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Understanding and controlling protein adsorption is fundamentally important to the 

successfiil development of synthetic biomaterials and implantable chemical sensing 

devices. However, the study of protein adsorption, and in particular, orientation in 

protein thin films has been hampered by inadequate methods with which to study weakly 

absorbing thin protein fihns. In this woric. Integrated Optical Waveguide-Attenuated 

Total Reflection Linear Dichroism (lOW-ATR LD) coupled with fluorescence emission 

anisotropy was used to study; 1) the orientation of Mb as a function of the adsorbent 

sur&ce and sur&ce coverage, and 2) the orientation distnbutions of cyt c adsorbed to 

various surfaces. It was found that the average molecular orientation of an adsorbed 

protein film: 1) is dependent on the chemical and/or physical characteristics of the 

adsorbent surface, and 2) is dependent on the protein surface coverage. It was also 

determined that the macroscopic order of an adsorbed protein film is dependent on the 

number of different types of protein-sur&ce interactions in a given system. If there is 

one dominant type of interaction between the between the protein and the surface which 

is limited to a specific region on the surface of the protein, an ordered protein film will be 

produced. However, as the number of the type of protein-surface interactions increases, 

the distribution of orientations also increases, leading to a disordered film. Finally a 

broadband waveguide coupling device has been developed which allows spectroscopic 

measurements of submonolayer to monolayer surface coverages of proteins to be 

performed. 
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CHAFTERl 

REVIEW OF PROTEIN CHARACTERISTICS AND THEIR 
ADSORPTION TO SURFACES 

1.1. INTRODUCTION. 

When a solid surface is brought into contact with an aqueous protein solution, 

adsorption of the protein(s) in solution is known to occur rapidly/'*"'̂ ' In some cases, 

this process is desired and necessary, while in other instances, the results of protein 

adsorption range from bothersome, to costly, to life threatening. As a result, study of 

the protein adsorption process has been thorough and in depth. However, there is still 

much to be learned. The latest review by Haynes and Norde summarizes the breadth of 

this work.^ In the medical field, protein adsorption can be both harmful and helpfiil. For 

example, the adsorption of proteins to artificial heart implants can lead to failure of these 

devices. When a foreign material comes in contact with blood, some of the blood 

protein may adsorb to that surface and induce clotting. While somewhat less hazardous, 

the same process is responsible for the fouling of contact lenses by proteins present in 

tears. Even the problem of formation of plaque on teeth might be better controlled if 

more were understood about the mechanism of protein adsorption. 

However problematic the process is in the latter cases, protein adsorption is helpfid or 

necessary if considering incorporation of artificial materials into the surrounding tissues. 

The controlled release of drugs and the development of biosensors has been aided by our 

understanding and use of protein adsorption. 
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Protein adsorption also has negative and positive effects for the industrial arena as well. 

The fouling of heat exchangers, ship hulls, and filtration systems, among many other 

areas, by proteins and organisms can be costly. However, it is the very properties that 

cause some proteins to stick to a surface more strongly than others that is the basis for 

chromatographic separation of proteins.^ 

Protein conformation and orientation upon adsorption to a solid surface is also important 

in the area of biosensors. As illustrated in Hgure 1.1, if a protein molecule, e.g. the IgG 

antibody, is adsorbed to a surface, it will be reactive toward its antigen if adsorbed in the 

correct orientation and if not conformationally distorted to the point where the reactive 

site no longer recognizes the antigen.^^ 

Figure 1.1. Importance of Adsorbed Protein Orientation on Molecular Recognitiort 

Studies addressing this very question have been conducted by Darst et al.^ This group 

found that orientational and conformational effects due to protein adsorption can cause a 

loss in activity. In that study, orientationai and/or conformational effects were not 

directly measured and could only be inferred. Lee and Belfort monitored the activity of 
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Ribonuclease A adsorbed onto molecular smooth mica (negatively charged).^ This 

group used an enz^e activity assay to monitor the activity of the adsorbed Rnase A and 

sur&ce-force distance measuremems in an effort to correlate en '̂matic activity to 

enzyme orientation. As in the previous example, however, the actual orientation of the 

protein was not measured. 

A more in depth and complete understanding of protein adsorption will enable a logical 

and methodical development of more sensitive and selective biosensors. In order to 

optimize any system dependent on protein adsorption, one must have a basic 

understanding of proteins, the sui&ces to which they adsorb, orientation and 

conformatioa upon adsorption, and a more in depth knowledge of the protein adsorption 

process. Andrade summarizes the many areas affected by the process of protein 

adsorption as shown in Table 1.1. '̂ This table is not exhaustive, but the principles 

necessary to understand each area are similar. Andrade has stated that although the 

work on protein adsorption has been extensive, developing a list of "rules of thumb" for 

protein adsorption that can be applied to the phenomena in general has been a difi5cult 

goal to achieve.^" 

It is the contention of this research that so called "non-specific adsorption" of proteins to 

surfaces is not necessarily an isotropic process. That is, the orientation of a protein upon 

adsorption to a solid sur&ce is dependent upon the various types of interactions possible 
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Table 1.1. The Role of Protem Adsorption in Various Felds. 

Field Role of Protein Adsorption 
Medical Devices The introduction of a foreign material into the body leads 

to adsorption of proteins to that sur&ce. This process is 
especialty relevant to blood coagulation, complement 
activation, and incorporation of artMcial implants. 

Pharmacy Undesirable effects include adsorption to container walls 
leading to a depletion of the active agent fi'om solution. 
Desirable efi^s include the controlled delivery of drugs. 

Protein Processing The purification of proteins is achieved by 
chromatography, essentially an adsorption-desorption 
problem. 

Biotechnology and 
Cell Culture 

This field is dependent on the adhesion of cells to a 
sur&ce, a process mediated by an adsorbed protein layer. 

Soils and Agriculture Adsorption of proteins to mineral ores has been used to 
achieve leaching of reflectory ores. 

Filtration FUters are used in water treatment processes. The 
efficiency of filtration and the life of the filters themselves 
is dependent in part on protein adsorption. 

Fouling Fouling is a general term used to describe undesired 
protein adsorption. Areas include attachment of marine 
organisms to ship hulls, underwater structures, and fouling 
of contact lenses. 

Biochips The ability to produce electronic devices that make use of 
ordered protein arrays will be dependent on our 
understanding of protein adsorption. 

Sensors Diagnostic 
Products 

The sensitivity and selectivity of biological sensors is 
dependent on factors of protein adsorption. 

between the sur&ce of the protein and the adsorbent surface. For example, if there are a 

large number of possible interactions between the protein and surface, then so called 

"non-specific" adsorption would occur and a "randomly" oriented protein fihn would be 

produced. The terms "non-specific" and "random" here are most likely misnomers. 
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Although several dififerent Q^pes of protein-surfiu^ interactions might produce a 

disordered protein film, the individual protein adsorption events themselves are not 

random. With this idea of non-random protein adsorption in mind, it is believed that it 

should be possible to produce ordered protein films adsorbed to sur&ces by varying 

experimental parameters such as solution pH, adsorbent sur&ce characteristics, protein 

sur&ce characteristics, and surface coverage of the protein, thus taking advantage of the 

specific polar, non-polar, or charged regions on the surface of the protein as discussed in 

section 1.2 and illustrated in Figure 1.2. 

The remainder of this chapter covers some of the basic principles necessary for a proper 

understanding of the present work. Protein structure and the forces that hinder or 

encourage the adsorption of a protein to a surface are discussed, followed by some 

"Rules of Thumb" for protein adsorption. The proteins used in this study are introduced 

and research related to this work is discussed along with the historical limitations and 

difficulties that have hindered a clear understanding of protein adsorption. Finally, some 

solutions to these problems, reached through the work presented in this dissertation, are 

introduced. 

1.2. PROTEINS. 

The understanding of protein orientation begins with a knowledge of some basic 

principles of protein structure. Upon examination of the sur&ce of a typical protein, one 
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would see that the distiibutioa of charged groups or polar/apolar groups is not 

homogeneous. As illustrated in Figure 2 from Andrade,'"* there may be, for ecample, 

. hydrophobic patches, charged regions, or hydrophilic regions. 

Hydrophobic, 
"Greasy" Domains 

Ionic 
Interactions 

Protein in Solution 

Figure 1.2. Possible Types of Adsorbed Protein-Sur&ce Interactions. 

The adsorptive surface in this figure shows examples of dififerent types of surfaces the 

protein may encounter upon adsorption and the different protein-sur&ce interactions 

possible. The situation is therefore quite complex and the usdiilness of and our ability to 

gather pertinent data is dependent on our understanding of each component in the system 

(the protein, the media in which the protein is dissolved, and the surface to which the 

protein may or may not adsorb). 
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Several protein characteristics have been stated as important in the study of protein 

adsorption.^^ These include: 1) parameters describing protein size and shape such as 

amino acid residue content and sequence, molecular weight, dimensions, 2) crystal 

structure of the protein, 3) &ctors that describe the charge (pi) and charge distribution 

of the protein, 4) heteromolecules associated with the protein such as bound water 

molecules, counterions surrounding the protein in solution, and heme groups, 5) the 

effects on the protein from studying it, including labeling and dehydration, 6) spectral 

characteristics which may provide information about protein conformation and/or 

functionality, and 7) how the protein interacts with biochemical partners and other 

reactive molecules. 

A variety of sources are available to serve as tutorials in the aspects of proteins and the 

important forces and interactions involved in protein folding (and adsorption). 

Biochemistry by Mathews & van Holde^ offers excellent guidance in the general area of 

protein structure. The reviews of Haynes & Norde^ and Andrade^"*'̂  explain in greater 

depth the aspects of protein folding and adsorption to solid surfaces. 

A protein is a polymer of amino acids conneaed by peptide bonds, i.e., it is a 

polypeptide chain. The structure of a peptide bond is shown in Figure 1.3. 
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Peptide Bond 

Figure 1.3. A Peptide Bond. 

Three features of the peptide bond are important for protein folding and conformational 

behavior. First, there is no free rotation about the amide bond. Second, free rotation is 

allowed about and (t>. Third, since amino acid side chains can vary in acidity, 

hydrophobicity, etc., rotation about ij/ and <{> allows the protein to adopt a conformation 

which is most energetically fiivorable in a given environment. 

Proteins are described by their primary, secondary, tertiary, and quaternary structure. 

The primary structure of a protein is simply the sequence of the amino acids that make 

up the polypeptide chain. This sequence will ultimately determine the secondary and 

tertiary structures. Different regions of the primary sequence form local regular 

structure. This is called the secondary structure and describes r^ular folding in the 

protein, such as a-helix or f3-sheet. The secondary structure of the protein wraps around 
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itself in superhelical twists and turns; this is the tertiary structure. The protein may 

contain several polypeptide chains arranged in a quaternary structure. An example of 

this is hemoglobiiL 

The folding of proteins under physiological conditions is clearly a thermodynamically 

&vored process. Two examples demonstrate this point. First, a newly formed protein in 

a cell will spontaneously fold into its standard conformation. Second, upon denaturation 

by heat or by subjection to acidic or basic conditions, once returned to normal 

physiological conditions, most proteins will refold to their native state with native 

bioactivity. Consider the free ener^ equation: 

AG = AH-TAS (1.2.1) 

For a process to be thermodynamically favorable, the change in free energy must be 

negative. However, the folding of a protein leads to a more ordered system, which 

represents a positive contribution to the free energy of the system. Therefore, there must 

be some other forces and interactions involved which result in an overall negative free 

energy change. The forces and interactions important in protein folding can be divided 

into two categories: 1) those which contribute to the enthalpic term in the free energy 

equation, and 2) those which contribute to the entropic term. 
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Why are the basic principles of proteins and protein folding important for a discussion of 

protein adsorption? This is simply because the forces and interactions that cause a 

protein to fold and to stabilize under pl^rsiological conditions are the forces involved 

when a protein adsorbs to a surface. It is these very forces which attract a protein to a 

given sur&ce and cause that protein to orient in a specific way. Conformational changes 

may occur upon or after adsorption due to a redistribution of non-covalent molecular 

interactions. 

