Phospholipid Bilayers by Salt and 
Dithiothreitol Solutions. 

Desorption Treatment 

Percentage of Initial Fluorescence 
Intensity After Applying Desorption 

Treatments to Cyt c Films" 
Biospecifically Bound to Streptavidin: 

buffer rinse: SOmM phosphate bu£fer 

pH7.0, lOOmMKCl 

100% 

buffer containing 200niM KCl, 

15 min static incubation 

93%±12% 

(n=3) 

buffer containing 200mM KCl, 

8 hr static incubation 

91%±7% 

(n=3) 

buffer containing 200mM KCl, 

lOmM DTT, 15 min static incubation 

52%±8% 

(n=3) 

buffer containing 200mM KCl, 

lOmM DTT, 8 hr static incubation 

35%±9% 

(n=3) 

® Protein films were formed by treatment of surfaces with 1:5 B-Zn cyt c:B-cyt c, under 

the same conditions used to form films for orientation distribution measurements (see 

text). Epifluorescence emission intensities measured after application of each 

desorption treatment were normalized to the first value measured for each film after 

the initial rinse in phosphate buffer. 
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experiments performed on yeast cyt c films covalently immobilized to phospholipid 

bilayers. 

6.3.6. Protein Surface Coverages 

The protein bilayer assembly was further characterized by determining the 

surface coverage of each protein. This is important because it gives information about 

the packing density which can be useful in deducing the overall structure of the protein 

film assembly. It was found that after rinsing with only phosphate buffer (as was done 

for the orientation distribution measurements), the protein bilayer was composed of 

2.6x10"'^ moles/cm^ of streptavidin and 8.8x10"'^ moles/cm^ of B-cyt c. However, it is 

more insightful to convert these numbers into percent monolayer surface coverages. 

Other research groups have measured the packing density of streptavidin films using 

electron diffraction and high resolution scanning electron microscopy [139,250], These 

films were formed by binding streptavidin to biotinylated phospholipid monolayers at 

the air/water interface, compressing them, and transferring them by horizontal 

deposition to electron microscope grids. Measurements showed that the streptavidin 

bound to the lipid fihns packs into highly ordered crystalline-like domains with a unit 

cell dimension of 84±1 A x 85±2 A.. Based on these unit cell dimensions and the 

surface coverage reported above, the fi-actional coverage of streptavidin for the films 

fabricated here was calculated to be 1.1 monolayers. This calculation assumes that the 

structure of the streptavidin layer is the same despite the different fabrication methods. 

Using the crystallographic dimensions of cyt c and assumptions given in previous 

chapters, the fi-actional coverage of B-cyt c was determined to be 0.4 monolayers based 

on a close packed monolayer. It must be noted firom our experience the accuracy of 

these measurements should be considered to be approximately ±25%. 
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The surface coverage data are important for two reasons. First, based on a 2; 1 

stoichiometry between B-cyt c and streptavidin, not all of the B-cyt c can be 

biospecifically bound to the streptavidin. In quantitative terms 40% of the B-cyt c must 

be bound to the surface by other types of interactions. This is not surprising because a 

similar fraction of non-specifically bound protein was observed for both the desorption 

experiments and biospecific binding controls. Given that the x-ray crystallographic 

dimensions of a streptavidin molecule are 55 A x 45 A, there is a large amount of space 

between the individual streptavidin protein molecules in the unit cell. This is 

demonstrated in Figure 6.9 where the projected areas of a cyt c molecules are 

superimposed on a schematic of the 2D streptavidin crystalline lattice measured by 

Darst et al. [139], It is postulated that B-cyt c, which is small enough to fit into the 

gaps between streptavidin proteins packed in two-dimensional crystalline domains, is 

interacting with the phospholipid bilayer surface. This conclusion is supported by the 

results reported in Chapter 5 where cyt c was observed to non-specifically adsorb to 

bare phospholipid films. 

A more significant conclusion can be drawn fi-om the surface coverage results. 

In the experiments performed here and in the preceding chapter, two distinct surface 

coverages were measured. For yeast cyt c covalently bonded to phospholipid bilayers a 

rather dense surface coverage of 0.9 monolayers was measured. Here, a distinctly lower 

surface coverage of 0.4 monolayers was measured, however, the orientation distribution 

remains unchanged in both systems. This seems to suggest, that for at least this 

molecular architecture, a specific interaction with the surface may play a more important 

role in protein orientation than intermolecular interactions between adjacent, bound 

protein molecules. The fact that cyt c is immobilized with only a 0.4 monolayer surface 

coverage suggests that neighboring protein-protein interactions are not a prerequisite 
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= streptavidin 

= B-cytochrome c 

Figure 6.9. Schematic of the streptavidin/B-cyt c asymmetric protein bilayer based on 
surface coverage measurements ( as viewed from above). The surface density of 
streptavidin is diagrammed from the unit cell dimensions of 2D streptavidin crystals 

measured by Darst et al. [139]. The black box depicts the unit cell which is 84A. x 85A. 

Based on this packing streptavidin has measured coverage of 1. 1 monolayer. Based on 
a closed packed mono layer B-cyt c has a O. 4 monolayer surface coverage. There are 
more B-cyt c molecules than can be accounted for by the 2: 1 B-cyt c:streptavidin 
stoichiometry and may be non-specifically adsorbed to the substrate supported 
phospholipid bilayer in the gaps between streptavidin molecules. This diagram is to 
approximate scale only. 



247 

for the generation of an ordered protein assembly. This is contrary to past conceptions 

where it has been speculated that the packing of proteins on the surface may play an 

significant role in orientation [251,252]. It was hypothesized that proteins in 

neighboring sites may help pack proteins into defined orientations by sterically hindering 

their motions and/or preventing multiple interactions with the surface. 

6.3.7. Assessment of the Biospecific Binding Methodology 

The key result in this study was the similarity in the results found for cyt c 

covalently bound directly to phospholipid bilayers as compared to B-cyt c biospecifically 

bound through a streptavidin intermediate protein layer. In both molecular architectures 

a majority of the protein (approximately 60%) is site-specifically bound leading to 

almost identical orientation distributions. Moreover, in each case, there is additional 

protein that is presumably non-specifically bound, most likely with the phospholipid 

bilayer by an unknown type of interaction(s). However, this protein represents a small 

enough fi-action not to significantly affect the overall measured orientation distribution 

(see Chapter 5). 

It is suggested that one of the major reasons why the orientation distribution is 

essentially unchanged despite the additional streptavidin layer may have to do with the 

order of this intermediate layer. Other researchers have found that streptavidin and 

avidin form highly ordered crystalline domains when bound to lipids at the air-water 

interface [138,139,250,253]. The structure of these two-dimensional crystals has been 

measured using electron crystallography and microscopy, a fact which illustrates the 

high degree of order these films exhibit. Although independent experiments have not 

been performed on our films to determine whether or not the streptavidin is forming 
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two-dimensional crystals, the results indicate that the streptavidin layer must have a high 

degree of structural order that can be "transferred" to the next layer. 

What makes the high degree of order most surprising is the length of the spacer 

arm in the Biotin-HPDP biotinylating reagent. The Biotin-HPDP has a span of 29.2 A 

between the reacted sulfhydryl and the attached biotin group. All commercially 

available biotinylating reagents such as this have long spacers because it has been shown 

that optimal binding capabilities are realized with extended spacer arms. This is because 

the biotin binding sites of streptavidin are reported to be located 9 A below the protein 

surface [270] so binding is sterically hindered when using short spacers. In the case of 

cyt c, the thiol of cysteine 102, is also slightly recessed from the protein surface by 

approximately 3 to 5 A However, after accounting for both the length necessary to 

allow biotin binding and covalent attachment of Biotin-HPDP to cysteine 102 an extra 

15 A of spacer arm length remains. It is therefore conceivable that the biospecifically 

immobilized cyt c can be tethered and yet still exist extended away from the streptavidin 

layer in the bulk solution. Because cyt c molecules would have a wider range of motion 

a broader orientation distribution would be expected. However, measurements show 

that this is not the case and suggest that the cyt c is not extended from the surface. This 

may be due to the positively charged B-cyt c binding to the immobilized streptavidin 

which as a pi of 5 giving it an overall net negative charge at pH 7.0. 

Another important aspect which affects the orientation distribution is the types 

and number of interactions that take place between a protein and the surface. It was 

seen in previous chapters that in cases where non-specific interactions dominate the 

immobilization process, disordered films are obtained. The explanation for this was 

speculated to be that many sites on the protein surface were interacting with the 

substrate yielding a variety of different, but equally probable orientations. In contrast. 
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when the immobilization takes place through a specific interaction, an ordered film is 

obtained. In the fihns studied here, the planned biospecific interactions do occur and 

likewise result in an ordered protein film. 

6.4. CONCXUSIONS 

Molecular architectures consisting of B-cyt c bound to a biotin capped 

phospholipid bilayer through an intermediate streptavidin layer were studied. It was 

shown that the orientation distribution of the B-cyt c was almost identical to films 

formed by direct covalent attachment to pyridyl disulfide capped phospholipid bilayers 

examined in the previous chapter. The results indicate that, in this case, an intermediate 

streptavidin protein layer did not afifect the order in the outer B-cyt c layer. The low 

surface coverage of B-cyt c bound to the streptavidin tends to indicate that a close 

packed monolayer is not required to generate an ordered assembly and that specific 

interactions which immobilize proteins to the surface are perhaps most important. 

These results are unprecedented as this is the first time an orientation distribution has 

been measured for a bilayer protein film. 
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CHAPTER? 

SUBSTRATE SURFACE ROUGHNESS 

7.1. INTRODUCTION AND MOTIVATION 

When attempting to measure the orientation distribution of a thin film or 

monolayer bound to a solid support, the surface roughness of the substrate can be of 

significant importance. This is the case when the surface is rough enough so even a 

highly ordered molecular array immobilized to the surface will be randomly oriented 

relative to the laboratory coordinate system. As a result, surface roughness can 

artificially broaden the orientation distribution leading to incorrect conclusions. This 

situation is most problematic when molecules are directly immobilized to the substrate, 

such as was the case in Chapter 4 where proteins were directly adsorbed to a variety of 

surfaces. It could be argued that when the surface is modified by an intermediate layer 

(i.e. a Langmuir-Blodgett film), substrate irregularities will be dampened, and therefore 

be less important. However, knowledge about the surface roughness is clearly 

necessary when drawing conclusions about order in a thin film assembly. 

In this chapter the combination of Atomic Force Microscopy (AFM) and TIRF 

anisotropy of an adsorbed fluorescent probe molecule are used to determine the surface 

roughness of the fiised quartz slides and sol-gel derived waveguides used for orientation 

distribution measurements. In addition, the eflfect of different cleaning methods on 

substrate roughness was examined to determine how substrates can be cleaned without 

significantly damaging the surface. 
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7.2. EXPERIMENTAL SECTION 

7.2.1. Substrate Oeaning Methods 

a. Chromerge Treatment 

Chromerge is the trademark name for a concentrated chromic/sulfiiric acid 

cleaning solution marketed by Aldrich. It is a highly oxidative mixture which is very 

useful in chemically removing any adsorbed organic molecules from glass surfaces. Our 

experience with hs use in our laboratory has shown that it is an excellent method for 

producing a hydrophilic uncontaminated glass surface. Since it is an acid mixture, it has 

been advertised as being as harmless to glass. 

Fused quartz substrates and sol-gel waveguides were soaked in an 80°C 

Chromerge bath for a prescribed amount of time. The concentrated sulfliric acid 

solution dehydrates the surface upon treatment, so substrates are hydrated by soaking in 

a IM nitric acid solution for 1 hr. After this hydration step, substrates are rinsed 

copiously with Type I deionized water and dried in a vacuum. 

b. PCC-54 

The detergent concentrate PCC-54 is a product marketed by Pierce. It is an 

ionic, alkaline (a 2% v/v aqueous solution of PCC-54 has a pH«ll) surfactant which 

has the ability to be rinsed away easily with water. This later trait has made PCC-54 

very usefiil in cleaning substrates m our laboratory. Before cleaning with PCC-54, fiised 

quartz substrates and sol-gel waveguides were subjected to a 3 hr 80°C Chromerge 

treatment. This was necessary because quartz slides as received from the manufacturer 

have a film of adsorbed polishing lubricant which has been found to be removed only by 

Chromerge treatment. Newly fabricated sol-gel waveguides are always first cleaned in 

80°C Chromerge for 20-30 min to oxidize surface methyl groups that result from the 
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use of methyltriethoxysilane sol-gei solutions. The methyl groups are presumably 

oxidized to silanols by the treatment which renders the surface hydrophilic. 

After the initial Chromerge cleaning step, substrates were sonicated in a 2% v/v 

aqueous solution of PCC-54 for a given amount of time. Before the surface roughness 

was examined, the substrates were rinsed with Type I water, sonicated in Type I water, 

and then dried in a vacuum. 

c. Plasma Cleaning 

Another method of cleaning substrates in the laboratory uses an argon ion 

plasma. When a substrate is placed in the plasma, argon ions with high kinetic energy 

collide with the substrate surface. Collisions are so energetic that atoms or molecules 

on the substrate surface are subsequently sublimed in a process termed etching. These 

gas phase atoms or molecules are then removed by a vacuum pump. Eventually enough 

of the surface is etched away to leave only what was once the bulk material. As a result 

this is a highly effective method to clean glass surfaces. 

Prior to plasma cleaning fused quartz slides and sol-gel derived waveguides were 

Chromerged as described above to remove polishing lubricant and surface methyl 

groups, respectively. After soaking in nitric acid for 1 hr, the substrates were rinsed 

with water, au- dried, and plasma cleaned for a given amount of time in a 30 W Harrick 

PDC-3XG plasma cleaner. An argon plasma was generated by the constant 

uitroduction of argon gas to the plasma chamber. The surface roughness was evaluated 

immediately upon removal from the chamber. 

7.2.2. AFM Surface Roughness Analysis 

AFM measurements were performed in tapping mode instead of a contact mode. 

In a contact mode, a sharp tip is scanned across the substrate surface on a flexible 
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cantilever. When the tip encounters variations in surface topography, the cantilever 

deflects which is sensed by the instrument. Contact mode experiments performed under 

ambient conditions can be problematic because sample surfaces are covered by a layer 

of adsorbed gases consisting primarily of water vapor and nitrogen which may be 10-30 

monolayers thick. When the tip touches the contaminant layer, a meniscus forms and 

the cantilever is pulled by surface tension toward the sample surface. This may make 

measurements difficult or unreliable. When performing the analysis in a tapping mode, 

the cantilever is oscillated near its resonant frequency. Because the contact with the 

surface is intermittent, the probe does not become trapped in the contaminant layer by 

the fluid meniscus, thus better results can be achieved. 

Substrates to be examined by AFM were &st cut into approximately 1 cm^ 

pieces, cleaned by the desired method, and mounted m the microscope. The surface 

was examined at three diflferent scan sizes: 1 (im x 1 jim, 250nm x 250 nm, and 25nm x 

25 nm. Surfaces were examined in several places in order find representative areas on 

the substrate surface free of obvious dust or scratches. 

7.2.3. Acridine Anisotropy Surface Analysis 

Due to the small size of the AFM sample compartment, substrate samples had to 

be cut into pieces in order to be analyzed. As a resuh substrates were essentially 

destroyed and could not be used for future experiments. An alternative method to 

assess substrate surface roughness was developed by measuring the fluorescence 

anisotropy of 3,6-diaminoacridine (acridine, Aldrich) adsorbed to the surface of the 

substrates. The structure of acridine is given in Figure 7.1. It would be expected to 

adsorb to the negatively charged glass surface via its amine groups. If both amine 
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Figure 7.1. (Top) Molecular structure of 3,6-diaminoacridine (acridine). (Middle) 
Expected molecular distribution of acridine adsorbed to a smooth substrate surface. 
(Bottom) Expected molecular distribution of acridine adsorbed to a rough substrate 
surface. 
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groups associate with the glass, then the molecules would lie with their long axis parallel 

to the surface and would thus be able to probe surface roughness. 

Substrates cleaned by specific treatments were dried and immersed in a 0.9 

solution of acridine in 100% ethanol for 1 hr. The slides were removed fi'om the 

acridine solution, rinsed with ethanol, and dried with Nj. They were then mounted in a 

Teflon flowcell using Gore-Tex Teflon gasketing. Hexane was added to the cells before 

the anisotropy was measured using the 457.9 tmi output fi'om a Ion Laser Technology 

argon ion laser in the instrumental arrangement described in Chapter 4. Emission was 

collected through a bandpass filter (25 nm bandwidth centered at 495 nm) without 

emission polarization discrimination. Anisotropy measurements fi-om five separate spots 

were performed for each substrate. 

7.3. RESULTS AND DISCUSSION 

7.3.1. AFM Results for Quartz Substrates 

A summary of the surface roughness data obtained by AFM for fused quartz 

substrates cleaned by Chromerge, PCC-54, or plasma cleaning procedures is given in 

Table 7.1. Root mean square (rms) surface roughness was calculated fi'om the entire 

scanned image and is reported in angstroms. It represents the variance in the height of 

the surface fi'om an average value. In order to report a value that can be generally 

related to the overall surface topography, the vertical distance between the highest point 

and the lowest point in the scan area is given as well. This distance is large for surfaces 

that have large surface irregularities. 

Examining the effect of Chromerge treatment, it was seen that quartz cleaned by 

this method for 3 hr was very smooth (Figure 7.2) and had a rms surface roughness of 
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only 0.9 A for a 250 nm x 250 nm scan area. However, as the Chromerge treatment 

time increases, the surface becomes rougher. Figure 7.3 is a 250 nm x 250 nm scan size 

image of the quartz surface after a 6 hr Chromerge cleaning treatment. In this image 

surface features are now observed. The presence of these structures increases the rms 

surface roughness to 4.0 A. The distance between the high to low points within this 

regjon is 98 A compared to only 9 A obtained for a 3 hr treatment. The quartz surface 

becomes rougher with even longer cleaning times which is shown in the 250 nm x 250 

nm image (Figure 7.4) of a quartz slide that had been immersed for 15 hr in Chromerge. 

The surface features have become more pronounced and several mounds, approximately 

10 nm in diameter, are observed. These structures are even more apparent when 

examining an image taken at a 1 |im x 1 scan size as shown in Figure 7.5 

Correspondingly, the rms roughness for the 250 nm x 250 nm image increases to 4.4 A, 

but the high to low distance has been reduced to 34 A for this sample. 

It can be concluded from these results that relatively short Chromerge 

treatments have minimal effect on the surface roughness. However, long term exposure 

apparently begins to dissolve parts of the glass surface resulting in an increased 

roughness. This is not problematic to the orientation distribution measurements because 

surfaces used for protein adsorption were typically soaked in the Chromerge bath for 

only 20- 30 min, but it should be realized that individual substrates have a limited 

lifetime with respect to surface roughness if cleaned repeatably. 

It was determined that Chromerge begins to affect surface roughness only after 

long treatment periods. This was not the case for quartz slides sonicated in PCC-54 

surfactant solutions. After only a 15 min sonication treatment, an even higher density of 

moundlike features appear on the surface (Figure 7.6) as compared to quartz slides 

which have been Chromerged for 15 hr. The rms surface roughness on a 250 nm x 250 
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nm scanned region was 2.6 A which is about three times as great as substrates 

Chromerged for 3 hr. A rather substantial high to low distance of 140 A is found which 

is indicative of the moundlike surface morphology. Sonication for 30 min in PCC-54 

continued to roughen the surface. The rms surface roughness for a quartz substrate 

treated for 30 min increased to 5 A for a 250 ran x 250 nm scan size. 

These results indicate that PCC-54 has a marked effect on the surface 

roughness. It is speculated that the alkaline pH of the PCC-54 detergent solution may 

play a role in the degradation of the surface since glass is dissolved at moderately high 

pH's. Another possibility may be the sonication procedure. Fused quartz substrates 

were also Chromerged for 3 hr and then very gently scrubbed with cotton using the 2% 

v/v PCC-54 surfactant solution. This cleaning technique is used to prepare substrates 

for LB film deposition. Samples cleaned in this manner lacked the obvious moundlike 

features present in Figure 7.6, but had a roughened surface. A 25 nm x 25 nm scan size 

image on the scrubbed sample yielded a rms surface roughness of II A. Although 

mechanical abrasion may play a part in roughing the surface, it is speculated the alkaline 

PCC-54 solution itself plays a major role in this roughening process. 

Quartz slides were also cleaned using a 30 W argon ion plasma. This procedure 

should intuitively roughen the surface because an etching mechanism is involved. Figure 

7.7 shows that following a 15 min plasma treatment, the surface becomes visibly 

rougher and moundlike structures similar to those observed before are present. The rms 

surface roughness for a 250 nm x 250 nm region was 6.9 A making plasma cleaning the 

worst method tested in terms of roughening the surface. Moreover, the rms surface 

roughness increased to 17 A after an additional 15 min plasma cleaning treatment 

examining a 250 nm x 250 nm scan size image. 



258 

Table 7.1 AFM Surface Roughness Results for Fused Quartz Substrates Cleaned 
by Various Treatments. 

Qeaning nns surface high point to low 
Treatment AFM Image Size roughness point distance* 

Chromerge 3 hours 5 nm X 5 |im 2.3 A 20 A 
250 nm x 250 nm 0.9 A 9 A 
25 mn X 25 nm 0.4 A 5A 

Chromerge 6 hours 1 ^ X 1 |im 13 A 180 A 
250 nm x 250 nm 4.0 A 98 A 
25 nm X 25 nm 0.6 A 18 A 

Chromerge 15 hours 1^ X l|im 5.8 A 79 A 
250 nm x 250 nm 4.4 A 34 A 
25 nm X 25 nm 5.5 A 31 A 

Sonication in PCC-54 I|im X Ifim 3.4 A 50 A 
15 min 250 nm x 250 nm 2.6 A 140 A 

25 nm X 25 nm 1.3 A 84 A 
Sonication in PCC-54 l^un X l^un 9.6 A 155 A 
30 min 250 nm x 250 nm 5.0 A 38 A 

25 nm X 25 nm 9.0 A 49 A 
Scrub with PCC-54 25 nm X 25 nm 11 A 42 A 
Plasma Cleaned lum X l^un 8.2 A 75 A 
15 min 250 nm x 250 nm 6.9 A 40 A 

25 nm X 25 nm 2.9 A 17 A 

Plasma Cleaned l|im X l^m 16 A 190 A 
30 min 250 nm x 250 nm 17A 127 A 

25 nm X 25 nm 13 A 61 A 

a This value is the vertical distance from the highest point on the surface in the scan 

area to the lowest point on the surface in the scan area. 
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Figure 7 .2. Two-dimensional 250 nm x 250 nm scan size AFM image of the surface of 
fused quartz Chromerge treated for 3 hr. 