1.3. ENTHALPIC CONTRIBUTIONS TO PROTEIN FOLDING. 

There are basically three types of interactions that contnbute to the enthalpic term. The 

first is ionic or electrostatic interaction. Charged groups within the protein will 

electrostaticaily interact with an oppositely charged neighboring residue. An example 

would be the electrostatic bond between a lysine residue, which is positively charged, 

and a nearby negatively charged residue such as glutamic acid. A salt bridge is formed, 

neutralizing charge in the interior of the protein. A second contribution to the enthalpic 

term is hydrogen bonding between a donor and acceptor. Examples of amino acid 

residues that are H-bond donors are the amino groups of asparagine or glutamine. 

Example acceptors are the carbojQrl o?Qrgens of these residues. Finally, van der Waals 

interactions between molecules in the tightly packed mterior of a globular protein 

contnbute to protein stability. While each of these forces separately may make small 
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contnbutions to protein stability, when taken as a whole, or in multiples of each type of 

interaction, the contribution is significant. 

1.4. ENTROPIC CONTRTOUnONS TO PROTEm FOLDING. 

As stated above, there is a positive contribution to the free energy change due to the 

folding of the protein, which is more ordered than a random coil. This contribution is 

called conformational entropy. A negative contribution to the free energy is the 

Hydrophobic Effect. For a random coil in aqueous solution, it has been shown that 

water molecules align themselves to form a cage around the hydrophobic residues, 

corresponding to a loss in randomness of the system. Upon folding, a majority of the 

hydrophobic residues end up inside the protein, forcing water molecules from the 

interior. That is to say, the number of molecules that make up the cage decrease, which 

means that the water is less ordered. This makes a negative contribution to the free 

energy change of protein folding. Combining these two effects usually leads to a 

negative entropy term. 

1.5. PRINCIPLES OF PROTEIN ADSORPTION. 

As stated earlier, in spite of the &ct that the amount of work in the area of protein 

adsorption is substantial, our understandii^ of the phenomena is still lacking. With this 

in mind, Andrade has presented a list of the "Rules of Thumb" for protein adsorption 
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composed from what is known about protein adsorption to date/° This list is proposed 

as a starting point for fiiture woric: 

1) Area Required for Initial Adsorption: only a small portion of the protein 

molecule needs to contact the inter&ce in order for adsorption to then 

proceed spontaneously. Although the cross-sections of proteins range from 

1000-10000 the area required for adsorption is only about 100-200 

2) Electrical Potential Barrier, electrostatic effects are significant. Protein 

adsorption tends to be maximum at the pi of the protein due to repulsion at 

pH values lower and higher than the pi. 

3) Hvdrophobicitv: the strength of the interaction between a protein and a 

surface increases with increasing hydrophobicity of the surface and of the 

protein. It has been found that desorption of a protein from a hydrophobic 

surface generally does not occur, while desorption from a hydrophilic surface 

can be attained by varying pH, ionic strength, or by rinsing. 

4) Difiusion and Mass Transport: the initial stages of protein adsorption are 

generally limited by di£Eiision. 

5) Time: the greater the amount of time that a protein has been adsorbed, the 

more difficult it is for it to desorb due to orientational and conformational 

rearrangements of the protein which allow for stronger interaction between 

the protein and sur&ce. 
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6) Protein and Surface: both must be fiilly characterized to completely 

understand the protein adsorption process. 

1.6. HORSE HEART CYTOCHROME C. 

Two proteins were used in the studies of protein orientation described in this 

dissertation, horse heart cytochrome c (cyt c) and horse heart myoglobin (Mb). Each 

was chosen in general for the &ct that they have been thoroughly studied and are well 

characterized. As will become evident as each protein is discussed, cyt c and Mb also 

possess individual characteristics which make them particularly useful for this study. Cyt 

c is a relatively small globular protein with a molecular weight of 12384 g/mol and 

consisting of one polypeptide chain surrounding an iron heme group.^ The protein is a 

prolate spheroid with dimensions 25 X 25 X 37 A. A picture of the carbon backbone of 

cyt c is shown in Figure 1.4. The major function of this inner mitochondrial protein is to 

transport electrons between membrane-bound Complex HI (cyt cl) and Complex IV (cyt 

c oxidase). Table 1.2 shows the sequence of respiratory electron carriers in the 

mitochondria and the reduction potentials for each component.' 

At neutral pH, cyt c has an overall charge of approximately +9 with a pi of 10. 

Examination of the surface of cyt c shows that the distribution of amino acid residues on 

the protein sur&ce is not homogenous. Two important features should be noted. First, 



Figure 1.4. Carboa Backbone ofHorseheart Cyt c. 
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there are many positive lysine residues distributed over the surface of the proteiiL 

However, there is a higher density of these residues on the protein face containing the 

exposed heme crevice (the "front" face). Therefore, this area of the protein has a high 

concentration of positive charge. Another important feature is an area densely populated 

Table 1.2. \Gtocbondrial Respiratory Electron Carriers and Reduction Potentials for 
each Component. 

Component Reduction Potential 

NADH -0.32 

FMN -0.30 

Coenzyme Q +0.04 

cytochrome b +0.07 

cytochrome Ci +0.23 

cytochrome c +0.25 

cytochrome a +0.29 

cyt as +0.55 

oxygen +0.82 

by negative amino acid residues on the back side of the protein. These two important 

areas help to give cyt c a dipole moment of 325 Debye. The dipole moment passes 

through the protein from Phe 82 (positive end), through the heme group at a 30° angle 

with the heme plane, to Asn 103 (negative end). As Margoliash and Koppenol^ have 
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discussed, it has been generally thought that the ring of lysines on the front face of the 

protein has the greatest role in correctly orientating cyt c with its redox partner, while 

other areas on the sur&ce of the protein have been considered unimportant. They 

further state that "the center of positive charge is not far from the center of mass, while 

the center of negative charge is found more toward the back. This indicates that the 

distribution of positive charges is more homogeneous than that of the negative charges 

and that the latter are the main contributors to the dipole momem of the protein." 

Finally, they conclude that "it is in fact the complete charge configuration of cyt c that 

will determine the orientation with respect to a negatively charged surface." 

The prosthetic group in cyt c is an iron porphyrin, shown in Figure 1.5, which is 

covalently bound to the surrounding protein via two thioether bridges. The iron lies at 

the center of the porphyrin ring with the two axial positions occupied by a thioether-

suliiir atom (methionine-80) and an imidazole nitrogen (histidine-18). The heme is 

exposed to the medium surrounding the protein at one edge. 
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Figure 1.5. Iron Porphyrin Group (Heme) in Cyt c. 

The area of the heme accessible to solvent is calculated from the crystallographic 

structure to be 0.6% of the total protein surface. It is thought that electron transfer 

occurs at this site. '̂ As discussed in Chapter two, the heme group is an intrinsic probe in 

the protein which makes it possible to measure orientation in heme protein films. The 

solution spectrum of horse heart cyt c (oxidized and reduced) is shown in Figure 1.6. 
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Figure 1.6. Solution Spectrum of Cyt c. 

1.7. HORSE HEART MYOGLOBm. 

Horse heart Mb is also a small globular protein with a molecular weight of 18,800 g/mol. 

The dimensions of the protein are 25 X 35 X 45 A. A picture of the carbon backbone 

for Mb is shown in Figure 1.7. 

Mb is an oxygen storage protein located in muscle tissue. The pi of Mb is 7.0. The 

heme in Mb is not covalently attached to the surrounding protein. The iron is 

coordinated by four nitrogens in the heme plane and axially by the proximal Ifis 93. 

While in the deo^Q^ form of Mb, the sixth coordination sight is vacant, in o?qmiyoglobin it 



Figure 1.7. Carbon Backbone of Horseheart Mb. 



is occupied by molecular ojqrgen, which is also held in place by the distal His 64.^ 

UV-Vis spectrum for ferri-Mb is shown in Figure 1.8. 
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Figure 1.8. Solution Spectrum of ferri-Mb. 

1.8. UMTTATIONSANDDIFFICULTIES. 

Studying monolayer protein films is a technically difficult problem for several reasons. 

First, the protein in a monolayer film comprises a very small amount of material (on the 

order of 2x10'" mols/cm^). Thus, an absorbance measurement using a typical UV-Vis 

transmission setup is problematic due to the low absorbance values.^ A second problem 

in studying proteins adsorbed to sur&ces is that the protein is at the interface between 

two immisdble phases (the glass surface and the aqueous solution above it), which 



37 

makes the material di£5cult to probe given typical instrumental methods. Finally, 

characteristics of the protein itself can make the study difficult. For example, if the heme 

group of Mb is removed (to give apoMb), the protein then has no intrinsic orientation 

marker which can be probed. Another example is hemoglobin, which has four hemes. In 

this case, one would not be able to separate the contributions to the total absorbance 

from each individual heme. This characteristic of hemoglobin makes orientation studies 

difficult. 

1.9. RELATED RESEARCH. 

The electron transfer of cyt c at an electrode surface is thought to be strongly influenced 

by the molecular orientation of the protein relative to the surface. Numerous groups 

have performed electrochemical studies of cyt c on various surfaces.^*^^ Tarlov and 

Bowden examined the voltanmietry of cyt c adsorbed to a negatively charged 

carboxylic acid terminated alkanethiol electrode. The group was able to calculate an 

electron transfer distance of 31 A, which is close to the calculated electron tunneling 

distance of 29 A through the carboxylic acid terminated alkanethiol on the electrode and 

the extra 5 A from the protein sur&ce to the exposed heme edge. A protein orientation 

where the heme is perpendicular to the surface with the exposed edge near the surface 

was inferred from the results, but was not measured direcdy. 
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Kuznetsov et al.^ covalently attached c to a glassy carbon electrode via carbodiimide 

modification of the electrode. The group attempted to use the field of the electric double 

layer to orient the protdn before attachment to the electrode. Voltammetric 

measurements showed that using a negatively charged surface induced cjfX. c attachment 

in an orientation fevorable for electron-transfer (presumably because the exposed heme 

edge was oriented toward the suifiice). The use of a positively charged surface resulted 

in poor electron transfer. This was thought to be due to a protein orientation 

unfavorable to electron transfer, although the actual orientation was not measured. 

Eddowes and postulated that the protein surface area surrounding the exposed 

heme edge, which contains a number of uncompensated lysines, was involved in 

hydrogen-bonding with a 4,4'-bipyridyl derivatized gold surface. They proposed that 

this favorable orientation, which was not verified experimentally, was probably 

responsible for the rapid electron transfer to and fi'om the heme group. 

Direct orientation measurements of adsorbed protein films have been more limited. 

Fraaije et al.^ used TIRF to study the orientation of cyt c adsorbed on an Sn02 electrode 

surface. This group measured the orientation of cyt c adsorbed under various conditions 

using fluorescence anisotropy and found that the average heme orientation was 38° fi-om 

the surface normal. Their results, however, were based on the assumption that all 

protein molecules were identically oriented relative to the surface normal. This 
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assumption is necessary to calculate orientation angles when only one method of 

measurement is available. 

Pachence^ et. al. also attempted to measure the orientation of c adsorbed to 

negatively charged hydrophilic surfaces using absorption linear dichroism in a 

transmission mode. Their orientation results showed that the heme in cyt c was 

predominantly parallel to the adsorbent sur&ce. However, this conclusion was based on 

small absorbance values, on the order of0.001-0.005. 

In the Ph.D. dissertation by Bos,® TIRF was used to determine the orientation of cyt c 

adsorbed on silica and found the orientation of the protein upon adsorption to be 

random. In the review by Haynes and Norde,^ the authors state that this is evidence that 

the orientation is not influenced by the large dipole moment of the protein, which 

contradicts the discussion by Margoliash and Koppenol stating the importance of the 

complete charge configuration of cyt c." Other examples of attempts to measure protein 

orientation are available in the Uterature.^*^" '̂*^ 

1.10. PROBING PROTEINS AT THE SOLID-LIQUID INTERFACE. 

Although proteins located at a solid-liquid inter&ce are difiBcult to study, one method of 

doing so is Attenuated Total Reflectance (ATR) Spectroscopy. As will be discussed in 

more detail in Chapter two, light is reflected off the inter&ce fi-om the higher index solid 
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side at some angle greater than the critical an^e for the solid-liquid inter&ce. At the 

spot where the light reflects off the inter&ce, an evanescent field is generated and 

penetrates a depth into the liquid phase on the order of the wavelength of light used. If 

an absorbing species is present within the region of the evanescent wave, then the light 

beam will be attenuated. Obviously, when measuring the absorbance of a single 

monolayer of protein with a relatively low molar extinction coefficient, the absorbance 

due to a single reflection will be restrictively low. One solution to this lack of sensitivity 

is to generate multiple reflections, as with an ATR crystal. However, even here the 

number of interactions of the light with the low absorbing protein monolayer 

(approximately 3 reflections per centimeter) is not enough to give the necessary 

sensitivity to study thin protein fihns. If the thickness of the internal reflection element is 

decreased until it is on the order of the wavelength of light used, then an Integrated 

Optical Waveguide (lOW) is produced. Here, the number of reflections is approximately 

lOOO/cm, and the sensitivity is about three orders of magnitude higher than the typical 

ATR experiment.'® Given the tools described above, we \vill examine the methodical 

manipulation of the surface and other experimental parameters such solution pH and 

ionic strength to determine their effect on protein orientation and the feasibility of using 

protein adsorption to produce ordered protein films. 
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2.1. INTRODUCTION. 

To begin to address the issue of producing ordered protein films, one must be able to 

measure "order^. This requires the ability to measure two parameters; 1) the average 

orientation of the protein in the film, and 2) the distribution of orientations about the 

mean. Although separately either of these parameters gives some information about the 

adsorbed film, a more complete understanding of the system is gained when one is able 

to measure both. Consider an experiment in which the average orientation of the heme 

in an adsorbed cyt c film is 45°. As illustrated in Figure 2.1, although an average 

orientation is known, this does not tell us if the protein film is ordered (a narrow 

45" ± 10° 45° ±60° 

/ 
/ 
/ 

I 

Figure 2.1. Ordered/Disordered Films. 
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distribimon) or disordered (a broad distributfon). It does show that the film is probably 

not random, as in this case, an angle of SSJ** would be measured. In the same manner, if 

only the distribution were known, then there would be no information on the actual 

orientation of the protein relative to the surface. 

In this section, the basic theory of the use of Attenuated Total Reflection (ATR) to 

probe light absorbing molecules that exist at a solid/liquid interface and the use of linear 

dichroism to determine the orientation of these molecules will be described. The 

improvements necessary for ATR and LD to be useful in the study of monolayer to sub-

monolayer surface coverages of proteins with relatively low molar absorptivity will then 

be discussed. Finally, Paul Edmiston in our lab has been responsible for the development 

and implementation of fluorescence anisotropy to measure distributions of orientations of 

linear and circular dipoles. This, coupled with lOW-ATR allows us to measure both the 

mean and standard deviation of orientations in a large ensemble of molecules. Although 

Edmiston discusses fluorescence anisotropy in depth in his dissertation, a brief overview 

will be given here so that the reader can fiilly understand the meaning of the results 

presented here. 

2.2. ATTENUATED TOTAL REFLECTION (ATR). 

Consider a glass/water inter&ce as shown in Figure 2.2. The z-axis is normal to the 

interface and the x-axis is the direction of beam propagation. O; is the angle at which 
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light is reflected off the inter&ce relative to the z-axis. The indices of refraction for the 

aqueous superstrate, and a fiised silica substrate, 112, are 1.33 and 1.46, respectively. 

Bulk Dissolved 
Protein 0 

Protein Film 

Internal Reflection 
Element 

Incident 
Beam 

100 iim 

Evanescent 
Wave T 

Reflected 
Beam 

Figure 2.2. The Attenuated Total Reflection of an Incident Light Beam. 

Using Snell's Law, a solution for the angle at which light incident at the fused 

silica/liquid inter&ce from the denser medium will theoretically be reflected 

perpendicular to the z-axis, i.e., 0i = 90°, can be found: 

0; = 0c = sin''(Tii/ii2) = 66° (2.2.1) 
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The angle 6c is called the critical angle for the glass/water inter&ce. If light is reflected 

at this inter&ce at any angle greater than 9c and less than 90°, it is totally internally 

reflected back into the higher index medium. 

At the point of reflection, a standing wave is generated, which decays exponentially into 

the lower index medium to a distance on the order of the wavelength of light. The 

penetration depth, dp, of the evanescent wave is the depth at which the intensity decays 

to 1/e of the initial interfacial intensity; dp is calculated as follows: 

where: X is the wavelength of light used. 

If a chromophore which absorbs light at the totally reflected wavelength is present within 

the penetration depth, the evanescent wave will be attenuated, which means that the 

intensity of the reflected beam will be less than the incident beam. In order to calculate 

the attenuation of the evanescent wave by an absorbing species both in the solution 

above the internal reflection element (lE^) and adsorbed to the IRE, let us first consider 

the absorbance of light in a typical transmission UV-\^s experiment.'̂  

(2.2.2) 
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For a volume of solution containing an absorbing species, as described by the box in 

Figure 2.3, light enters the solution with intensity I., and leaves with intensity lo along the 

z-axis as shown. The interaction length of the light with the solution is L. 

Figure 2.3. Attenuation of Light with Initial Intensity 1; by an Absorbing Species. 

If the solution contains a light absorbing component, then Io< li. Expressions for the 

total amount of light absorbed can be derived by summing up each differential 

absorptance, da, which is proportional to the concentration of the solution times the 

intensity of the beam at each point z. Upon integrating da from z = 0 to z = L: 



a = = yj c{z)I {z)ck 
*1 '*1 0 
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(2.2.3) 

where a is the fractional absorption of incident intensity, defined as; 

a = (2.2.4) 

K is a constant, the concentration at any point c(z) is equal to the bulk solution 

concentration Cb, and I(z) is the intensity of the beam at any point along the z-axis. The 

light is exponentially attenuated through the bulk solution at a rate equal to the 

absorption coefl5cient (Sb) times the concentration c(z) of the absorbing solute: 

I{z) = /. exp(- €^c(z)z) (2.2.5) 

Substitution into equation 2.2.3 and integrating yields; 

a = ̂  J I, exp(- et,Ci,z)dz (2.2.6) 
0 
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a = ̂ (l-exp{-^£^/:)) (2.2.7) 

For L = oo, a = 1 and K = Sb, so that: 

a = l-exp(-^CjZ) (2.2.8) 

For dilute solutions Oow Cb), SbCbL < 0.1, so that 1 - ©q)(-ebCbL) = SbCbL. This simply 

means that for sufBciently dilute solutions, the absorptance a is equal to the absorbance 

A, giving: 

Using a ray optics approach, the solution for the absorption of evanescent intensity at a 

single reflection by a bulk sample is essentially identical to equation 2.2.9, with the 

exception that the pathlength term must be modified. Since the evanescent field intensity 

decays exponentially fi-om z = 0 to z = oo, the absorptance due to the bulk solution, ab, is 

given by: 

a = A- e^c^L (2.2.9) 

i 0 

(2.2.10) 
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where le is the evanescent transmitted inter&cial intensi^ and z is now the distance from 

the solid/liquid inter&ce along an axis normal to that inter&ce. Following the previous 

derivation: 

A,=e,c,L, (2.2.11) 

where the pathlength term U is given by; 

T 

4=f-/eicp{-Vrf,>fc (2.212) 
> 0 

(2.2.13) 

In equation 2.2.12, IJh is the evanescent transmitted interfacial intensity per unit incident 

intensity, 

and finally: (2.2.14) 

Absorption of evanescent intensity by a film that is either adsorbed or covalently 

attached to the sur&ce is determined similarly. For a film of thickness df: 
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f 

a J. ex({-z/dj)fiz = e^c^Lj. (2.2.15) 
t 0 

where ar is the absorptance due to the film, Zf is the molar absorptivity of the film, Cf is 

the concentration of the absorbing species in the film, and the pathlength term in the film 

is given by: 

J <1/ J 

Lj. =-^ Jexp(-z/</,)fe = -^£/p(l-exp(-i/^/«/J (2.2.16) 
0 t 

For dfldp<0.\, = , leaving for the pathlength tenn; 

(2.2.17) 
•^1 

so that the absorption of the evanescent field fi'om a thin film is given by; 

^r=^r<'rj'^f (2.2.18) 
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For transverse electric (T£) polarization, in which the electrical field vector oscillates in 

the plane of the surface, and transverse magnetic (TM) polarization, in which the electric 

field vector oscillates in the incident plane, I^fl^, is given by: 

rh 

TE 
Tf^COSO, 

(2.2.19) 

w 
(2.2.20) 

where Ex, Ey, and E^ are the orthogonal components of the electric field vector of the 

evanescent wave. The E value takes the following forms for x, y, and z coordinates: 

E \ = (2.2.21) 

I 12 4cos'6' \EJ  = •  (2.2.22) 
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(2.2.23) 

Since the total absorbance is given by: 

Aj. = Af,-i-Af (2.2.24) 

one can measure the total absorbance, calculate the bulk contribution based on the ray 

optics approach, and then calculate the absorbance due to the adsorbed film by 

difference. 

A caveat to this discussion is that the surface-film-bulk solution system described is a 

three phase system, and equations 2.2.19-2.2.24 are used for a two phase system. 

Therefore, the equations are subject to the assumption that the reflective index of the 

film is constant with respect to the inter&cial normal and is equal to the bulk solution 

reflective index.''''® The two-phase assumption has been shown to be valid for thin fihns 

(~10 nm) with reflective indices which do not vary more than several percent fl-om the 

refi-active index of the bulk solution." 
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2 J. LINEAR DICHROISM. 

2.3.1. Introduction. 

Linear Dichroism (LD) is the anisotropic absorption of different polarizations of light by 

an oriented sample.^ Consider a linear absorption dipole which is oriented parallel to 

the surface on which it is adsorbed, as shown in Figure 2.4 (top). Now also consider 

that light which is polarized perpendicular to the surface is incident on this dipole. It is 

Figure 2.4. Interaction of a Linear Absorption Dipole with TM Polarized Light. 
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obvious that in this case, the dipole will not absorb energy. However, if the dipole is 

oriented perpendicular to the surface, light will be absorbed (center). Finally, if the 

dipole lies at some angle between 0°-90° from the sur&ce normal (bottom), then it is 

clear that the dipole is able to absorb fight from two orthogonal polarizations and that, as 

is true for each case, the amount of fight absorbed from each polarization will in some 

way be a function of the orientation of that dipole relative to the electric vector of the 

polarized fight. The two orthogonal polarizations used in these experiments were TE 

and TM polarizations. The ratio of the absorbance of fight due to the dipole using TE 

polarized fight. Ate, to that using TM polarized fight. Aim, is defined as the dichroic 

ratio, p, which is proportional to the orientation 6 of the absorption dipole relative to the 

electric vector of TE and TM polarized fight: 

p — oc 6 (2.3.1) 

It is important to note here that the polarization of an evanescent wave is identical to the 

polarization of the incident beam. 