260 

8.0 nM 

200 

4,0 nM 

0.0 nM 

100 

0 
0 100 200 

Figure 7 .3. Two-dimensional 250 nm x 250 nm scan size AFM image of the surface of 
fused quartz Chromerge treated for 6 hr. 
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Figure 7 .4. Two-dimensional 250 nm x 250 nm scan size AFM image of the surface of 

fused quartz Chromerge treated for 15 hr. 
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Figure 7 .5. Two-dimensional 1 µm x 1 µm scan size AFM image of the surface of 
fused quartz Chromerge treated for 15 hr. 
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Figure 7.6. Two- and three-dimensional 3 pim x 3 ^im scan size AFM images of the 
surface of fused quartz sonicated for 15 min in PCC-54. 
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Figure 7. 7. Two- and three-dimensional I µm x I µm scan size AFM images of the 
surface of fused quartz argon ion plasma cleaned for 15 min. 
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7 .3.2. AFM Results for Sol-Gel Waveguide Substrates 

The effect of Chromerge treatment on sol-gel waveguide surface roughness was 

also analyzed by AFM and a summary of the results is given Table 7.2. A sol-gel 

waveguide cleaned for 30 min in Chromerge (Figure 7.8) was somewhat rougher (rms 

surface roughness 2.2 A, 25 nm x 25 nm image size) than the fused quartz substrates. 

Based on previous AFM images of untreated waveguides fabricated by an identical 

procedure, this roughness appears to be intrinsic to the waveguide [219]. As was the 

case with fused quartz slides, long periods of Chromerge treatment further roughens the 

surface. For the same waveguide treated for an addition 14.5 hr (depicted in Figure 7.9) 

the rms surface roughness increases to 5. 7 A for a 25 nm x 25 nm region. However, in 

the case of the sol-gel waveguide no large moundlike structures are observed, only a 

random uniform increase in the overall roughness. 

7 .3.3. Discussion of AFM Results 

The AFM results make it clear that each cleaning method, albeit at differing 

rates, significantly affects the substrate surface roughness. This seems most likely to be 

due to the substrate surface being etched away in some manner. The least detrimental 

method was found to be the Chromerge cleaning which uses a concentrated acid bath. 

It was most interesting that for fused quartz slides, the etching process appeared not to 

be uniform with respect to the surface. In every case moundlike structures began to 

appear on the surface of the substrate. It is likely that these features represent areas of 

the glass that are, for unknown reasons, more resistant to either chemical or collisional 

degradation. Areas around these resistant structures wear away faster leaving mounds 

or terraces behind on the surface. This behavior was not observed for the sol-gel 

waveguide structure which consists of chemically different material. 
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Table 7.2 AFM Surface Roughness Results for Sol-Gel Waveguide Substrates 
Cleaned by Chromerge Treatment. 

Cleaning rms surface high point to low 
Treatment AFM Image Size roughness point distance a 

Chromerge 3 hours 25 nm x 25 nm 2.2A 13A 

Chromerge 15 hours lµm x lµm ISA 86A 

250 nm x 250 nm 4.3A 33 A 

25 nm x 25 nm 5.7 A 31 A 

a 
This value is the vertical distance from the highest point on the surface in the scan 

area to the lowest point on the surface in the scan area. 
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Figure 7 .8. Two- and three-dimensional 250 nm x 250 nm scan size AFM images of the 

surface of a sol-gel derived waveguide Chromerge treated for 30 min. 
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In conclusion, it should be realized at any cleaning method described above will 

eventually lead to surface roughness. It is recommended that to achieve the smoothest 

surface new quartz slides should be Chromerged for a minimal amount of time. In this 

case very little surface roughness is observed which could be transmitted to a deposited 

thin film assembly. However, multiple Chromerge treatments will over time lead to 

increases in roughness. 

7.3.4. Acridine Anisotropy Results 

Acridine adsorbed to the surface was used as another method to probe the 

surface roughness. In order for this experiment to work acridine must /) adsorb with 

low enough surface coverage so that there is sufficient distance between neighboring 

molecules to prevent energy transfer, and ii) adsorb to the surface strongly vath a highly 

preferred orientation such as depicted in Figure 7.1 so that the orientation of the 

acridine mimics the surface. In order to test the first point, an adsorption isotherm was 

measured. The amount of surface bound acridine was measured as a fijnction of 

acridine concentration by first adsorbing the fluor onto glass beads with known surface 

area. The beads were rinsed with ethanol and the acridine desorbed using a 1% v/v 

Triton X-100 solution in 0.1 M HCI. Complete desorption was confirmed by 

epifluorescence. The amount of acridine desorbed was determined by measuring the 

fluorescence and comparing it with a calibration curve generated fi-om a series of 

standard solutions. The results are shown in Figure 7.9. From this curve, a bulk 

solution concentration of 0.9 [iM was chosen. This results in a surface coverage of 3 x 

10"^^ mole/cm^, which is sufficient to prevent energy transfer between neighboring 

molecules assuming they are equally spaced. 
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Figure 7.9. Adsorption isotherm of acridine on hydrophilic glass beads. 
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The next obstacle was finding a set of conditions where the acridine would bind 

strongly to the substrate surface in a preferred orientation. It was postulated that since 

acridine has two amine groups which should favorably interact with surface silanols, the 

molecule would adsorb with the long axis of the molecule parallel to the surface. Since 

this long axis is presumably the transition dipole, an anisotropy close to -0.5 should be 

measured for a molecularly fiat surface. Hexane was used as a covering solution 

because acridine is insoluble in hexane which would force the molecules to preferentially 

interact with the glass surface. To test this hypothesis acridine was adsorbed to new 

fiised quartz slides which had been Chromerged for 3 hr. The AFM data had indicated 

that this surface would be ahnost molecularly smooth. An average anisotropy of -0.456 

± 0.021 was measured on two identically treated slides. The fact an anisotropy value 

close to -0.5 was obtained confirmed the hypothesis that the acridine is adsorbed to the 

surface in a preferred orientation. 

After it was determined that the acridine anisotropy approach would be feasible 

to study surface roughness, it was used to probe the surface roughness on a variety of 

samples. The resuhs are given in Table 7.3. Anisotropy near -0.5 is indicative of highly 

ordered films and therefore minimal surface roughness. On the other hand, anisotropy 

values closer to -0.2 are characteristic of disordered films and represent samples which 

have a high degree of surface roughness. If a corresponding sample had also been 

examined using AFM, the rms surface roughness for the corresponding 25 nm x 25 nm 

scan size image is also listed in Table 7.3. Comparing the rms surface roughness and 

the measured anisotropy, it is seen that there is a strong correlation between the two. 

For example, quartz slides cleaned with Chromerge for 3 hr have a surface roughness of 

0.4 A and a corresponding anisotropy of -0.456 ± 0.021. When the rms surface 

roughness increases to 5.5 A after 15 hr of treatment, the measured anisotropy is -0.246 
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Table 7.3. Summary of Acridine Anisotropy Results to Measure Surface 
Roughness. 

AFM 
Substrate Oeaning Treatment surface Acridine 

method time roughness* Anisotropy 
fused quartz Chromerge 3hr 0.4A -0.456±0.021 (n=2) 

fused quartz Chromerge 6 hr 0.6A -0.364±0.016 (n=2) 

fused quartz Chromerge 9 hr nm'' -0.242±0.027 (n=2) 

fused quartz Chromerge 12 hr nm -0.212±0.044 (n=2) 

fused quartz Chromerge 15 hr 5.5A -0.246±0.027 (n=2) 

flised quartz PCC-54, scrub — 11.OA -0.265±0.038 (n=l) 

fused quartz PCC-54, 
sonicated 

15 min 1.3A -0.404±0.037 (n=2) 

fused quartz PCC-54, 
sonicated 

30 min 9.0A -0.26010.012 (n=l) 

fused quartz argon ion 
plasma 

15 min 2.9A -0.378±0.039 (n=l) 

fused quartz argon ion 
plasma 

30 min 13A -0.275±0.041 (n=l) 

waveguide Chromerge 30 min 2.2k -0.367+0.031 (n=2) 

waveguide Chromerge 1 hr nm -0.270±0.012 (n=2) 

waveguide Chromerge 3 hr nm -0.247+0.016 (n=2) 

waveguide Chromerge 6 hr rmi -0.251+0.029 (n=2) 

waveguide Chromerge 9 hr nm -0.234±0.051 (n=2) 

waveguide Chromerge 12 hr nm -0.251±0.027 (n=2) 

waveguide Chromerge 15 hr 5.7A -0.269±0.015 (n=2) 

" rms surface roughness for a 25 nm x 25 nm scan size 

not measured 
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± 0.027 which is indicative of a disordered system, thus a rougher surface. However, it 

should be noted that after a certain degree of surface roughness is obtained («5 A rms 

roughness), it is apparent that the anisotropy becomes insensitive to further roughing of 

the sample. For example, quartz slides subjected to argon ion plasma cleaning for 30 

min exhibited a 13 A rms surface roughness, yet the anisotropy is statistically equivalent 

to the anisotropy measured for 15 hr Chromerged surface which AFM measurements 

have shown to be twice as smooth. Another limitation of anisotropy measurements as 

compared with AFM is that the acridine anisotropy cannot give any information about 

the morphology of the surface and can be used only as a approximate gauge of the 

overall roughness. 

One distinct advantage to the anisotropy measurements however is that multiple 

samples can be tested easily without cutting the substrates into small pieces. Because of 

this a greater range of Chromerge cleaning times were tested to determine how long or 

how many times a substrate could be cleaned before significant damage to the surface is 

done. Fused quartz slides and sol-gel derived waveguides were soaked in an 80°C 

Chromerge bath for progressively longer intervals of time. The anisotropy was 

measured after each treatment and are reported in Table 7.3. Trends in the data are 

more easily discernible in Figure 7.10 where the anisotropy is plotted as a function of 

Chromerge treatment time. It can be seen that for both substrates the surface is initially 

quite smooth but becomes rougher with increasing treatment time. Roughening of the 

surface probably takes place as the concentrated acid solution slowly dissolves away 

substrate material. This conclusion is supported by reports that indicate continual 

cleaning of sol-gel waveguides in Chromerge incrementally decreases their thickness 

[255]. The sol-gel waveguides appear to be more sensitive to the Chromerge which 

may be due to the sol-gel film dissolving at a more rapid rate. Regardless of the 
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substrate composition, the roughness eventually becomes significant enough to 

drastically affect the anisotropy, a condition which may impact heavily on the attempt to 

accurately measure orientation distributions. 

7.4 CONCLUSIONS 

The surface roughness of fused quartz slides and sol-gel derived waveguides 

used as substrates for orientation distribution measurements was examined in detail 

using AFM and acridine anisotropy experiments. It was found that the cleaning 

procedures used to prepare the substrates for thin film assembly can be detrimental to 

the substrate surface. Surface roughness was particularly increased by the use of PCC-

S4 surfactant solutions and argon ion plasma cleaning. Chromerge was determined to 

be a better cleaning treatment, however prolonged use was shown to gradually increase 

surface roughness. It is assumed that surface roughness is not an important issue with 

regard to the molecular systems studied here. In most cases intermediate Langmuir-

Blodgett layers are deposited which can buffer surface irregularities. In the case of the 

adsorbed films in Chapter 4, surface roughness may be more problematic, but it should 

be noted that all of the substrates for this employed for this work were cleaned using 

only Chromerge treatment. 
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CHAPTERS 

FLUORESCENT INTEGRATED OFHCAL WAVEGUIDES 

8.1. INTRODUCTION AND MOTIVATION 

Integrated optical planar waveguides (lOWs) consist of substrate-supported high 

index transparent films m which light can propagate via total internal reflection in a 

number of discrete modes [167]. Waveguides are typically less than l|im in thickness 

thus allowing for a high density of reflection sites per unit propagation length. As 

discussed previously, this makes lOWs particularly useful for applications such as 

evanescent spectral analysis of thin films [84,107-112,162] and chemical sensing 

[221,256-259]. In many of these applications, measurements are performed by 

quantitating the attenuation of the propagating waveguide mode caused by absorption 

of light within the evanescent field by chromophores composing a thin film or sensing 

layer. 

In general, there are two methods that can be used to measure attenuation of the 

propagating waveguide mode. One technique is to outcouple the mode with a prism or 

diffraction grating [108] and measure the intensity using a photodetector. This is a 

simple method but it suffers fi-om some lunitations. One problem results fi-om the fact 

that a laser is typically used as a light source for experiments because the beam consists 

of highly collimated, monochromatic light which can be easily coupled into a 

waveguide. However, lasers are prone to "source flicker," necessitating a separate 

measurement of laser power when determining the outcoupled mode intensity. A 

second limitation is that the amount of light coupled into a waveguide mode is highly 

sensitive to angular variations in the incidence angle of the source beam. When 
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performing polarized light experiments, the incident angle is often varied because 

different polarizations propagate at separate angles. Non-reproducible variations in 

incident angle can therefore lead to errors when measuring the outcoupled mode. These 

two factors may severely hinder experiments performed by detection of the outcoupled 

waveguide mode. 

An alternative experimental geometry employed in this work uses digital 

photography to image the light beam as it propagates through the waveguide [110], 

This instrumental arrangement, depicted in Figure 8.1, uses a charge-coupled device 

(CCD). A prism is used to launch a laser beam into a waveguide mode. A 50 mm 

camera lens is used to focus the guided mode or "streak" in the waveguide onto a CCD 

which is oriented normal to the waveguide plane. A digital image is obtained of the 

propagating light beam using the CCD. Attenuation of the mode is determined by 

plotting the logarithm of the vertically averaged pixel intensity against the propagation 

distance. The slope of the resulting linear curve is proportional to the attenuation 

coe€5cient. This technique is advantageous because variations in propagating beam 

intensity due to laser power fluctuations or incidence angle are not sensed due to the 

fact that the slope is not dependent on the intensity. In addition, the spatial 

discrimination of digital images allows for background attenuation to be measured on 

the uncoated portions of the waveguide when the pre-constructed thin films are 

deposited on only part of the waveguide surface (for example, see Chapter 3). 

Digital imaging may prove problematic when scattered light fi-om waveguides is 

spatially non-uniform. By imaging the guided mode in this manner, most of the light 

that is detected results from Rayleigh or Mie scattering of the beam by microscopic 

particles or defects within the waveguide structure. Variations in the size, refractive 

index, and spatial distribution of these small particles lead to differing amounts of 
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scattered light which is observed as noise in the attenuation curves. Surface roughness 

may also play a role in changes in scattered light intensity. However, most problematic 

are relatively large particles or defects that become entrapped in or on the waveguide 

during its fabrication and use. These relatively large imperfections lead to high intensity 

scattering at single points which can severely complicate the measurement of 

attenuation curves. Often areas which encompass bright scattering spots must be 

systematically removed from the attenuation curves before the slopes can be calculated. 

In cases where there are several bright scattering centers in a 2-3 cm waveguide mode, 

significant reduction in the quantity and quality of the data results. 

A strategy to overcome problems of scattered light is to image fluorescence 

excited by the propagating waveguide mode. Scattered light can be rejected using a 

bandpass filter leaving an image of only the fluorescence. In the absence of self-

quenching or self absorption of emitted light, fluorescence intensity is directly 

proportional to excitation intensity, making this is an excellent method to determine 

beam attenuation as a function of distance. We have previously reported the fabrication 

of low-loss sol-gel derived planar integrated optical waveguides [219]. These 

waveguides exhibited average loss coefiBcients of £0.2dB/cm. Sometimes these 

waveguides exhibited an inexplicable intrinsic fluorescence. However, this intrinsic 

fluorescence was not reproducible. Therefore, since the sol-gel precursor solutions are 

amiable to the introduction of fluorescent dopants, the solutions were modfied by 

puposely adding fluorescence dopants prior to fabrication. For success in generating a 

fluorescent waveguide, the dopant that is to be incorporated in the sol-gel derived 

waveguide matrix must: /) be soluble in the ethanolic sol-gel precursor solution, //) 

survive annealing temperatures exceeding 500°C, Hi) be insensitive to photobleaching, 

and iv) fluoresce from a wide bandwidth of excitation wavelengths in the visible regime 
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with at least moderate quantum yields. The high temperatures at which the sol-gel films 

are annealed and a necessary resistance to photobleaching essentially preclude the use of 

organic fluorescent molecules. 

Based on the criteria above, an inorganic ion or complex would be best suited as 

a fluorescent dopant in the sol-gel waveguides. The hexavalent uranyl ion (UO2^0 has 

previously been used as an optical probe in sol-gel derived glasses [260-262]. 

Absorbance of blue light by is due to a charge transfer transition where an 

oxygen 2p electron is excited to the empty uranium 5f level. Fluorescence results firom 

transitions fi'om the excited state to vibrational levels of the molecule in the ground 

state. These vibration levels are due to symmetric and antisymmetric vibrations of the 

U-O bond [263] and are quite sensitive to the chemical environment of the ion 

[264,265]. These transitions give rise to the multiple bands in the emission spectrum 

(Figure 8.2). 

This chapter details a procedure to fabricate 1102^"  ̂ doped fluorescent 

waveguides in order to improve the measurement of attenuation curves obtained in 

spectral experiments studying thin films. Planar sol-gel derived waveguides fabricated 

by a dip coating process were doped with fluorescent hexavalent ions. The 

physical and spectral characteristics of the 1102^"^ doped waveguides are reported and 

their use for lOW linear dichroism experiments is evaluated. The fluorescence intensity 

was spatially analyzed with a CCD camera to determine the intensity of the guided light 

in the waveguide as a function of propagation distance. This technique was determined 

to be an improved method over measuring the scattered light fi-om the waveguide mode 

to determine attenuation curves for spectrometric measurements. \J02* doped 

fluorescent waveguides were also demonstrated to be useful for waveguide linear 

dichroism measurements. 
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8.2. EXPERIMENTAL SECTION 

8.2.1. Waveguide Fabrication 

Soda-lime glass slides (Gold Seal Brand; Becton, Dickenson and Company) used 

as substrates for the sol-gel waveguides were first scrubbed with a 1% v/v PCC-54 

detergent (Pierce) solution using a cotton pad. The slides were then rinsed, sonicated 

for 15 min., and rinsed again using deionized water (Type I Reagent Grade) for each 

step. Prior to dip-coating, the slides were allowed to air dry overnight in a class 1000 

laminar flow hood. 

Sol-gel solutions were prepared in 1000 ml glass jars which were first cleaned 

with 1% PCC-54 solution and dried at 200°C for 30 min. To the jar the following 

chemicals were added sequentially: 200 ml ethanol (100%, Quantum Chemical), 150 ml 

methyltriethoxysilane (Aldrich), 75 ml titanium butoxide (Aldrich), and 20 ml silicon 

chloride (Aldrich). The silicon chloride was added to the sol-gel solution using a 20 ml 

syringe. This was performed by holding the needle under the surface of the solution as 

the silicon chloride was expelled fi-om the syringe. The resulting transparent light 

yellow solution was mixed for 10 min using a magnetic stir plate before 100 mg uranyl 

(VI) acetate dihydrate, U02(C2H302)2*2H20 (Baker Analytical), was added directly to 

the sol-gel solution. The jar was sealed, and the resulting solution was mixed for 15 

min. The solution was allowed to cool to room temperature before being used to 

fabricate waveguides. 

Sol-gel waveguide fabrication generally followed the procedure outlined by 

Yang et al. [219]. A single clean slide was first mounted to a dipping apparatus and 

lowered into the sol-gel solution at a rate of 25 cm/min. After the slide had been 

completely immersed, the dipping direction was reversed and the slide was pulled out of 
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the solution at the same rate. This process left a thui, clear film of sol-gel material on 

the glass substrate. Immediately after removal fi-om the solution, the dip-coated sol-gel 

layer was annealed at 500°C in air for 18-25 min. The resulting waveguides were then 

removed slowly from the furnace to prevent the substrates from cracking if cooled too 

rapidly. All manipulations were carried out in a class 1000 lammar flow hood at an 

ambient temperatures and relative humidities between 21°-27°C and 45-60% 

respectively. It is noted that lower relative humidities should also work well for 

waveguide fabrication. 

8.2.2. Waveguide Characterization 

The thickness and refractive index of the waveguides were determined by 

measuring the TEo and TMo incoupling angles, assuming a step profile for the refractive 

index and a refractive index of «=! .51 for the glass substrates [219]. For the purpose of 

comparison, waveguide loss was analyzed by imaging either the scattered light or the 

uranyl ion fluorescence of a prism coupled TE polarized 514.5 nm beam from an Ar"^ 

laser (Coherent Innova 70). The guided mode was imaged using a thermoelectrically 

cooled charge-coupled device (CCD, Princeton Instruments). These experiments were 

performed by placing either a narrow bandpass filter with a 1 nm bandwidth centered at 

514.5nm (514DF1, CVI Laser Corporation) to image the scattered light or a bandpass 

filter with a 25 nm bandwidth centered at 568 nm (568DF25, Omega Optical) to image 

the fluorescent light in front of the CCD camera. Three photographs were recorded for 

each waveguide mode analyzed to be used for subsequent averagmg. Attenuation of the 

beam was quantified by plotting the logarithm of the vertically averaged pixel intensity 

vs. propagation distance as exemplified in Figures 8.3 and 8.4. The slope of the curves 

was determined by least squared regression analysis by fitting the data to I(x) = -(qJlQ)x 
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+ C, where I{x) is the log(average pixel intensity) as a function of x, the distance in 

centimeters, a is the loss coefficient in decibels per centimeter, and C is a constant. 

8.2.3. lOW-ATR Linear Dichroism Measurements 

Linear dichroism (LD) measurements of horse heart cytochrome c adsorbed to 

dichlorodimethylsilane (DDS) modified uranium doped fluorescent waveguides were 

performed. Waveguides were first cleaned in a 80®C Chromerge bath for 30 min. The 

slides were then placed in IM nitric acid solution for 1 hr, rinsed with deionized water, 

dried at 200°C for 30 min, and soaked in a 2% (v/v) DDS (Aldrich) solution in dry 

toluene (distilled over sodium) for 2 hr. The resulting silanized waveguides were 

sequentially rinsed with toluene, ethanol, and water and sealed in a container at room 

temperature until use. 

The procedure, instrumental arrangement, and theory for waveguide attenuated 

total reflectance LD measurements has been described in detail in previous chapters and 

will only be briefly outlined here. Prior to use the DDS coated waveguides were fitted 

with a specially designed flowcell and were mounted on a high-resolution digital rotary 

stage (New England Affiliated Technologies). The 514.5 nm line was prism coupled 

into TE and TM polarized waveguide modes. A 50 mM phosphate buflfer pH 7.2 was 

injected into the flowcell and after a 15 min static incubation period, the guided mode or 

fluorescent "streak" visible in the waveguide was imaged through the 568DF25 

bandpass filter using the CCD camera. Three photographs were acquired for each 

polarization for subsequent averaging. A 35 [xM horse heart cytochrome c (Sigma) 

solution prepared in 50mM phosphate buflfer pH 7.2 was then injected into the flowcell 

and allowed to equilibrate with the waveguide surface for 30 min. The guided TE and 

TM polarized modes were again imaged. Attenuation curves for the bufifer and the 



283 

adsorbed protein experiments were determined from the guided mode images. The 

dichroic ratio was calculated from the slopes of the attenuation curves using the theory 

and procedure described previously in this dissertation. 

8.3. RESULTS AND DISCUSSION 

8.3.1. Waveguide Characterization 

The physical properties of the uranium doped sol-gel waveguides are nearly 

identical to undoped sol-gel waveguides prepared previously in this laboratory [219], 

All waveguides allowed propagation of only a single mode. The average thickness and 

refractive index of seven representative fluorescent waveguides were 0.561 ± 0.049|im 

and 1.585 ± 0.012, respectively. The sol-gel was mechanically hard, resistant to acid 

and organic solvents, and could be surface modified using silane chemistry after an 80°C 

Chromerge treatment. Nearly all of the waveguides fabricated on two separate 

occasions exhibited modes that traveled the length of the waveguide (5 cm) using 514.5 

nm light. Out of this group roughly half were considered to be high quality, and low 

loss («2dB/cm) making them useful for experiments. The best waveguides produced 

had measured losses less than 2dB/cm. Typically particulate matter from contamination 

of the sol-gel solution prior to annealing was attributed as the cause of defects. No 

cracks were ever observed in the waveguide structure using optical microscopy. 