If the geometric relationship between the absorption dipole and the molecular structure 

of the chromophore is known, then measurements at two orthogonal polarizations can be 

used to determine the avenge molecular orientation of a uniawal (isotropic orientation in 
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the plane of the surface) assembly of molecules relative to a laboratory-defined 

coordinate systenL 

2.3.2. Orientation of a Linear Dipole. 

A linear absorption dipole, is adsorbed to a sur&ce and described by the coordinate 

system shown in Figure 2.5. The x-z plane represents the plane of incidence of the beam 

with the interface; the y-axis is perpendicular to this plane. The incident beam has 

intensity If and reflects off the interface at an angle 6i, while the output beam has 

intensity lo. The angle 6 is the angle between the dipole and the z-axis. The angle <{) is 

the angle between the projection of the dipole in the x-y plane and the x-axis. The 

Figure 2.5. Coordinate System for a Linear Dipole. 
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method of solving for the orientation angle 6 described by Fraiije et. al.^ and Thompson 

et. al.^ will be used here. 

The absorption of the evanescent energy by the dipole is given by: 

A = ( f i E f  (2-3.2) 

E is the electric field vertor of the evanescent wave. As described earlier, the 

absorption depends on the angle between the polarization of the evanescent field and the 

dipole. From the coordinate system in Figure 2.5, the relative absorbance of the dipole 

fi-om the X, y, and z contributions to the electric field vector, E*. Ey, and Ez, is: 

'^sin^cos^  ̂

\ co&O J 

(2.3.3) 

where ||j.| is the magnitude of vector |x. For our purposes, it is assumed that there is no 

preferential ordering of the molecule in the x-y plane, so the dependence on <j> drops out, 

which leaves; 
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V2sind' 
fi = \f^ l/2sin^ 

^ cosO J 

(2.3.4) 

The total absorbance can then be described by the following: 

where C is a constant and N(6) is the function describing the distribution of orientations. 

In the absence of a complementary method, such as fluorescence anisotropy, to provide 

an independent measurement, only the mean orientation for the entire molecular 

ensemble can be determined. The situation where both methods are available will be 

dealt with later. However, in this case, in order to use linear dichroism alone to 

determine a mean orientation, one must assume that the distribution of orientations is 

very narrow, so that N(9) becomes a delta fimction and the need to integrate no longer 

exists, leaving; 

(2.3.6) 
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Finally, given the dichroic ratio, p, and the &ct that for TE polarization and Ez^ are 

zero and for TM polarization Ey^ is equal to zero, the result is: 

^ E,--i-2E,-coi'e 
(2.3.7) 

and, solving for 0 gives: 

 ̂= tan -I 
NV2 

[ e ' - p E ' ] )  
(2.3.8) 

for a linear dipole. In addition to the assumption that there is no preferential ordering of 

the dipole in the plane of the sur&ce, there are two other limitations that must be 

realized. The first is that only the average orientation of the entire molecular ensemble is 

measured; the distribution of orientations is not available. The second is that the dipole 

is rotationally degenerate about a symmetry axis normal to the dipole. 

2.3.3. Orientation of a Circular Dipole. 

The method of solution for 0 for a circular dipole is basically identical to that for a linear 

dipole.^^ A circular dipole, such as the iron heme in cyt c, is modeled as two equal and 



perpendicular dipoles in the plane of the heme, 

absorption dipole is shown in Figure 2.6. 
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The coordinate system for the circular 

z 

porphyrin 

plane 
••X 

Figure 2.6. Coordinate System for a Circular Dipole. 

The porphyrin plane is adsorbed or covalently attached to a planar sur&ce (x-y plane) 

and the z-axis is normal to the surface. The heme plane is represented by the x'-z'-plane. 

The x-z plane is the plane of incidence. Two orthogonal dipoles are represented as 

and |i2 in the heme plane. If fluorescent, the emission dipoles vi and Va are rotated from 

the absorption dipoles by an angle y. The heme plane tilt angle from the sur&ce normal 

is 6. The axis passing perpendicularly through the heme center is the major axis of 

symmetry for the molecule (D4h symmetry neglecting heme side chains). The degree of 

tilt of this axis from the sur&ce is described by p. Since this is the major symmetry axis. 
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the angle ^ is used in orientation calculations. The in-plane orientation is described by 

the azimuthal angle, ((>, the angle between the x and x' axes. The angle a is the angle 

between fXi and the x'-axis. Solving for the dichroic ratio as before: 

^TE 

1 
]N(0\\-^coep)^fidp 

^ fi=0 
, */2 »/2 
—E/ J A^(>^)(l+cos  ̂fi) sinj N(/Si} sin  ̂fi sin fidp 
^ fi=0 fi=0 

(2.3.11) 

Once again, the distribution of orientations is assumed to be narrow, i.e., N(3) is a delta 

function, so that: 

P = ^TE E -y 

l+cos^^J 

(2.3.12) 

From this equation, an expression for 3, the angle between the major axis of the heme 

and the surface normal, is obtained: 

 ̂= sin 
f:/+/p{2£,= -£/) (2.3.13) 
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For the orientation of the heme plane from the sur&ce normal, 6; 

(2.3.14) 

or simply: 0 = 90® - 3 (2.3.15) 

2.4. lOW-ATR 

2.4.1. Introduction. 

It was stated earlier that ATR is a method that can be used to probe absorbing 

monolayers that exist at the inter&ce of two immiscible phases, e.g. a protein monolayer 

adsorbed to a glass surface from a bulk solution. The entire discussion for ATR in the 

previous section was valid for a single reflection. However, for monolayer surface 

coverages of proteins with molar ectinction coefficients on the order of 10^ L/mol-cm, 

measuring statistically significant absorption values is difficult to impossible using a 

single reflection. This is due to the relatively low molar absorptivity and to the smjill 

amount of material present (1 monolayer of qt c is equal to about 1.8 X 10'̂ ' mol/cm^). 

Though it is obvious that the number of reflections per unit length is dependent on the 

thickness of the internal reflection element (IRE), as shown in Figure 2.7, even the use of 
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Figure 2.7. The reflection density is inversely proportional to the IRE thickness. 

an approximately 1 cm thick ATR crystal to provide more reflections does not improve 

the situation enough. When the thickness of the IRE is on the order of the wavelength 

of the light used, the IRE is called an Integrated Optical Waveguide (lOW) and the 

reflection density is approximately 1000 reflections/cm From this an overall sensitivity 

enhancement of three orders of magnitude relative to the I cm thick IRE is realized. The 

theory and application of lOWs are well known and reviews and papers describing lOWs 

are numerous.Using lOW-ATR, in situ absorbance measurements of adsorbed 

protein monolayers and submonolayers are possible. Saavedra and Reichert'̂  used lOW-

ATR to follow protein adsorption on a polystyrene lOW. Walker '̂ et. al. have used 

lOWs for orientation measurements of cyt c on glass surfiices using both ATR and 
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Waveguide Raman Spectroscopy (WRS). An lOW is simply a spedai type of IRE and 

the theory and equations developed in section 3.3 are applicable here. 

2.4.2. Waveguide Coupling Methods. 

Using Snell's Law, it is obvious that it is impossible to generate a totally internally 

reflected beam by coupling light from a lower index to higher index medium. Two 

methods are generally used for the coupling of light into an lOW: grating and prism 

coupling. For a grating coupler, the grating may be fabricated on the surface of the 

waveguide or on the upper surface of the substrate prior to waveguide deposition. 

Coupling is achieved by matching the propagation vector of a waveguide mode to the 

propagation vector of one of the diffiacted orders from the transmission grating. 

Grating couplers can be febricated photolithographically using the method described by 

Li et al./^ or can be pressed using a master grating. 

Prism coupling is achieved by pressing a high ind» prism against the lower index 

waveguide surface (rip > riwg). The mechanism of coupling is shown in Figure 2.8. Light 

is focused on the comer of the prism and undergoes total internal reflection. The 

evanescent wave produced at the reflection spans the gap between the prism and the 

waveguide, undergoing frustrated total internal reflection, and is coupled into the 

waveguide. The coupled light then propagates down the length of the waveguide. 

Saavedra and Reichert'̂  showed that higher coupling efiSciency is achieved if the ind» 
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of the medium existing in the gap between the prism and the waveguide is equal to the 

index of the medium covering the exposed waveguide structure. That is, if the 

waveguide is to be used in air, then the prism is simply pressed against the waveguide. If 

the waveguide is to be used with an aqueous cover, then the gap should be occupied by 

water. 

pnsm 
SSEl 

waveguide 

gap -100 mn 
Prism 

Waveguide 1-2 nm 

Substrate 

Figure 2.8. Prism Coupler. 
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2.4.3. Principles of lOW-ATR, 

Figure 2.9 is an illustration of light coupled from a high refractive index prism (%) into 

an low (TI2), 1-2 ^m thick, which is supported by a lower index glass slide (113) and is 

covered by a lower index medium (water or air, t)i). 

Wave 
100 ni 

Protein Rim ••§§>§•! 

Waveguide 1-2 um 

Detail 

Prism Laser 
Beam 

Waveguide Glass Slide Support 

Figure 2.9. Illustration of lOW-ATR. 

According to the ray optics approximation, at each reflection, an evanescent wave 

penetrates into the lower index medium and is attenuated by any absorbing molecule 



65 

either adsorbed to the waveguide or in the bulk solution within the penetration depth of 

the evanescent wave, hence the name lOW-ATR. 

Light coupled into a relatively thick IRE (1 mm), will propagate down the element over 

a broad range of incoupling angles. In contrast, interference between the multitude of 

totally reflecting light rays in a planar lOW restricts light propagation to a small number 

of discrete reflection angles (modes). This situation is depicted in Figure 2.10. 

Figure 2.10. Incoupled Intensity versus Incoupling Angle for a 1 mm thick IRE and an 
low. The outcoupled intensity is constant over a very broad angle for a thick IRE 
versus an lOW, in which light can propagate down the reflection element only at discreet 
angles. 

1 mm IRE 

Incoupling Angle, 6j 
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Light will propagate in the waveguide via total internal reflections only at internal 

waveguiding angles, 6;, which satisfy the following eigenvalue equation^*^; 

IK^d. -2tan-'(^,/^)-2tan-'(^3/^) = ImTt (2.4.1) 

where: K,„ = {/, = (2)rM)(|iV '̂ - (2.4.2) 

(2-4.3) 

and the effective index, Netr, of the system is: 

= Tj^ sin6> = sin^cosQ + sinQ^7^^ - rj^ sin^ ^ (2.4.4) 

and T[i is the refractive index of the i"* medhim. The thickness of the waveguide is given 

by dz and the mode number by m. The external coupling angle, q), is the angle between 

the normal to the prism face and the beam incident on the prism &ce for a given mode, 

and Q is the acute prism angle. The first term in equation 2.4.1 represents the phase 

shift due to the waveguide material itself while the second and third terms represent the 

phase shift the light undergoes upon reflection off the waveguide/superstrate and 

waveguide/substrate interfaces, respectively. The propagation of light in a wav^uide 

can be described by two models: a wave model or a ray optics model. 
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Wave Model for lOW-ATR. The propagation of light in a waveguide is more 

accurately described using a wave model. The distribution of light energy in an lOW is 

not spatially homogeneous, rather it varies sinusoidally depending on the mode number 

As an example, using the equations outlined by Bohn,^^ the data developed by Saavedra 

and Reichert'̂  for a three layer, 1.4 ^m thick, three mode polystyrene waveguide can be 

used to plot the energy distribution of light in an lOW. In Figure 2.11, the squared 

electric field amplitude is plotted versus z, the axis normal to the surface where the 

interface between the substrate and the waveguide is z = 0. Although not used in 

calculations for this work, the wave model offers an &cact solution for the propagation of 

light down an lOW. 