Fluorescence from the waveguides appeared very uniform as observed by 

epifluorescence microscopy. The fluorescence emission spectrum using 457.9 nm laser 

excitation of the uranium doped waveguides is shown in Figure 8.2. The spectrum 

consists of broad overlapping bands characteristic of 1)02^" ions doped in sol-gel silica 

[260,261], thus during the high temperature annealing and densification process of the 



284 

(0 
c 
B 
£ 
0) 
o 
c 
0) 
o 
tf> 

£ 

530 570 590 470 490 510 550 610 630 

Wavelength (nm) 

Figure 8.2. Fluorescence emission spectrum of a UO^* doped sol-gel derived 
waveguide. The 457.9 nm line of an argon ion laser was used for excitation. 
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sol-gel material the uranium remains unchanged as U02^*. The excitation maximum was 

determined to be 430 nm, however, fluorescence emission was observed at all Ar^ laser 

wavelengths. Relative fluorescent intensity vs. wavelength of Ar* laser line followed the 

order; 457.9 nm > 476 nm > 488 nm > 501 nm > 514.5 nm when normalized to incident 

laser power. At 457.9 nm noticeable attenuation of the beam was observed due to the 

absorbance of light by ions, a problem which could be rectified by lowering the 

doping density. 

Attenuation curves were generated by vertically averaging the image pixel 

intensities and plotting the logarithm of the average intensity vs. propagation distance. 

The result should theoretically give a straight line. Attenuation curves for one of the 

fabricated waveguides measured by imaging either the scattered laser light or the uranyl 

fluorescence are shown in Figure 8.3 where the log of each average pixel intensity is 

plotted as one point. The intrinsic quality of the waveguide examined in Figure 8.3 

could be characterized as excellent since it lacked any large scattering centers. It can be 

seen that even using this high quality waveguide, there is considerable noise in the 

scattered light curve (Figure 8.3, A). This is most likely a consequence of variations in 

size and shape of microscopic scattering centers in the waveguide. The noise in the data 

is greatly reduced, despite the lower measured intensity, by imaging the uranyl 

fluorescence (Figure 8.3, B). Using least squares regression analysis, the attenuation 

coeflBcients and associated standard errors were calculated. The scattered light curve 

had a calculated attenuation coeflBcient of 1.31 ± 0.10 dB/cm while a for the 

fluorescence image was 2.450 ±0.018 dB/cm. Two things can be asserted from the 

regression analysis data. First, there is over a five fold reduction in the standard error 

when the attenuation curve was determined using a fluorescent image. This is important 

because measurement of the slope of the attenuation curves is how absorbance is 
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measured in this instrumental format. Second, there is a relatively large difference in the 

calculated attenuation coefiBcients. This indicates that measurement of scattered light 

from the waveguide may inaccurately measure the true loss of a waveguide structure. 

Attenuation curves measured by both scattered light and uranyl ion fluorescence 

for a second waveguide are shown in Figure 8.4. This waveguide is of lower optical 

quality than the previous example since it has several bright scattering centers in 

addition to a large scattering structure near the end of the waveguide mode examined. 

These scattering centers increase the noise in the scattered light attenuation curve 

(Figure 8.4, A). Regression analysis from 0 to 3 cm, neglecting the large scattering 

structure at the end of the mode, resulted in a = 3.381 ± 0.167 dB/cm. Again the noise 

in the data is reduced by over a factor of five by imaging the uranyl ion fluorescence 

(Figure 8.4, B) which has a calculated attenuation coeflBcient of 1.668 ± 0.025 dB/cm. 

The difference in calculated a's between the scattered light and fluorescence imaging 

techniques again suggests there may be problems associated with the measurement of 

attenuation by scattered light imaging. This error does not seem to be systematic since 

the loss measured by scattered light with this waveguide is greater than that found by 

imaging the uranyl fluorescence while the opposite is true for the previous example. 

A key aspect in choosing an inorganic ion to use as a spectroscopic probe to 

spatially quantitate the amount of light in a propagating waveguide mode is the 

incapacity to photobleach. Photobleaching of organic fluorophores, caused by the 

breaking of molecular bonds in the photo-excited state, would be unacceptable in this 

application. It is unacceptable because the rate of photobleaching is proportional to the 

intensity of light. Therefore, fluors located near the beginning of the coupled waveguide 

mode, where the light intensity is greater, would photobleach faster than those several 

centimeters away. There, the light is less intense because of the intrinsic loss of the 
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waveguide or by absorbance of the beam by the material being studied. The result 

would be a systematic reduction in the slope over the time course of an experiment. 

Inorganic ion complexes have the ability to be inherently much more stabile and 

insensitive to light than organic molecules making a good choice for this 

application. 

To examine if photobleaching is a problem using the uranium doped waveguides, 

the 514.5 nm line of the Ar^ laser with an incident power of 30 mW was coupled into a 

fluorescence waveguide. The attenuation curve was measured as a flinction of time 

over a 40 min period (Figure 8.5). It was found the slope of the attenuation curve 

decreased by 17% over the 40 min time period. The cause of this change in the slope is 

unknown, but may be attributed to heating of the waveguide by the laser beam over the 

extended period of time or by photobleaching. However, at the rate of change that is 

observed, the impact on the typical experiment performed in our laboratory would be 

insignificant since total laser exposure times over the course of a entire experiment 

rarely exceed 1 minute and incident laser beam powers are typically five times less 

intense. In other words, over the course of an entire experiment, less than 0.1% change 

could be expected if the decrease in attenuation slope that was observed was actually 

caused by photobleaching of U02^^. This is an order of magnitude lower than the 

standard error of the measurement itself 

8.3.2. Orientation Measurements 

A method to gauge the reliability and applicability of uranium doped fluorescent 

waveguides in the measurement of absorbances of a bound thin films is to apply the 

waveguides to study a previously determined problem where it would be expected that 

the same results would be obtained. The test case for this purpose was the absorbance 
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Figure 8.5. The slope of the attenuation curve for a UOz* doped sol-gel waveguide vs. 
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linear dichroism of horse heart cytochrome c adsorbed to DDS silanized waveguides 

measured in an attenuated total reflection geometry. Previous measurements 

determined that close to a monolayer of protein is adsorbed under the described 

conditions and that the resulting protein film is relatively ordered on a macroscopic scale 

(see Chapter 4). Under these conditions the adsorbed c^ochrome c film exhibits a 

dichroic ratio of 1.58 ± 0.03 (n=3). These previous experiments were performed using 

both undoped sol-gel waveguides and silicon oxynitride waveguides on fused silica 

substrates by imaging the scattered light intensity fi-om the coupled waveguide mode. 

Repeating the experiments here using DDS silanized uranium doped waveguides yielded 

a value for the absorbance linear dichroic ratio of 1.52 on one waveguide and 1.75 on a 

second waveguide. Averaging the results, 1.64 ± 0.16, yields a very similar dichroic 

ratio to one which is obtained by imaging the scattered light. The standard deviation of 

the replicate measurements shows that there is less deviation between dichroic ratios 

measured by imaging scatter intensity, ± 0.03 vs. ± 0.16. However, it is misleading to a 

compare the two methods for measuring attenuation curves in this manner. The reason 

is that the dichroic ratio was actually measured five times imaging the scattered light, 

but two of the measured LD ratios had values so far fi^om the mean that they were 

removed by statistical tests. No data points were removed fi-om the set of experiments 

imaging the fluorescent streak. In addition, the fluorescence imaging method was 

performed only twice; further measurements should statistically lower the standard 

deviation. Overall, these data suggest that this experiment can be performed by either 

imaging method. 
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8.3.3. Assessment 

One advantage to using uranium doped fluorescent waveguides is that better 

precision can be obtained when determining the slope of the attenuation curve. This 

fact was observed through direct comparison of the imaging methods on two 

representative waveguides (Figures 8.3 and 8.4). This results in a lower limit of 

detection. As an example, in Chapter 6 uranyl ion doped fluorescent waveguides were 

used to make a linear dichroism measurement on a 0.2 monolayer ("irreversibly" bound) 

hydrated yeast cytochrome c film. 

One additional advantage to the use of fluorescent waveguides is that lower 

quality waveguides which have a reasonable number of bright scattering centers can 

now be used for experiments. For example, a waveguide with the characteristics 

depicted in Figure 8.4 would typically not have been used to carry out measurements 

and would be discarded. Although the fraction of usable waveguides produced varies 

somewhat each time the procedure is used, a greater fi-action will always be usable 

utilizing fluorescence detection. 

8.4. CONCLUSIONS 

Sol-gel derived thin films were doped with XiO-i* to generate fluorescent 

waveguides of high quality. It was found that by imaging the fluorescence excited by 

the propagating waveguide mode, a more accurate and precise measurement of 

attenuation could be made than by imaging the scattered light. Fluorescent waveguides 

also proved to be capable of making waveguide linear dichroism experiments to probe 

molecular orientation in thin film assemblies. 
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CHAPTER 9 

CONCLUSIONS AND FUTURE DIRECTIONS 

9.1 SUMMARY 

Protein films have been and will continue to be used to create novel molecular 

devices such as biosensors. In these applications, orientation of the biomolecules is 

crucial to the function of the device. In this research project the orientation 

distributions of hydrated cytochrome c monolayer films adsorbed, covalently bound, or 

biospecifically bound to a variety of surface chemistries were measured. The orientation 

distribution of the heme groups in the protein films was determined using a combination 

of two techniques; absorption linear dichroism, measured in a planar integrated optical 

waveguide-attenuated total reflection geometry, and emission anisotropy, measured in a 

total internal reflection fluorescence geometry. The mean heme tilt angle and angular 

distribution about the mean were recovered using a Gaussian model for the orientation 

distribution.. 

Prior to this work, the combined use of absorbance linear dichroism and 

fluorescence anisotropy to determine orientation distributions had yet to be reported. 

Therefore, the theory which describes the relationship between the spectroscopically 

measured parameters and molecular orientation was first developed. The combined 

spectroscopic approach was then tested using model molecular systems of Langmuir-

Blodgett films doped with fluorescent amphiphiles. These experiments demonstrated 

that the lOW-ATR+TIRF technique is successful in determining orientation 
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distributions m thin film assemblies and that a high degree of liquid crystalline order is 

obtained in Langmuir-Blodgett films. 

The results for horse heart cytochrome c adsorbed to substrates of varying 

surface chemistry show that a macroscopically ordered fibn of adsoit>ed protein 

molecules is produced when a single, high afiSnity type of non-covalent binding occurs 

between the surface of the protein and the substrate surface. When multiple, competing 

adsorptive interactions are operative, a relatively disordered film is produced. 

Orientation distributions measurements further showed that ordered protein films were 

also obtained by site-directed covalent immobilization of yeast cytochrome c via 

cysteine 102 to pyridyl disulfide capped phospholipid bilayers. Interestingly, 

experiments demonstrated that the molecular orientation distribution of a biotinylated 

cytochrome c film remains highly ordered when biospecifically bound through a second 

intermediate streptavidin protein layer. The data reported here represent the first 

orientation distribution measurements reported for protein film assemblies. 

9.2 FUTURE DIRECTIONS 

The research presented in this dissertation outlines development and 

implementation of spectroscopic techniques which can be used to study orientation 

distributions in protein films. The linutation is that the film under investigation must 

have a chromophore which can absorb and fluoresce light. Since the theory and 

technical groundwork has now been laid, an obvious future direction is to use the lOW-

ATR+TIRP approach to study other protein thin films. Of interest could be assemblies 

more relevant to applied technology. In addition, questions such as how electron 

transfer kinetics are affected by protein orientation can be studied now that a method of 
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determining orientation distributions exists. Beyond the direct application of the lOW-

ATR+TIRF technique to other systems, I believe two other areas relevant to this 

research need to be addressed in the future. These are the study of protein 

conformation and the development of more versatile model distribution functions. 