Ray Optics Model for lOW-ATR The ray optics approach is similar to that shown for 

ATR in section 2.1. The difference is that now there are thousands of reflection per cm. 

Although this model uses approximations to calculate the necessary waveguide 

parameters, as opposed to the exact solution of the wave model, it has been shown that 

the model is in good agreement for experimentally relevant conditions (monolayer 

thicknesses on the order of 3 nm and molar absorptivities in the range of lOOO-SOOOO).^^ 



m = 2 m = 1 
Superstrate 

1.4 m = 0 

Waveguide 

0.0 

Substrate 

Figure 2.11. E-field distribution in a three mode lOW for m = 0, 1,2 
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This model assumes that the propagating modes reflect oflT each inter&ce at an internal 

waveguiding angle given by: 

e, = sin"'[(77^/7fc)sin(sin"'(sin9>)/17,) +n] (2.4.5) 

The equations for \Jli and the depth of penetration (dp) are similar to those given for 

ATR, simplified for lOW-ATR: 

rvi 

1 

—
 ̂1 

1 

1 

TE 1 
1 5
?
 

1 

r, 2 
ni 

1/2 

(2.4.6) 

TM 'A (2.4.7) 

(2.4.8) 

where Neff is the effective index for a given mode. Once again, since these equations are 

only valid for a two-phase system, use of them is based on the two-phase approximation. 

Since there are now mai^ thousands of reflections, a modified ray optics model is 

necessary to calculate the number of reflections per unit distance. The modification is 
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necessary due to the results of an experiment performed by Goos and Hanchen.^ In 

their experiment, light was totally internally reflected down an ATR element. A center 

strip of the IRE was metallized. As described earlier, an evanescent wave is produced 

upon total internal reflection off a glass/air inter&ce. When the reflective sur&ce is a 

metal, however, no evanescent wave is produced. The experiment showed that the beam 

portion propagating in the un-metallized section of the IRE was displaced relative to the 

beam totally internally reflected ofif the metallized area. The beam displacement is 

depicted in Figure 2.12. 

incident 
beam 
displacement 

reflection 
metal surface 

reflection 
glass surface 

air 

Figure 2.12. Goos-Hanchen Shift. 

Goos and Hanchen demonstrated that light is displaced upon total internal reflection ofif 

a glass/air interface and therefore developed correction &ctors to calculate the effective 
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thickness, heff, of the waveguide due to reflections at the waveguide-superstrate and 

waveguide-substrate interfaces: 

(2.4.9) 

(2.4.10) 

^\JE (2.4.11) 

; (2.4.12) 

~ 

2 \T ^ 
+ ̂ ^-1 2 ^2 

nz 
(2.4.13) 

where: dj is the measured waveguide thickness, and xi and xs are the Goos-Hanchen 

correction factors for the thickness. The reflections/mm are then given by: 

R[mm = 
(t'-v)' 

4000 (2.4.14) 
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The equations developed in section 2.3 for the orientation of a linear and a circular 

dipole may be used in lOW-ATR with one exception. Section 2.3 dealt with a single 

reflection. Therefore, the dichroic ratio must be corrected for the number of reflections 

in TE versus TM polarization: 

Orientations of linear and circular dipoles may now be calculated as outlined in section 

2.3 using lOW-ATR. 

2.4.4. Measurement of Absorbance with lOW-ATR. 

The absorbance of light from a guided mode by adsorbed and dissolved species has been 

measured using two methods. The first method is to outcouple the beam fi'om the lOW 

using a second prism. A detector such as a photodiode can be used to measure the 

intensity of the outcoupled beam with no absorbing species present (the blank). Upon 

measuring the attenuation of the beam due to absorbing molecules, the absorbance can 

then be calculated. 

The second method of measuring absorbed light from a guided mode is to measure the 

decrease in light intensity as the beam propagates down the waveguide, i.e., the 
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waveguide loss. The loss in a waveguide can be related to a typical UV-Vis absorption 

measurement if the waveguide is simply thought of as a long cuvette. The beam passing 

through a UV-Vis cuvette is attenuated as it passes through the absorbing solution at a 

rate per unit distance equal to the molar esctinction coefficient multiplied by the 

concentration of the solute (this is the loss coefficient, a). If visible, as is the case when 

the absorbing species also fluoresces, the beam would resemble that in Figure 2.13, 

decaying in intensity as it passes through the absorbing solution. 

cuvette 

Figure 2.13. Attenuated Beam in UV-Vis Cuvette. 
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In a like manner, the guided mode decays in intensity due to absorbing species and 

scattering with a loss coefficient, a. 

As discussed earlier, the intensity of a beam reflected off an IRE/superstrate interface 

will be less than the intensity of the incident beam if absorbing molecules are present 

within the evanescent field. However, this is not the only source of beam attenuation in 

waveguide spectroscopy. Two different processes contribute to the loss of power 

between the incoupled and outcoupled beams.^ Consider an lOW with ideal total 

internal reflections, the waveguide material is transparent and completely homogeneous, 

and the media surrounding the waveguide structure (including substrate, superstrate, or 

adsorbed material) is non-absorbing. For this case, the intensity of the outcoupled beam 

would equal that of the input beam. In fact, the beam as it propagates in the lOW would 

not be visible at all. However, scattering due to heterogeneities in the waveguide 

material and imperfections in the sur&ce make the beam visible when viewed normal to 

the lOW. Scattering and absorption due to the waveguide material itself are partially 

responsible for lo < I;. This source of beam attenuation is intrinsic to the waveguide and 

is called the waveguide loss (Owg). When absorbing species are present within the 

penetration depth of the evanescent wave for an lOW (adsorbed and in bulk solution), 

the light attenuation is increased so that the total loss (ar) is equal to the sum of the 

intrinsic waveguide loss (o^,), the loss due to the thin film on the surface (Of), and the 

loss due to the bulk solute (Ob): 
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Or +<%+«/ (2.4.16) 

The loss due to only the waveguide, Omg, can be measured initially with no absorbing 

molecules present. Upon introduction of a chromophore to the surface and superstrate, 

the total loss, which includes Owg, Ob, and is measured. The bulk contribution can be 

calculated using the ray optics principles already described to give the contribution of the 

surface bound film to the total loss coefficient; 

Alternatively, the bulk solution can be flushed with a buffer which contains no absorbing 

species so that there is no contribution fi-om this source to Or. In this situation: 

Since a is proportional to absorbance. A, the loss coefficient of the waveguide can be 

measured and the dichroic ratio calculated as in equation 2.3.1: 

af=ar-a^-a^ (2.4.17) 

af=ar-a^ (2.4.18) 

(2.4.19) 
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where a-m and oim are the loss coefficients measured in TE and TM polarizations. 

2.4.5. Waveguide Fabrication. 

As is evident from the preceding discussion, satis&ctory waveguide performance 

requires: 1) the refractive index of the lOW must be higher than both the superstrate 

and the substrate; 2) scattering due to sur&ce irregularities or heterogeneities in the 

waveguide material must be kept to a minimum; 3) in most cases, absorption of light by 

the waveguide material is undesirable, i.e., the waveguide should be optically 

transparent; 4) the thickness of the waveguide must be on the order of the wavelength 

of light to produce interference effects. Waveguide fabrication techniques are varied and 

the method chosen will depend on the application, waveguide quality necessary, and 

cost. 

The techniques most important for our work include Chemical Vapor Deposition 

(CVD), and a dip coating process using sol-gels. In CVD, process gases are flowed over 

the substrate at high temperature, depositing the thin film atom by atom. Since high 

temperature can cause some contamination due to possible vaporization of solids within 

the deposition chamber, a plasma field is sometimes used to lower the activation energy 

of material to be deposited (Plasma Enhanced Chemical Vapor Deposition, PECVD), 

which allows the use of lower temperatures. The SiO^Ny waveguides used in our 
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experiments were produced at the Microelectronics Center of North Carolina (MCNC) 

using PECVD. 

Sol-gel waveguides are made by vertically dipping a clean substrate into a sol-gel 

solution and densifying the film by heating in a tube furnace. Yang^ has produced sol-

gel waveguides with loss values of <0.1 dB/cnL Advantages to sol-gel waveguides are 

that the materials are very cheap, high quality lOWs are easily produced, and the 

possibilities for a variety of applications are vast. 

2.5. FLUORESCENCE ANISOTROPY. 

The concept and development of fluorescence anisotropy is dealt with My in Paul 

Edmiston's dissertation.'̂  For our purposes, a brief overview will be presented. As 

discussed in Chapter two, the orientation of a linear or circular absorption dipole can be 

determined using linear dichroism. Recall, however, that the limitation was that only the 

average orientation of a large ensemble of molecules was measured. The distribution 

about the mean, assumed to be narrow due to the lack of a complementary method, was 

not known. A second independent method must be used in conjunction with linear 

dichroism to determine both the average orientation and the distribution. 

The steady-state anisotropy is defined as: 
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(2.5.1) 

where ly and Iz are the enussion intensities for excitation light polarized along the y-axis 

and z-axis excitation, shown in Figure 2.6. The fluorescence intensities measured can be 

related to orientation of a circular dipole, P, by the following equations; 

where y is the angle between the absorption and emission dipoles of the fluorophore. 

These relationships are valid if several assumptions are made; 1) for a circular dipole, 

absorption intensity is randomized in the heme plane (|jLi=|i2), 2) the fluorescence is 

collected by a low numerical aperture objective so that emission intensity is proportional 

to the projection of the emission dipole v; on the x-y plane (see Figure 2.6), 3) the 

detection system exhibits zero polarization bias, 4) no emission depolarization results 

from molecular motion or intermolecular energy transfer during the excited state lifetime, 

5) there is no x-axis excitation and 6) the angular distribution of absorption and 

emission dipoles is isotropic with respect to (|> and a. Regarding assumptions 3 and 5, 

measures are taken to account for any polarization bias and corrections are made to 

(2.5.2) 

(2.5.3) 
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eliminate the dependence on the sniall amount of x-axis excitation in TM polarizatioiL 

The measured anisotropy is related to the angular distribution NO) by the following 

equations: 

xtl 
J J +cos" ̂ )(cos  ̂y + sin" y cos  ̂ sin pdfi 

y  ̂ 0 

E ^ ~  2  
'  \N[p]^pdp 

(2.5.4) 

1^ 
E} 

«/2 
jAr(A)(sin= /9)(sin  ̂y + cos* y cos  ̂ft) sin pdfi 

7ii (2.5.5) 
\N(p)^npdfi 

A Gaussian distribution of orientations is assumed, so N(p) takes the form: 

iV(;9) = exp 
IP. 

(2.5.6) 

Fmally, upon performing LD and anisotropy measurements on a thin film of absorption 

dipoles, equations 2.3.11, 2.5.4, and 2.5.5 can be used to solve for 3^ and pc 

simultaneously. 
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3.1. INTRODUCTION. 