9.2.1. Studies of Protein Conformation 

It has been noted previously in this dissertation that protein conformation is 

important for a variety of reasons. Conformation is relevant to thin film device 

fabrication because if a protein denatures when it is immobilized to the surface, it may 

lose the biological activity which is to be utilized to carry out a specific function. 

Denaturation can only be sensed by an orientation distribution experiment if 

conformational changes lead to a wide variety of structural states which would be 

measured as a broad distribution. If only small-scale changes take place, an ordered 

system might still be produced, but result in a non-fiinctional film. Determining protein 

conformation is also important fi"om an opposite perspective. If a broad orientation 

distribution is measured for a protein film, it is impossible to determine fi-om this 

experiment alone if the disorder is caused by multiple preferred orientations or by 

denaturation upon binding the surface. Given these reasons, measurements of protein 

conformation need to be performed in tandem with orientation distribution 

measurements in order to more thoroughly understand the system under investigation. 

If possible, a simple method to examine conformation is to test if bioactivity is 

maintained after immobilization. For example, if an enzyme is bound to the surface, the 

kinetics of enzyme catalysis could be measured. However, this type of approach is 

limited by the fact that the immobilized protein must have function which is amenable to 

measurement. In addition, results may often be only qualitative in nature. A more 
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powerful method to study protein conformation may prove to be the use of 

spectroscopy. Techniques such as IR and Raman are very sensitive to the conformation 

of proteins. Refinement of these techniques would provide outstanding tools to study 

structure in protein films. Absorbance spectroscopy may play a significant role as well. 

Protein conformation changes can place intrinsic or extrinsic chromophores in different 

chemical environments which can be sensed as changes in the absorbance spectrum. 

Signal-to-noise has always been the limitation in measuring the spectrum of a monolayer 

thick film in the past, however recently, the development of a broadband achromatic 

waveguide coupler was reported [266]. This technology was used to acquire high 

signal-to-noise absorbance spectra of cytochrome c adsorbed to a bare glass waveguide 

surface [267] and may prove to be a powerful technique to study protein conformation 

in the future. Fluorescence spectroscopy may play an important role as well. 

9.2.2 Alternate Orientation Distribution Models 

Since two spectroscopically measured values are obtained using the lOW-

ATR+TIRF approach, the orientation distribution must be modeled by a two parameter 

distribution model. All of the orientation distributions reported in this dissertation have 

used a Gaussian distribution to model the orientation of molecules in thin films. 

Although a Gaussian function intuitively seems to be a physically reasonable distribution 

for the systems under study, it has some limitations. One of these limitations is that the 

shape of the distribution is invariant. Moreover, a Gaussian distribution is always 

symmetric unless truncated by the limits of integration. A more versatile distribution 

function which can take on a variety of shapes could be an advantage for future studies. 

In order for a distribution to be useful in modeling molecular orientation, it must 

be able to be scaled to the dimensions of the parameter space under investigation. In 
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other words, it must be physically reasonable over angles 0° to 90°. Just as important, it 

must be a function of two variables. A short list of possible distributions which could be 

used while constrained by these limitations include Rectangular, Cauchy, or Laplace 

functions. However, in many respects these functions do not describe distributions that 

would be reasonable to describe the orientation of an ensemble of molecules. These 

inconsistencies will not be discussed here. An alternate distribution that appears to be 

attractive is a beta distribution as given by; 

which is a function of the parameters p and q. The term B(p,q) is a constant which is 

used to normalize the distribution. Upon examination of equation 9.1 it is seen that a 

beta distribution, by definition, only describes the probability of x from values of 0 to 1. 

As a result, a modified beta distribution must be used to describe the probability of 6 

from 0° to 90°. The modified beta distribution which I have developed is given by: 

B{p,q) 

The addition of 1 degree to both the p and q terms prevents the expression from going 

to zero or infinity at the limits of 0° and 90° making the probability distribution more 

realistic. The choice of 1 degree is purely arbitrary and could be changed within reason 

without affecting the size or shape of the distribution significantly. 

The advantage of the modified beta distribution is that it can take on many 

shapes as shown in Figure 9.1. For example, the modified beta function may be 

completely uniform (p = 1, q = 1), be exponential-like in nature (p = 0.75, q = 2), or 

resemble a Gaussian density fimction {p= 100, ^ = 100). As a result, this distribution is 

more versatile which may benefit modeling of future orientation distributions which may 

not fit to a Gaussian function. Calculations using a beta function may be complicated by 



298 

p=2 9=4 

Figure 9.1. Examples of possible modified beta distribution functions. 
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the fact that more than one beta function may fit the spectroscopic parameters so a 

priori assumptions about the shape of the distribution might have to be made. 
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APPENDIX A 

TIRF ANISOTROPY MEASUREMENT MANUAL 

A.I. Introduction 

Overall the TIRF technique is centered about the inverted microscope, however, there 
are many options available for excitation and detection. In principle the basic 
instrumentation consists of an excitation source, optics for positioning and polarization 
discrimination, the sample, emission polarizer (optional), emission filter, and detector. 
At the current time the options for each of there are the following; 

Excitation source 
Dye laser (rhodamine 6G) 
Ar^ laser (air cooled) 
HeCd 
Xe Arc Lamp (not tested) 

Emission filtering 
Monochromator 
Bandpass filters 
Sheet polarizers 

Detectors 
Photomultiplier 

used to 
CCD 
care 
voltage 

Wavelengths Cnm") 
565-600 
457, 488, 501, 514.5 
325 

essentially any wavelength with appropriate filter 

Wavelengths 
Ail (useful for obtaining spectra), low throughput 
Wide variety, (useful for anisotropy), high throughput 
Polarization of all wavelengths 

Characteristics 
Fairly good sensitivity, used with monochromator for 

spectra, higher dark counts typically, care must be 
not overexpose to light. 

Higher sensitivity, imaging capability, low dark count, 
must be used as chip is destroyed by electrical 

spikes fi"om other equipment—primarily arc lamps. Liquid 
nitrogen cooled. 

•"Laser operation not be covered in this manual. It is necessary to read manuals for 
each piece of instrumentation to understand the specifications and detailed operation of 
all devices. 

*The basic "instrument diagram" and light path is attached as figures A. 1. and A.2. 
Note that the PMT can be mounted in place of the CCD camera with some modification 
of the mount for low light anisotropy measurements. 
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A.2. Procedure 

1.) Turn on laser. This is a multi-user optical bench so alignment of the optical 
components is sometimes necessary. (Consult Figures A.1. and A.2.) 

2.) Use mirror "A" to position beam so it passes directly through iris #1, mechanical 
shutter, Fresnel rhomb half-wave plate, and sheet polarizer and hits the beam 
steerer directly. Do not move these optics they are positioned permanently, only 
adjust the position or angle of mirror A and/or the beam steerer. Laser beam 
should be reflected ofif beam steerer so that it travels perpendicular to the surface 
of the optical bench and passes directly through the center of the slot in the 
microscope platform. 

3.) Check that laser beam hits mirror "B" by moving it on its mounting track so that it 
is positioned in the path of laser beam. Adjust the angle of mirror B so the laser 
beam passes directly through the center of iris #2 and the lens. Note that iris #2 
and the lens should be centered over the center of the mounting track to ensure 
alignment with mirror B. If everything is positioned correctly the laser bean 
should hit the center of the objective on the microscope. If not, adjust horizontal 
angle with mirror B and move iris and lens in or out so that beam passes directly 
through them once agam. At this point laser should be nearly aligned. (Note; 
Another long focal length lens can be used before mirror B if necessary. This is 
sometime useful when using the dye laser since the beam diameter is often quite 
large after traveling the distance across the room.) 

4.) Mount sample on microscope. (Tape can be used to hold more securely if 
necessary.) Make sure sample is level and straight. 

5.) Use a small drop of index matching fluid to attach prism to the sample. Do not use 
to much as the prism then floats on a sea of fluid and sometimes floats away. 

6.) Place the laser beam on the front face of the prism. In order to accurately 
determine the angle of incidence, the beam should reflect back directly upon itself. 
This would indicate that the angle is 70 degrees since the angle the prism is cut at 
70 degrees. If this is not the case the angle of the entire optical mounting track 
can be adjusted by loosing a screw on the back of the vertical platform. Changing 
the angle will often mean that realignment of the laser will be necessary—this is 
O.K. Note that in the past a 70 degree laser angle has been achieved with angles 
typical less than the marked 70 degrees on the horizontal platform. Knowing the 
angle of incidence is important for calculation ofE^ values. 

7.) With the laser beam completely aligned correctly make sure the 4X objective on 
the microscope is selected. 
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8.) For flow cells: Move either the optical track up/down or the sample back/forth 
until the beam is launched and propagates in the substrate. This is easily visible 
and is observed as faint line with periodic spots (TIRF spots). These range in size 
based on the beam diameter and focus of the beam (see Figure A.4). For thin 
films on substrates in air: The prism should be placed on the opposite side of 
the substrate from which the film under study is located. The laser is reflected 
once and is coupled back out of the prism resulting in the laser hitting the far wall 
(see Figure A.2.). 

Figure A.3. TIRF coupling schemes. 

9.) The TIRF spot on the sample side of the slide must be brought into the center of 
the field of vision. Moving the sample will have no effect although it is important 
that the sample must be centered over the microscope objective. By moving the 
sample, the spot position relative to the microscope objective will not move, but 
the position of the spot on the sample will. Alignment must instead be made using 
the vertical adjustment of the vertical plate/optical track ( done with micrometer 
which vertical plate is mounted on). Once the TIRF spot of interest is brought into 
the center of viewfield*, readjust the sample position to best "couple" the beam 
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into the slide. Note that with the URF spot centered the sample can now be 
moved back/forth in a direction perpendicular to the beam. (i.e. towards or away 
from you if you are standing in front of the microscope.) So that other areas of the 
sample can be measured. Moving the sample in the other direction (along the laser 
beam's path) is possible for a short distance, but is limited without adjustment of 
the vertical plate/optical track. *HINT: Use the focus knob to determine which 
TIRF spots are reflecting on the top of the slide verses the bottom of the slide. A 
TIRF spot resulting from a beam that properly aligned and coupled appears like 
Figure A.4 when observed through the microscope. Dark rings are due to 
interference fringes. 

A.3. Measurement—CCD Detection 

These instructions deal with anisotropy measurements typically used for Zn heme 
protein films, and represents a general outline how the experiment is performed. 

1.) Turn on detector, mechanical shutter, and Macintosh computer. Fill CCD dewar 
with liquid nitrogen. Install an appropriate emission filter in filter block holder. 
Load IPLab software for measurement. A 635DF55 bandpass filter is typically 
used for Zn heme protein films. Switch microscope mirrors (two levers which pull 
in/out located on right side of the microscope) so that TIRF spot image is sent to 
CCD (both pulled fiiUy out). Acquire a maximum size image to determine spot 
location, focus, and required integration time. Integration times used typically fall 
between l-5s. This time should be changed while measuring a single sample and 
cannot be changed while analyzing a single spot. Use a smaller ROI to image 
TIRF spot and save read-out time and hard drive space. This image can be binned 
to increase pbcel counts and reduce read noise as well. Previous measurements 
have been made using 5x5 binning. Helpfiil hints: 

A.) Connect the mechanical shutter to the CCD pulse out on the back of the controller. 
This links the opening of the CCD shutter to sample illumination. Not only is it a 
good idea, but it is ahnost a necessity to use the mechanical shutter to block the 
beam between measurements. Continuous illumination of the sample will quickly 
photobleach the area under observation which will affect results. Mechanical 
shutter can be opened and closed manually with this connection for the purposes of 
beam alignment, etc. 

Figure A.4. TIRF Spot Appearance. 
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B.) Write a script (i.e. short program) to acquire many images in a row. Add delay 
times so the polarization can be changed between measurements so that images 
can then be saved at somewhat of a convenience. (And so you don't have to hit 
acquire over and over and over.) Scripts and programs have been written by PE 
for both the CCD camera and the PMT. These can be used or modifi^ as 
necessary. 

C.) Although technically not necessary, focus of the image on the CCD chip is 
adjusted in the same manner it is done for the eyepieces using the microscope 
focus knob. 

2.) Acquire images^tensities in the order TM-TE-TE-TM-Background, This order of 
measurements, negates the systematic error associated with photobleaching. The 
polarization is changed by rotating the Fresnel rhomb and the sheet polarizer to the 
correct position on the rotaiy optics as marked on the optical bench. A 
background is measured by moving one of the microscope mirrors as to block the 
light path to the CCD (essentially measures dark count plus stray light). A more 
thorough (and recommended for extremely low light applications) measurement of 
the background can be accomplished by mounting a black clean slide and repeating 
the measurements as before. Separate background values for TE and TM 
polarizations are obtained as a result. This extra step is not usually necessary for 
highly fluorescent samples where sample fluorescence overwhelms filter "leak-
through" or fluorescence fi-om the substrates. 

3.) Move to a new spot and repeat the series of measurements (5-7 spots per sample). 

4.) When completed it is important to measure the laser power of each polarization. 
Remove the sample or carefully place the laser power meter directly in front of or 
in place of the prism. Record power intensities several times for both TM and TE 
polarizations. 

5.) When you are finished turn off"instrumentation and cover optics. 

A.4. Anisotropy Calculation: CCD Detection 

1.) CCD images must be converted from pictures to intensity values using the IPLab 
software. This is done by summing all the pixels encompassing the TIRF spot 
using a user defined ROI (region of interest). This is essentially done by first 
drawing a box around the TIRF spot with the cursor. Next chose Define ROI 
from the Edit menu and click OK. Finally, chose Measurements from the Analyze, 
click sum and then OK. The sum of the pixels will be displayed (typically 10®-10' 
counts). Again using a script to perform this operation repeatedly will save time 
and ensure reproducibility. Note that the position of the TIRF spot between TM 
and TE polarizations often changes very slightly so the ROI region must change 
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also. Move the ROI to "bo?^' the TIRF spot but do not change its size at any time. 
Cany out this procedure for the background images as well. 

2.) Now that the images are converted into numbers the data can be analyzed. This 
accomplished with the following steps; 

1.) Take the average of both TM and TE measurements. 
2.) Subtract the background(s) from the average values. 
3.) Take the TM intensity value and multiply it by 1.16xpower meter ratio 

TE/TM 
to account for instrument bias. 

4.) Calculate evanescent field strengths (E^ values) using Harrick's equations. 
5.) Use the following equation to correct TM for evanescent field strength and 

X-

axis excitation. 

E 

U = 
^TM GTE * £2 ) 

Ê , 
6.) Use the following equation to correct TE for evanescent field strength. 

I 
' E; 

7.) Plug the result of step 5 and 6 into the equation for anisotropy. 
Iz- ly  

IZ +2ly  

A.5. Measurement-PMT Detection 

1.) Turn on monochromator (both switches), mechanical shutter, photon counter, 
recirculating water bath (if desired), PMT cooler (if desired), and PC computer. 
The recirculating bath/PMT cooler should be turned on about 30 min before 
measurements are to be made, so plan ahead. Don't turn on the PMT until the 
sample is ready to measure and the lights are out. Go to Lab Windows software by 
type "Iw" at the prompt. Under the instrument pull down menu choose load... and 
load sr400.int, the software package which interfaces with the photon counter. 
After monochromator finishes initializing, press in series Fl, F2, then Reset on the 
monochromator control panel. "Computer Control" should be displayed on the 
LED screen indicting that the PC controls the instrument's fiinction. Load the 
user defined program in Lab Windows to measure anisotropy. 
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2.) The sample should aligned and ready to go. To send light to the PMT via the side 
camera port the bottom mirror positioner on the microscope should be set to the 
middle position. Top mirror positioner should be pulled all of the way out. 
Remove the field diaphragm from the light path (if desired), it is essentially 
unnecessary. Pull out on knob ("P", figure A.1.) to position a prism so the image 
can be view through the accessory eyepiece. The TIRF spot should be viewed at 
the center of the field. If it is not carefiilly align the laser so it is, and restore TIRF 
spot if necessary. Remove the prism fi-om the light path by depressing the shutter 
button once. Make sure the shutter indicator reads "T' (transmission). Press the 
small lever mechanism down, release, and press the shutter button once again. 
Light will now be directed at the monochromator. 

3.) Emission polarization discrimination is available and should be used for PMT 
measurements. A sheet polarizer can be placed directly before the iris in fi-ont of 
the monochromator. When the lever on the polarizer points up *-axis emission is 
selected, horizontals-axis emission is selected. 

4.) To synchronize fluorescence intensity measurements with the mechanical shutter 
being open the shutter must be connected to the input/output MIO 16L board of 
the PC at pin #26. A program written by PLE opens and closes the shutter for 
measurements and allows time to change polarizations between TM and TE, etc.. 

5.) Three measurements are made; lyy, lyx, and Izy using emission polarization 
discrimination. These are described instrumentally below: 

measurement for laser polarization emission polarizer position 
lyy TE y 
lyx TE X 

TM y 

Again measurements are done in duplicate to negate efifects of photobleaching in 
the order of lTM,y, lTE,y, Itejc, background, Ite^, lTE,y, Wy The background 
measured here is performed by pushing in the top mirror so light is directed to the 
eyepieces instead of the monochromator and is sensitive to stray light and dark 
current. Again it is reconmiended for low fluorescence intensity samples especially 
that a separate clean black slide be used to determine background intensities for 
each polarization. Repeat intensity measurements for several spots per sample. 

6.) Turn off all equipment when finished. 
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A.6. Anisotropy Calculation PMT Detection 

1.) Output of the photon counter is in units of counts and is a du'ect intensity 
measurement. Unlike the CCD images, no further processing is necessary. The 
anisotropy is calculated in the following steps: 

1.) Average both Ite^c, lTE,y, and lTM,y measurement unless already done so by the 
Lab\^dows program. 

2.) Subtract the background from the average values. 
3.) Multiply lyx by the correction factor 0.9 accounting for polarization bias in 

the monochromator. 
4.) Multiple Izy by the power meter multiply it by 1.16xpower meter ratio 

TE/TM to account for instrument bias. 
5.) Calculate evanescent field strengths (E^ values) using Harrick's equations. 
6.) Use the following equation to correct TM for evanescent field strength and 

X-

axis excitation. 

2 

7.) Use the following equations to correct TE for evanescent field strength. 

y 

8.) Plug the result of step 6 and 7 into the equation for anisotropy. 
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APPENDIX B; 

LANGMUm-BLODGETT FILM DEPOSITION MANUAL 

Start-up 
1.) Turn computer on, boot with MS-DOS disk #1 in the top drive. 
2.) Insert trough disks labeled 'A' (top drive) and "B' (bottom drive), both are necessary. 
3.) Type: "cdXtrough" then "trough"—program will then run. 
4.) Turn on interface unit (white box) at prompt. 
5.) Turn on water recirculation unit for temperature control. This is normally set at 21°-

24°C. 

NIMA program overview 
The program is divided into five menus: Installation, Calibration, Operating Conditions, 
Graphics, and Dipper. The Graphics screen is where all trough operations are carried 
out. Isotherms and film deposition are controlled here. The only other menu(s) that are 
used on a day-to-day basis are the Dipper Menu and to a lesser extent the Operating 
Conditions Menu. The Graphics screen comes up when the program is booted and the 
other menus can be accessed by typing "M". 

Trough cleaning 
(The trough should be cleaned before each use or exchange of subphase.) 
1.) Add 20-30ml of isopropyl alcohol, chloroform, or other suitable solvent to the 

trough. 
2.) Wipe with dust fi'ee Kimwipe or clean room cloth. 
3.) Extensively rinse with Type I water until all organic solvent has been removed. 

Filling and removing Type I water fi-om the trough 2-3 times is usually sufficient. 
4.) Cover to prevent dust build-up. 
5.) (optional) Place the Teflon slide holder in the well of the trough if headgroup out 

film deposition ending underwater is to be done. This will allow the substrate to be 
removed fi'om the trough without removing it fi-om the water. 

Amphiphile spreading 
1.) Carefiilly add subphase (water, buffer, etc.) to the trough so it does not splash out of 

the trough. This requires slightly less than 500ml. The surface of the water should 
extend a few millimeters above the trough edges, but not to overflowing. 

2.) Slowly lift the barrier off the surface of the water and replace. This eliminates any 
air bubbles that might have been trapped under the barrier upon addition of the sub-
phase which will prevent the film fi'om slipping past the barrier. Press down upon 
the barrier. 



311 

3.) Place the Wilhelmy plate into the subphase. Lower the plate slowly until it just 
makes contact with the surface. STOP. Allow several minutes for the paper to 
adsorb water from solution and come to equilibrium. Equilibrium is reached when 
the pressure sensor does not change any more with time. After this has occurred 
zero the pressure sensor, press "Z". Screen should read Pressure: 0.0 mN/m. 

3.) Open the barrier to within 1-1.5" of far end, press '0'. Examine the surface for dust 
or other particles. Use the suction apparatus with teflon tubing to clean the surface. 
This is done by touching the end of the pipette to top of the water surface. A 
sucking sound will be heard. Concentrate on the edges of the trough. This is where 
contaminants usually collect. Close the trough by pressing 'C. Contmue cleaning 
until it is closed. Reopen the barrier and cover when necessary after completion. 

4.) The amphiphile can then be added to the surface. This is done using a spreading 
solution of the substance dissolved in chloroform at concentrations of approximately 
Img/ml. Using a microsringe add 50nL-100|xL of solution to the surface dropwise. 
Place the syringe close to the surface (but not on it) to prevent the drop from 
penetrating the surface and landing on the bottom of the trough where it is useless. 
A good way to add just the right amount of solution is to close the barrier about a 
third of the way. Then add solution slowly until the pressure begins to rise meaning 
you are filling the surface. Finally, re-open the barrier to completely to expand the 
film to the gas analogous state. This should be the perfect amount necessary, 
particularly for deposition. Less might be used for isotherms. 

5.) Allow solvent to evaporate, 5 minutes is typical. 

Generating Isotherms 
1.) Set the barrier speed to 50 cm^/min which is not too slow nor too fast. Press "B', 

type 50. 
2.) Set the log interval to a recommended rate, (see trough operations manual) 
2.) "Enter* begins compression and the isotherm will begin to be displayed on the plot. 
3.) Press 'spacebar' when film collapses: when the isotherm begins to curve or level off. 

This is typically about 40mN/m, but may be up to 50mN/m or more. 
4.) Saving an isotherm can be done by pressing 'S' and typing a file name. This will be 

saved on the B> drive. 
5.) Isotherms can be plotted in units of area per molecule in angstroms by pressing '2'. 

However extremely important that exact the concentration of the amphiphile 
solution and the volume spread on the surface must be known and must be entered 
in the Conditions Menu. 

Substrate Preparation 
Hydrophilic glass or fused silica substrates are soaked in Chromerge, rinsed with Type I 
water, sonicated for 20 min in PCC-54 surfactant, and thoroughly rinsed with water. 
Other options are to treat slides with OTS or DDS which is not dealt with here. 
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Basic Fatty-Acid Film Deposition 
1.) Substrates must be cleaned and dried with nitrogen (especially important for 

hydrophobic substrates). Note the first layer of a film will be deposited on the 
downstroke on a hydrophobic surface and on the upstroke on a hydrophilic 
surface. 