In the process of determining orientation and distribution, several procedures were used 

repeatedly. This chapter outlines procedures used in each phase of the work to eliminate 

the redundancy of listing them in each section. In regard to a general experimental 

procedure, the first two steps are; 1) to perform an adsorption isotherm to determine 

the bulk protein concentration necessary to produce a protein monolayer on a given 

surface, and 2) to measure the loss coefBcient and the dichroic ratio as a function of 

time to insure that the amount of protein adsorbed and the orientation of that protein 

does not change after a given amount of time. The measurement of the loss coefficient 

and the acquiring of an adsorption isotherm are performed as described in the following 

sections. 

3.2. LOSS MEASUREMENTS. 

A diagram of the experimental setup for measuring dichroic ratios is shown in Figure 

3.1. 
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Ar-ion 
Beam Path 

3 ? 

Dye Laser 
Beam Path 

6 

-L_z: 

Figure 3.1. Instrumental setup for measurement of Dichroic Ratio. By number in the 
diagram: 1, Coherent Innova-70 Ar* laser, 2, Coherent 599 dye laser; 3-6, 12, mirrors 
(Daedal); 7, shutter (Uniblitz, Model D122); 8, 10, (Man polarizers (CVI, Newport); 9, 
Half-wave plate (CVI FRV-2 BBAR Vis X/2 Fresnel Rhomb); 11, iris; 13, Lens 
(Newport, 30 cm PL); 14, NEAT rotary stage RT-8-SM; 15, NEAT 310M rotary stage 
controller, 16, NEAT 620 rotary stage encoder display; 17, IBM-XT computer; 18, laser 
power meter (Metrologic 45-540); 19, TE cooled CCD (Princeton Instruments 

TE/CCD-512TK/1); 20, shutter controller (Uniblitz, Model D122); 21, CCD controller 
(Princeton Instruments ST-135); 22, Power Mac 7100/66 computer; 23, waveguide-
flowcell assembly. 

The flow cell has been described by Saavedra and Reichert '̂ and is shown in Figure 3.2. 
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Figure 3.2. Diagram of flow cell used for lOW-ATR experiments. 

This figure is a stacked view of the flow cell, which consists of a base plate (aluminum) 

supporting the waveguide on a glass superstrate, a gasket to allow a volume space, and 

an upper plate (clear or black Lucite). Two prisms were cemented into the upper plate 

with silicone RTV; this allows the prisms to be pressed against the waveguide while 

sealing the flow cell. A large window was cut into the base plate to allow the guided 

mode to be viewed from the back. The flowcell assembly was mounted on a rotary stage 

which allowed it to be rotated relative to a stationary S14.S nm laser beam from a 

Coherent Innova 70-S argon ion laser. The beam was launched into the highest order 

mode of the waveguide that was supported by both TE and TM polarizations through an 

SF6 coupling prism that had been glued into the flow cell and pressed against the 

waveguide. The incident power of the laser beam was typically 2-3mW with exposure 
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times generally ranging from 1-S seconds. The input polarization was selected using a 

combination of CMan laser polarizers and a half-wave Fresnel rhomb. The Fresnel rhomb 

is used as a polarization rotator. Therefore, if the source beam is TM polarized, the 

rhomb can be used to rotate the polarization 90 degrees to output TE polarized light, or 

180 degrees to output TM polarization. As the beam input into the rhomb is not 

completely polarized, and because the itomb itself is not 100% efBcient, a Glan laser 

polarizer is placed after the half-wave Fresnel rhomb to clean up the beam polarization. 

A polarizer is also placed before the half-wave Fresnel rhomb and used as an attenuator. 

The guided mode, or streak, visible in the waveguide was then photographed through a 

window in the lower housing of the flow cell using a CCD camera mounted normal to 

the waveguide surface approximately 8 inches from the waveguide. The CCD camera 

was fitted with a 50 nmi camera lens. At least three images were obtained in each 

polarization for every sample to be used in subsequent averaging. An attenuation curve 

was generated by plotting the log of the intensity of the guided mode streak as a function 

of the horizontal distance of propagation, typically 3-4 cm These curves were fit using a 

least squares linear regression to log[I(x)] = otx + C where I(x) is the vertically averaged 

pixel intensity as a flmction of distance, x is the propagation distance in centimeters, a is 

the loss coe£5cient in cm*\ and C is a constant. The process of meaairing loss 

coefi5cients is depicted in Figure 3.3.^° 
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Figure 3.3. Measurement of Loss CoefBcients. 

Integrated optical waveguide experiments were initiated by injecting a buffer solution 

into the flow cell. Following a 30 minute equilibration period, the intrinsic loss due to 

the waveguide with an aqueous cover was measured by acquiring images of the guided 

mode in both TE and TM polarizations. 

A protein solution (35-50 iiM) was then injected into the flowcell and the system was 

again allowed to stand (typically for 30 minutes), after which time the loss in both 

polarizations was measured. The slopes of the attenuation curves measured with buffer 
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in the flow cell were and the respective TE and TM intrinsic loss values for the 

waveguide with a transparent aqueous superstrate. These measurements have the same 

significance as a blank measurement in a conventional UV-Vis spectrophotometer. Once 

protein has adsorbed to the waveguide surface, the total loss coefiBcients, termed 

and are measured. These represent the sum of intrinsic waveguide loss, bulk 

protein absorption, and adsorbed protein film absorption. The loss contribution due to 

the bulk protein can be calculated with knowledge of the physical parameters of the 

waveguide and ray optics approximations as described in Chapter two. The loss due 

solely to the adsorbed protein film can therefore be calculated by subtracting the bulk 

absorbance contribution fi'om the total loss measured to give and a^. Since the film 

loss coefBcient, is proportional to the absorbance due to the thin protein film, the 

dichroic ratio p is given by the ratio of the thin film loss coefficients (P=[ani/aOT])-

3.3. ISOTHERM MEASUREMENTS. 

Adsorption isotherms were generated in order to determine what bulk protein 

concentration was necessary to produce monolayer surface coverage. A conventional 

isotherm is derived by using a new surface on which no protein has adsorbed for each 

bulk protein concentration. Therefore, for each solution, the protein contacts a fresh, 

undisturbed surface. The drawback to this method is that it is very time consuming 
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A step adsorption isotherm uses a single adsorbent sur&ce with the isotherm developed 

by beginning with the lowest bulk protein concentration, noting the signal to be 

measured to determine the amount bound, and then introducing the next higher 

concentration bulk protein solution. In the interest of time, the step adsorption method 

was used to generate adsorption isotherms. The drawback of this method is that except 

for the first solution, the protein in subsequent solutions sees a surface that has been 

altered by adsorbed proteins and possible conformational changes.'̂  

Step adsorption isotherms were generated by injecting a series of protein solutions of 

progressively increasing concentration into the waveguide flow cell. After the 30 minute 

incubation period, the loss coefficients for both TE and TM polarizations were measured 

for each successive solution. The loss coefficient was then plotted as a fimction of the 

protein concentration. Using a non-linear fitting program, one can also make a 

quantitative comparison of protein adsorption on different surfaces. By applying the 

non-linear fitting algorithm to the Langmuir model, the affinity constant obtained fi-om 

such a fit can be used to compare protein adsorption to various sur&ces. The 

concentration of the protein solution in the area where the adsorption isotherm reached a 

plateau was then used in subsequent single concentration experiments. 

In addition to learning what protein concentration will produce the maxinmim surface 

coverage for a given sur&ce, since the loss coefficient for each protein concentration 
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was measured using both polarizations, the dichroic ratio of a given protein can be 

examined as a function of surfece coverage. 

It was also necessary to determine if the amount of protein adsorbed and the dichroic 

ratio changed as a fimction of time, that is, to determine the amount of time necessary 

for the protein adsorption process to reach steady state. The necessary time was 

determined by injecting the flow cell with the concentration of protein determined by the 

adsorption isotherm plateau value and measuring the TE and TM loss coefiBcients as a 

function of time. 

3.4. SURFACE COVERAGE DETERMINATION. 

Following the steps necessary to produce monolayer films and to establish a time after 

which a steady state is reached in the protein adsorption process, it was necessary to 

determine the actual surface coverage of protein adsorbed under a given set of 

conditions. Two methods were used to determine protein sur&ce coverages, namely a 

surfactant desorption assay for cyt c and the hemochrome assay for Mb. 

3.4.1. Surface Coverage Determination of Cyt c using Surfactant Desorption. 

Determination of the surface coverage of cyt c on bare and DDS sur&ces was performed 

using a surfactant desorption method. The glass surfaces were prepared as described in 
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section 4.2, with the exception that glass beads were used instead of glass slides. 

Hydrophilic bare glass beads were prepared by soaking in an 80° C chromic acid bath for 

20 minutes. The beads were then rinsed with deionized water (Type I Reagent Grade) 

and rehydrated by soaking in I M nitric acid for 24 hours. The beads were again rinsed 

with DIW and dried. Hydrophobic DDS silanized beads were produced by silanizing the 

bare glass beads in 2% DDS in toluene for 2 hours. Upon silanization, the beads were 

then rinsed sequentially with toluene, toluene/ethanol, ethanoL, ethanol/water, and water. 

Finally, the hydrophobic beads were dried. 

Glass beads (3 mm +/- 10%) were purchased from Baxter. The sur&ce area of a given 

amount of beads was calibrated by calculating the surface area of a given bead using a 

diameter of 3 mm and then weighing a known number of beads to calculate surface area 

per gram of beads. 

The necessary volume of cyt c in buffer was added to the glass beads in a vial to give the 

identical solution volume/glass surface area used in the integrated optical waveguide 

experiments. The beads were incubated with the protein solution for thirty minutes. 

Aiter this time, the beads were rinsed with buffer. 

The protein adsorbed to the glass sur&ces was removed with a 2% solution of the 

surfactant PCC-54 in bufier. 10 mi of 2% PCC-S4 was added to a clean vial containing 

the protein coated beads. The beads were sonicated in this solution for approximately 1 
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hour. After this time, the absorbance of the solution was measured at 406 nm. The 

molar absorptivity of qt c in 2% PCC-54 was measured previously in our lab (122,000 

1/mol-cm, 406 nm). This value was used to calculate the concentration of cyt c desorbed 

from the glass beads. Sur&ce coverages on bare and DDS sur&ces were calculated by 

ratioing the amount of desorbed protein to the aggregate surface area of the glass beads, 

under the following assumptions: 1) the sur&ce roughness of the glass beads was 

equivalent to that of the planar substrates used for orientation distribution measurements, 

2) the post-adsorption rinse in buffer did not remove adsorbed protein, and 3) the 

desorption of adsorbed cyt c in 2% PCC-54 was quantitative. 

3.4.2. Surface Coverage Determination of Mb using Hemochrome Assay. 

The heme group in Mb is not covalently attached to the sunoimding protein. Therefore, 

the basic approach in determining the sur&ce coverage of Mb using the pyridine 

hemochrome assay is to adsorb the protein, denature the adsorbed protein and remove 

the exposed heme using the hemochrome solution, and calculate the protein surface 

coverage based on the quantitative removal of the heme from all adsorbed proteiiL^ 

The surface area of a given amount of beads was calibrated as described above. 

Hydrophilic and hydrophobic surfru^s were prepared as described previously. 
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The necessary volume of Mb in buffer was added to the glass beads in a vial to give the 

identical solution volume/glass surfiice area used in 10 waveguide experiments. The 

beads were incubated with the protein solution for thirty minutes. After this time, the 

beads were rinsed with buffer. 

The protein adsorbed to the glass beads was denatured with a 1:1:3.5 (v/v) mixture of 

pyridine, O.SM NaOH, and phosphate buffer. Ten ml of this solution was added to the 

rinsed, protein coated beads. The solution was separated from the beads and the 

absorbance was measured within 10 minutes and converted to Mb concentration using a 

molar absorptivity of61,3601/mol-cm at 400 nm (our determination) for Mb dissolved in 

the hemochrome solution. Upon determining the heme concentration, the protein 

surface coverage was calculated. 

3.5. MEASUREMENT OF ORIENTATION DISTRIBUTION. 

The final step in the general experimental protocol is to determine the orientation 

distribution of the adsorbed protein film using lOW-ATR as described in section 3.4. In 

the cases where the distribution was not assumed to be narrow, fluorescence anisotropy 

was used as follows to determine the distribution. 

TIRF anisotropy measurements were performed using an instrumental 

arrangement and procedures described previously.^^ The slide was mounted on 



a Nikon Diaphot inverted microscope. The output from a laser was launched 

into the slide at an inddent 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 I mW. 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 onto a 

liquid nitrogen cooled CCD camera (Photometries). Intensity measurements 

were made by summing the pixel intensities over the spot area, typically 100x200 

pixels, using 5x5 binning and integrating for 1-5 seconds. 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, switching polarization in the order TM, TE, TE, TM. 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 TM and TE intensity values. These values were subsequently corrected for 

polarization-dependent differences in laser power and the non-zero x-axis 

component of TM excitation as shown by Edmiston. '̂'̂  Fluorescent intensities 

ly and Iz were then used to calculate the anisotropy as described in section 2.5. 
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CHAFTER4 

CHEMISTRY OF EXPERIMENTAL SURFACES 

4.1. INTRODUCTION. 

Orientation distribution measurements were performed on a number of different surfaces 

with two major types of protein-sur&ce interactions in mind: 1) bydrophilic-hydrophilic 

or hydrophobic-hydrophobic, and 2) electrostatic. To investigate the dependence of 

orientation on the hydrophilidty and or hydrophobicity of the sur&ce, measurements 

were performed for cyt c and Mb on bare glass (hydrophilic) and DDS silanized 

(hydrophobic) waveguide sur&ces. For this class of experiments, high salt solutions (50 

mM phosphate buffer, 100 mM NaCl) were used to reduce the number of electrostatic 

interactions between a charged protein sur&ce and a charged adsorbent sur&ce. 

In order to investigate the dependence of orientation distribution on electrostatic 

interactions between the protein and the adsorbent surface, experiments were performed 

using cyt c, which is known to have a large dipole moment (325 Debye) due to a 

clustering of positive lysine residues on the heme crevice side of the protein and of 

negatively charged amino acid residues on the opposite side/^ Relatively low salt 

concentration solutions (50 mM phosphate buffer, no NaCl) were used to encourage 

possible electrostatic protein-sur&ce interactions. The sur&ces used in these 

investigations were Langmuir-Blodgett films of arachidic acid, octadecanamide, and 

mixtures of these, to give adsorbent sur&ces with varying sur&ce charge density. 
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4.2. HYDROPHnJC AND HYDROPHOBIC GLASS WAVEGUIDES. 

4.2.1. Bare HydrophOic Waveguides. 

Bare hydrophilic glass waveguides were prepared from silicon-OT^nitride waveguides 

&bricated by plasma-enhanced chemical vapor deposition on fused silica substrates at the 

NGcroelectronics Center of North Carolina as described previously.^" These waveguides 

are 1-1.5 {im thick and support 2-3 guided modes. Clean, bare waveguides were 

obtained by scrubbing the surface with a 2% solution of PCC-54 (Pierce) using a piece 

of cotton. After rinsing with deionized water, the waveguides were soaked in an 80° C 

chromerge bath for 20 minutes, rinsed with deionized water, soaked in IM nitric acid to 

rehydrate the glass sur&ce, and finally rinsed once again with deionized water. The 

waveguides were then either blown dry with filtered nitrogen or dried in an 80° C oven 

for two hours and stored in a sealed container until use. 

4.2.2. DDS Silanized Hydrophobic Waveguides. 

DDS silanized hydrophobic waveguides were prepared by silaniTing the bare gl^s^ 

waveguides described above. Toluene was distilled over elemental sodium to remove 

water. Benzophenone was used as an indicator of the presence of water, and the 

solution was purple in the absence of water. Dichlorodimethylsilane (DDS, Aldrich, 

2mi) was added to the dry toluene to give a 2% DDS solution in toluene. Clean, dry, 

bare waveguides were then placed in this solution for two hours. Dry nitrogen was 
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bubbled through the solution during the silanization procedure, which was performed in 

a nitrogen-fiUed glove bag. The waveguide was then rinsed sequentially in toluene, 

toluene/ethanol, ethanol, ethanol/water, and water, followed by either drying in an oven 

at 80° C for two hours or blowing dry with nitrogetL 

4.2.3. Characterization of Hydrophilic and Hydrophobic Glass Surfaces. 

Following the preparation of the hydrophilic and hydrophobic glass sur&ces, wettability 

of the surfaces was characterized by measuring the static water contact angle using two 

methods; 1) several 20 ^1 drops of water were applied to separate spots on each 

prepared surface. The contact angle was then measured using the goniometer setup 

shown in Figure 4.1. First, the crosshair on the eyepiece was lined up with the substrate 

surface. 

Sample 

Focus 

/ \ 
Figure 4.1. Goniometer Setup for Contact Angle Measurement. 
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The angle measurement read from the scale was then recorded; this was the "zero" 

reading. After aligning the crosshair with the water drop where it touched the surface, 

the contact angle was calculated by deference. 2) Use of a CGD camera to make the 

contact angle measurements was performed by the same principle. Several drops were 

applied to the surface and a picture of the drops and sur&ce was taken. Software then 

allowed the determination of the contact angle by first enlarging the picture to make the 

contact between droplet and sur&ce more visible and then drawing the angle observed 

on the computer screen. The goniometer and CCD camera methods for measuring 

contact angles have been shown ocperimentaUy to give similar results when used to 

measure static water contact angles on hydrophilic and hydrophobic glass sur&ces. The 

contact angles measured using the goniometer and the CCD for the hydrophilic surface 

were 10® ± 6° and 22® ± 5®, respectively. Although the results obtained from the two 

different methods do not agree exactly, contaa angles on clean, hydrophilic surfaces are 

difficult to read, and both results indicate a very hydrophilic surface. For the 

hydrophobic sur&ce, the contact angle measured using a goniometer was 88° ± 1°; the 

angle measured using a CCD was 91® ± 3®. The two different methods of measuring the 

contact angle agree and the results indicate a hydrophobic glass surface. 
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4J. LANGMUIR-BLODGETT FILMS. 

4.3.1. Introduction. 

As stated earlier, one Iqrpothesis of this work is that the ability to produce ordered 

adsorbed protein films may be dependent on the quality of the adsorbent surface. 

Therefore, the sur&ce chosen must be ordered and well characterized. For purposes of 

analyzing protein orientation on various surfaces, it would also be helpful if the substrate 

could be methodically changed to study effects on protein adsorption. Langmuir-

Blodgett (LB) films meet these requirements. Under the correct conditions, this method 

has been shown to produce very ordered Langmuir-Blodgett films, and the manner in 

which LB films are produced makes the method useful for producing surfaces o^ for 

example, varying sur&ce charge density. Ulman's An Introduction to Ultrathin Qrganir. 

Films provides sufBcient background to the theoiy and methodology of Langmuir-

Blodgett films.'* 

4.3.2. Principles of Langmuir-Blodgett Films. 

Langmuir-Blodgett fihns are composed of amphiphiles, molecules which contain a 

hydrophilic "head group" and a hydrophobic "tail". An example of an amphiphile is 

arachidic acid (AA), shown in Figure 4.4. When the amphiphile is deposited on a water 

subphase, the head group is preferentially immersed in the water and the tail 

preferentially resides in the air. If a barrier compresses the group of amphiphiles 

together, as shown in Figure 4.2, the thin film progresses fi'om a disordered gas-like 
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phase, through liquid and solid phases, until finally the sur&ce pressure becomes so great 

that the film collapses (the pressure at this point is called the critical pressure, iCc)- This 

Figure 4.2. LB Fihn Formation. 

process is depicted in a typical Pressure-Area Isotherm shown in Figure 4.3, where the 

surface pressure due to compression of the amphiphilic film is measured as a fimction of 

the area per molecule or total area of the trough in fi-ont of the barrier. LB films were 

deposited on a solid substrate by passing the sur&ce (a glass slide or waveguide) 

vertically through the film while the barrier maintained a constant surface pressure. 
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Figure 4.3. Typical Pressure-Area Isotherm for a Langmuir-BIodgett Film. 

4.3.3. Materiak and Methods. 

The amphiphiles used were: 1) arachidic acid (AA), a C-20 carboxylic acid terminated 

hydrocarbon; 2) octadecanamide, a C-18 amide terminated hydrocarbon; and 3) 

octadecylamine, a C-18 amine-terminated hydrocarbon. Each was purchased from 

Sigma. The structures of the amphiphiles are shown in Figure 4.4. Chloroform (99.9%, 

#27063-6) was purchased from Aldrich. The fluorescent amphiphiles l,r-dioctadecyl-

3,3,3',3'-tetramethylindocarboq'anine perchlorate (DO) and 2-(4,4-difluoro-5-methyl-4-

bora-3a,4a-diaza-s-indacene-3-dodecanoyl)-l-h«cadecanoyl-sn-glycero-3-

phosphocholine (BODIPY) were purchased from Molecular Probes. Zn-TOPP was 

synthesized in our lab as described in eariier publications.^^ 
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DDS silanized glass sui&ces, prepared as described in section 4.4.2, were used as the 

substrates for LB film deposition. Spreading solutions of each amphiphile (Arachidic 

acid, Octadecanamide, Octadecylanoine) were prepared by dissolving Img/ml of the 

given amphiphile in chloroform. Prior to deposition, the NIMA Technology Model 611 

LB trough was filled with IM NaOH for 24 hours. The trough was then rinsed 

thoroughly with deionized water, cleaned with isopropyl alcohol, and rinsed again with 

deionized water. The films consisted of three layers: the first two layers were cadmium 

arachidate, deposited to smooth out any substrate surface irregularities. Cadmium 

arachidate layers were deposited using a cadmium chloride (O.OOOS M, pH 6.5-7.0) 

subphase. Y-type deposition of the first two layers was accomplished beginning on the 

down stroke using a surface pressure of 31 mN/m, a subphase temperature of 24° C, and 

a dipper speed of 4mm/min. Transfer ratios were typically 100% on the first layer and 

90% on the second. The amphiphile of interest for orientation experiments was then 

deposited as the third layer using a water subphase and a surface pressure of 27 mN/m in 

a "head group-out" orientation. The substrate was then released fi-om the dippii^ 

mechanism into a Teflon container that had been placed in the subphase prior to fihn 

deposition. This allowed the film to remain under water during subsequent 

manipulations, which prevented the destruction of the film due to exposure to air. 
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Figure 4.4. Amphiphiles used in Orientation Experiments. 