2.) Spread an amphiphile film as described. 
3.) Remove the substrate clip fi'om the dipper mechanism and mount the slide into the 

holder. Often two slides back to back are used so that the fihn will only be 
deposited on one side of the slide. The backside slide (the one facing the dipper 
mechanism) is discarded since previous measurements have shown these films are 
patchy and are of poor quality. 

4.) Replace the substrate clip so that the slide is above and not touching the water. 
5.) Go to the dipper menu, M, then T)'. 
6.) Put the dipper in teach mode, "E". 
7.) Ifit T' three times to make the slide approach the substrate surface. Hit the 

spacebar as soon as it touches the water. Log it as "V. 
8.) Set target pressure, dipping speed, dip wait period, number of layers, and substrate 

area to desired values. 
9.) The dipping end point is set two ways. First, for hydrophobic surfaces it is simply 

entered. Hydrophilic surfaces require that deposition begin on the upstroke so the 
dipper must be &st set underwater. Return to the graphics screen lower the dipper 
to the desired depth, "D', then T)' again. Return to the dipper menu and teach the 
end position dipper '2' (where the dipper is now currently is at). 

10.) Press F1 and use down arrow to set the displayed value (feedback constant) to 0.8. 
This is not mandatory, but will help prevent barrier fi-om oscillation while 
depositing. 

11.) Go to the graphics screen. Compress the film 2/3 slowly with the pressure control 
off the way by pressing 'enter*. If the pressure control is on to begin, the 
instrument zooms the barrier most of the required distance creating large waves on 
the surface of the sub-phase. 

12.) Stop compressing and now turn the pressure control on by pressing 'P'. Hit 'enter* 
again to bring film to the desired surface pressure. 

13.) Wait until barrier position stabilizes then press "D' to begin dipping. The film 
should now start to be transferred fi'om the trough surface to the substrate. 

14.) At the end of each layer a transfer ratio will be displayed. Ideally this should be 
100% implying complete coverage of the substrate. Sometimes the first layer has 
been observed to be up to 140%, for reasons unknown. 

15.) When all layers have been deposited hit the spacebar and open the barrier, 'O'. 
16.) When completed the substrate is removed fi'om the trough. This is easy if a 

upstroke completed the final layer with a "tail-group" out film surface. The slide is 
simply removed fi'om the clip and stored in a dust-free container. If a down stroke 
has just been completed then the slide must remain underwater. The Teflon holder 
inserted earlier serves this purpose. Drop the slide from the clip, remove the clip, 
the remove the holder with the slide inside. 
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Phospholipid Bilayer Film Deposition 
Deposition of a phospholipid bilayers onto hydrophilic substrates is complicated by the 
fact that only a single monolayer can be vertically deposited. Attempts to deposit a 
second monolayer by a vertical transfer technique will result in the first layer being 
removed as the substrate is passed into the subphase. As a result the second layer must 
be transferred horizontally. Procedure: 

1.) Clean hydrophilic quartz slides and trough as described above. Set temperature 
control. 

2.) Place the large glass slide with silicon sealant walls (referred to as the catcher) into 
the trough next to the dipping well. This is to "catch" the slides when forced 
through the surface upon horizontal deposition and allow for their removal from 
the trough without exposure to air. Make sure that the catcher is cleaned with 
solvent and rinsed with water thoroughly prior to placing it in the trough. 

3.) Place two slides together, mount on dipper, set dipper parameter as described 
above, and submerge the slides into the subphase. Type I water has been used as 
the subphase for all depositions up to this point. 

4.) Spread an amount of lipid solution sufficient to give a surface pressure of 
approximately 5 mN/m when the barrier arm is completely open. 

5.) Allow solvent to evaporate and ~ive at least 15 min for film to reach equilibrium. 
6.) Compress at a rate of 50 cm /min or less, note quality of isotherm. If any 

inconsistencies noted, clean trough and redo from start. 
7.) Continue to compress to 3 5 mN/m. When pressure gets very close to 3 5 mN/m 

switch quickly to pressure controlled operation. 
8.) Hold at 3 5 mN/m for several minutes. Check for barrier creep ( there always is 

some with phospholipid films). Check for vibrations and overflow of trough. 
Allow time for film to come to equilibrium. 

9.) Vertically deposit first layer at 2 mm/min. Transfer ratios are about 160% due to 
barrier creep. This number is indicative of good transfer. 

10.) After slides are completely removed from the subphase by the dipper arm, remove 
them and the clamp. Use double stick tape to attach the slides to the homemade 
right angle piece (see Figure B. l ) . Note that the slide facing forward during the 
vertical deposition should now face down and therefore the tape will stick to the 
slide behind it. The surface tension of the water trapped between the slides will 
hold the two together, but be careful. Remount the slides parallel with the surface. 

Figure B.1. Substrate geometry 
for horizontal LB transfer. 
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11.) With a clean disposable pipette, position the catcher directly beneath the slides. To 
do so the pipette must pass through the film so proceed with care although no ill 
effects to film quality have been observed by carrying out this operation. 

12.) Re-establish the pressure at 35 mN/m. Allow a several minutes for the film to 
come to equilibrium. 

13.) Hit the 'spacebar' and run the dipper down at maximum speed by pressing 'D' 
twice. The dipper will travel down and the slides will be driven through the 
surface. Be ready to stop the dipper by pressing the 'spacebar' before they come 
in forcible contact with the catcher. Trapped air bubbles are bad - the film was not 
deposited in these areas. (If air trapped bubbles become a consistent problem try 
mounting the slides very slightly off parallel with the surface. This allows the air to 
escape.) 

14.) After stopped release the clip which holds the slides and allow them to come to 
rest on the silicon sealant edges of the catching slide. Do not let them come in face 
to face contact with the surface of the catcher. Remove mounting clip to make 
space. 

15.) The slides are now ready to be removed fi-om the trough and into a container 
containing water or buffer solution. This is done by lifting the catcher out of the 
trough with the slides resting on top. The silicone sealant edges and the 
hydrophilic nature of the slide keeps the bottom slide under water at all times. It is 
important that during transfer fi-om the trough to the a container that the catcher is 
kept level at all times to avoid pouring out the water. (Warning: This seems trivial, 
but is extremely difficult and has led to the destruction of many films.) 

16.) Remove the backing slide with the attached right angle piece and place the slide 
with the phospholipid bilayer into a flow cell for further use. 

Shut-Down 
After finishing the trough subphase should be emptied. This is done using the suction 
apparatus. Cadmium solution should be emptied into a separate container labeled Cd^"^, 
all others go into the bucket labeled H2O which is then emptied into the sink. Make 
sure the trough is clean. Quit the NIMA program by pressing 'Q' in the Graphics screen. 
Turn off controller, computer, and water temperature control. 

Important Notes 
A.) Cleanliness is critical in making films. Wear gloves when handling substrates, 

cleaning the trough, or basically at all times. Oil fi-om your hands will contaminate 
films. Dust and hair is just as bad. 

B.) A list of all commands can be found in the NIMA User's Manual pages: 86-95. 
Otherwise almost all letter commands are highlighted on the screen. 
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C.) This is a basic guide in making isotherms or films. There are several more 
command possibilities than outlined here. Consuh the user manual for explanation 
or help. 

D.) The 'spacebar* is your out. This stops all motors and measurement at all times so 
when in doubt hit it. 

E.) Zero the memory between depositions. This will save many fmstrations. Type 'V, 
then 'V. 

F.) This manual should be accompanied with study of the NIMA user manual which 
has an excellent tutorial section and software descriptions. 

G.) A new clip has been made for the trough in order to dip more than one glass slide 
at time. This can be useful time-saver if many films need to be deposited. 

H.) Do not let the dipper reach its maximum up position. It is possible that the 
software buffers will not stop the dipper and it will crash into the end of is housing. 
This leads to a variety of problems so it is very important to not let this happen. 

I.) At this time the LB trough is kept in the Laminar flow hood. This keeps dust and 
other small particles off the apparatus. However, when it is on it generates 
vibrations that are transferred to the trough. I have typically turned the airflow off 
during LB depositions. 

J.) Head group out films are sensitive to exposure to air, especially phospholipid films. 
Keep these films underwater at all times. If exposed to air or air bubbles the 
quality of these are very suspect. 
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APPENDIX C 

FLUORESCENT WAVEGUTOE FABRICATION PROCEDURE 

Slide preparation 

1.) Use Clay Adams Gold Seal pre-cleaned microscope slides for substrates. 
2.) Check the surface quality of the slides for scratches, nicks, etc. Only use those that 

are free of 
any of these defects. 

3.) Scrub lightly with cotton using a 2% PCC-54 solution. 
4.) Soak in water DI water for 2 minutes. 
5.) Remove slides and rinse copiously with DI water. 
6.) Final rinse with Type I water. 
7.) Dry @ 200°C for 1-2 hr until dry. 
8.) Cool to ambient temperature before use, preferably clean room or flow hood to 
prevent dust 

collecting on the slides. 

Solution Preparation 

Purchase methyltriethoxysilane (MTES 99%, #17,557-9), titanium tetrabutoxide 
(TiBOX, #24,411-2) and silicon chloride (SiC14, #21,512-0) from Aldrich. Purchase 
100% ethanol and 32 oz. jar room the storeroom. 

Clean jar (32 oz. size) and 100 ml graduated cylinder ahead of time to ensure 
cleanliness. Use a 2% PCC-54 solution, scrub, rinse and dry at 200°C until completely 
dry (30min ± lOmin). 

Solution Composition: 
200 ml ethanol (distilled) 
150 ml Methyltriethoxysilane (MTES) 
75 ml titanium butoxide (TiBOX) 
18 ml SiCl2 
100-150 mg Uranyl Acetate 

Solution Preparation 
1.) Add 200 ml ethanol to clean dry widemouth jar. 
2.) Add 150 ml MTES. Stir. 
3.) Add 75 ml TiBOX. Stir. 
4.) Add silicon chloride using the following procedure. Use a plastic syringe to obtain 

18 nU of SiCW from reagent bottle. In a quick motion remove syringe from reagent 
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bottle and place needle into and under the surface of the sol-gel solution. Dispense 
SiCb slowly and evenly. A vigorous reaction should be observed and the solution 
should turn yellow and warm. Stir. 

5.) Add Uranyl Acetate as power. Stir well. Store overnight. Solution is good almost 
indefinitely unless it gets full of dust and junk. 

Dipping conditions 

-Humidity—somewhere between 20%-60% seems to give best results 
-Temperature—under 80°F. 
-Dipping speed—^fliU speed. 
-Slides—clean as desired, dry at 100°C or less 
-Annealing temperature—SOCC 
-Annealing time—25 to 30 minutes. 

Dipping Procedure 

1.) Place slides and solution in box and set humidity to 53%, fan on for 30 min. 
2.) Seal all holes in the box by placing gloves on, placing metal plate in fi-ont of furnace 

access, 
etc. 

3.) Keep the solution sealed at all times unless dipping. 
4.) Bring humidity down to 35-36% and set just prior to dipping. Takes gloves off to 

speed 
process if desired. 

5.) Clamp slide on dipper using alligator clamp. 
6.) Turn off fan and humidifier, wait for air to become still, and dip slide at a rate of 25 
cm/min. 
7.) Allow slide to sit m box undisturbed for approximately 2 min. 
8.) Remove cover over hole to fiimace, place slide on quartz sled, push into tube 

fiimace with 
rod until rod is about 2/3 the way into tube, anneal at 550°C for 8 min. 

9.) Replace cover. 
10.) Turn fan and humidifier back on and bring humidity back up to 35-36%. 

Notes: 

1.) Dip waveguides at fastest setting on the power supply. 

2.) Immediately after dipping place slide in the fiimace. 

3.) Waveguides seem to become better with longer annealing times. It was found that 
annealing times of about 25 minutes gave the best results. 
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