4.3.4. LB Film Characterization. 

The Pressure-Area isotherms for the three amphiphiles are shown in Figures 4.S, 4.6, and 

4.7. The isotherms show that the solid phase of each LB film is in the range of 20-40 

dynes/cm. Barrier creep tests described in the following text showed that the optimum 

deposition pressure for the CdA films was 27 dynes/cm, while for all other films the 

optimum deposition pressure was 31 dynes/cm The deposition pressure is critical. As 

Ulman explains/' at sur&ce pressures that are too low, no deposition to a solid substrate 

will occur, at sur&ce pressures that are too high, the stability of the film is limited. 
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Figure 4.5. Pressure-Area Isothenn for Arachidic Acid LB Film. 
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Figure 4.6. Pressure-Area Isothenn for Octadecanamide LB Film. 
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Figure 4.7. Pressure-Area Isotherm for Octadecylamine LB Film. 

Each amphiphile was chosen for the different charge it would have at pH 7.2. The pK, 

of a typical carboxylic acid in solution is 4.76. However, the pK. of an arachidic acid 

film which is bound to a sur&ce has been found to be significantly higher. Cheng et al. 

used ATR-FTIR to evaluate the acid-base properties of a carbo^^lic acid terminated 

silane self-assembled monolayer in-situ.^ Their study showed that the pK. of surface 

bound C-17 carboJQ^lic acid is approximately 7.5. At a pH of 7.2, the populations of the 

carboxylic acid and carbo?Qrlate species should be about equal and the sur&ce has an 

overall negative charge. Also, at pH 7.2, the octadecanamide surface is neutral and the 

octadecylamine sur&ce is positively charged. 
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Films of varying negative sui&ce charge were also produced by mixing AA and 

octadecanamide in various proportions. The Pressure-Area isotherm for a 50/50 mixture 

of AA and octadecanamide is shown in Hgure 4.8. 

M « e >1 40 --

S 3 _ 30 -
in 
s 
a. 20 -
« 
I i  1 0 -
(0 

400 200 250 300 350 
Area (sq. cm.) 

Figure 4.8. Pressure-Area Isotherm for AA/Octadecanamide LB Film 

One measure of the stability of a fihn is to measure how well the structure of the film is 

maintained while a surface pressure equal to that of the deposition pressure is applied by 

the barrier. If the film is unstable, it may fi}ld over on itself or be forced under the barrier 

and, since the barrier tries to maintain a constant surface pressure, it will ''creep" in or 

close as the film collapses. The sur&ce pressure measured on an LB trough will be 

relatively constant at an applied pressure for a stable film. Thus, a "barrier-creep" test 

measures the trough area as a fimction of time for a given applied surface pressure. This 
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test was performed for AA on five subphases; pure water, water adjusted to pH 9 with 

NaOH, pH 9 sodium phosphate buffer, cadmium chloride in water, and a SO/SO mixture 

of octadecanol and water. Results plotted in Figure 4.9 show that for a film of AA, 

subphases consisting of either CdClz (curve 5) or pH 9 buffer (curve 4) give the most 

stable films. This is presumably because subphases consisting of either Cd^ or the pH 9 

buffer offer a counterion which neutralizes the negative charge on the carboxylic acid 

terminated amphiphile, reducing repulsion effects. The barrier creep using a pH 9 NaOH 

subphase (curve 3) was also quite stable on the trough. Since this study sought to 

examine the effect of surface charge on protein orientation, neutralizing the charge on 

the AA film was undesirable, so a pure water subphase (curve 2) was examined. Again, 

as seen in Figure 4.9, there was slightly more barrier creep for this combination, but it 
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Figure 4.9. Barrier Creep Tests. 
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was acceptable. Finally, the use of a octadecanol/water subphase is obviously unsuitable 

(curve 1), as the slope of the barrier creep plot is approximately 10 times higher than 

when using Cd^ and twice that for a pure water subphase. This is due to: 1) the 

inability of the octadecanol/water subphase to effectively neutralize the negative charge 

of the carbo?Qrlic acid, and 2) the solubility of AA in the octadecanol/water mixture. 

The macroscopic quality of the LB films was qualitatively analyzed using epifluorescence 

microscopy. The goal was to generate films that were devoid of structural features. It 

was observed that incorporating Dil into CdA layers produced nonuniform films with 

large bright and dim domains (> SO |im), which may have been due to aggregation of 

probe molecules. The use of AA or octadecanamide as the predominant amphiphile 

largely eliminated this problem, meaning that the films doped with less than 1% fluor on 

a molar basis were macroscopically uniform For reasons stated in section 7.3, this 

procedure was not performed on the octadecylamine film 

Macroscopic order of LB films was evaluated by doping with one of t«vo fiuors into the 

AA film in separate experiments; Dil, a linear dipole, and Zn-TOPP, a circular dipole. 

Structures of both molecules are shown in Figure 4.10. 

Doping these fluorophores into the AA fihn allowed for the measurement of the 

orientation distribution of each and subsequent characterization of the AA fihn quality. 
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Figure 4.10. Structures for Dil, a linear dipole, and ZnTOPP, a circular dipole. 

As this experiment is described in more detail elsewhere,^ it will be briefly mentioned 

here only to support the &ct that the LB films produced were well ordered. When either 

Dil or Zn-TOPP is deposited onto an LB trough with AA, it was expected that they 

would incorporate into the film. Therefore, measurement of the orientation distribution 

of these molecules incorporated into an LB film should provide some information about 

the order of the surrounding LB film itself 

The mean angle measured for the orientation of the transition dipole of Dil in the AA 

film was 75° fi-om the surface normal. This value is similar to that measured by Ohta et 
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al for several carboc^aiime dyes codeposhed with AA in multflayer LB films.^ If one 

assumes that Dil is incorporated into the AA film with the major axis of the 

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 a value of 75° for the headgroup 

corresponds to a mean tilt angle of 15° between the polymethylene chain axis of the AA 

and the surface normal. This result is also consistent with previous work, most of which 

report values for tilt angles ranging fi-om 5® to 30°, although typically the first monolayer 

is tilted closer to 30° and is more disordered than subsequent layers, which are tilted at 

smaller angles.®®*The distribution of orientations measured here was only 12°, which 

is a very narrow distribution and indicates an ordered film. 

Similarly, AA fihns were doped with Zn-TOPP and the orientation distribution was 

measured. Studies of multilayer LB films prepared fi'om pure pyridinium porphyrin 

derivatives, using resonance Raman and electron spm resonance spectroscopies, have 

shown that the porphyrin plane is aligned nearly parallel to the fikn plane.^®'̂  The 

orientation distribution for Zn-TOPP doped into an AA LB film was 87° ± 2°. This 

indicates that the porphyrin plane lies parallel to the sur&ce as expected and that the film 

is very ordered. Thus, results indicate that the pure LB fihns used in protein orientation 

experiments produced well ordered sur&ces on which to conduct these experiments. 



108 

CHAPTERS 

MYOGLOBIN ORIENTATION ON GLASS SURFACES 

5.1. INTRODUCTION. 

In Chapter one, the motivation for studying protein adsorption and protein orientation 

was discussed. The fundamentals of protein structure and the role it plays in adsorption 

and orientation were also discussed. It was shown that the heterogeneous distribution of 

amino acids present on the surface of a protein suggests that adsorption to materials of 

differing surface chemistry will produce different bound orientations. Chapters two and 

three outlined the theory and methodology used to study orientation in monolayer to 

submonolayer sur^e coverages of weakly absorbing protein films. lOW-ATR coupled 

with fluorescence anisotropy was presented as a tool that allows such measurements. In 

the present chapter, the orientation of Mb on hydrophilic and hydrophobic glass surfaces 

is examined. 

5.2. MATERIALS AND METHODS. 

Waveguides were received firom MCNC, cleaned and prepared as discussed in Chapter 

three. Metmyoglobin 95-100%) fi'om horse heart was obtained fi'om Sigma, 

dissolved in 50 mM phosphate buffer (pH 7.2, 100 mM NaCI), and purified on a 

Sephadex G-25 gel filtration column. Protein concentrations were determined using a 

molar absorptivity of9730 M"*cm"* for Mb at 514.5 ran. Since Fe-Mb is not fluorescent. 
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Zn protoporphyrin DC was purchased from Aidrich and used as received to replace the 

Fe-heme group in the protein for fluorescence anisotropy studies. Production of Zn-Mb 

and subsequent verification of its viability was peiformed according to the procedures 

outlined in the paper by Edmiston et. al.*' The viability of the preparation was assessed 

by measuring the extent of binding to bovine hemin. Hemin (0.4 mM) was added to 0.2 

mM apoMb (szso = IS800 M*'cm'') at various hemin/apoMb concentration ratios to give 

a final volume of 6 mL in the phosphate bufier. The extent of the reaction was 

monitored by measuring the increase in absorbance at 408 mn. The results yielded a 

binding ratio of 1:1, consistent with fiill activity of the apoMb preparation. Zn-Mb was 

prepared by adding a 2-fold molar »cess of zinc protoporphyrin DC (ZnPP) to the 

purified apoMb solution, followed by dialysis against phosphate bufifer to remove excess 

ZnPP. The absorbance spectrum of the Zn-Mb product matched the spectrum published 

by Hamachi et. al.'° 

Fluorescence measurements on adsorbed Zn-Mb films were performed in a TIRF 

geometry using procedures and instrumentation described previously.'*^ Samples were 

excited using the 582 nm output of a Coherent 599 dye laser, in either TE or TM 

polarization. Fluorescence emission was collected normal to the substrate by a 

microscope objective, directed through a 635 nm bandpass filter (635DF55, Omega 

Optical), and deteaed with a liquid nitrogen cooled CCD camera. Adsorbed Zn-Mb 

films of relatively low surface coverage were prepared by incubating sur&ces with a 

solution of 5 |iM Zn-Mb. Higher surface coverage films were prepared by incubating 
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sur&ces with a solution that contained a 1:10 molar ratio of Zn-Mb:Mb with a total 

protein concentration of 35 |iM. Dfluting the 2^-Mb with Mb prevented ener^ transfer 

between adsorbed Zn-Mb molecules, which would depolarize emission and invalidate the 

results of the experiments. Surfaces were incubated with protein solutions for 30 

minutes and rinsed with SO mM phosphate buffer prior to measurement. 

The intrinsic anisotropy (ro) of Zn-Mb was measured at room temperature using a Spex 

Fluorolog fluorometer at excitation and emission wavelengths of 582 and 646 nm, 

respectively. The polarization bias of the instrument was measured at the same 

wavelengths using a dilute solution of rhodamine B in ethanol. At a concentration of 4 

|iM in 97% glycerol, ro of Zn-Mb was 0.118, from which a mean angle of 43° between 

the absorption and emission dipoles is computed.^^ The value of 0.118 in a right angle 

geometry corresponds to an ro of -0.0742 in a total internal reflection geometry 

(excitation is polarized along the y or z axes, and emission is detected along the z axis). 

Preparation of bare hydrophilic sur&ces and DDS silanized hydrophobic sur&ces was 

performed as described in Chapter three. Measurement of protein adsorption parameters 

(adsorption isotherm, steady state parameters, sur&ce cover^e, and average 

orientation) were also performed according to the General Experimental Protocol 

outlined in Chapter three. 
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5 .̂ RESULTS AND DISCUSSION OF MYOGLOBIN ADSORBED TO 
HYDROPHnJC AND HYDROPHOBIC GLASS SURFACES. 

5.3.1. Determiiiatioii of Steady State Parameters. 

InitiaL experiments were conducted to determine the incubation time required to reach a 

steady-state condition in the protein adsorption process. This was performed by 

injecting a Mb solution into the waveguide flow ceU and measuring the thin film loss 

coefBcient (ar) as a fimction of incubation time. In Figure 5.1, the thin film loss 

coefficient using TE polarization for Mb adsorbed to the surfaces fi-om a solution 

containing 30-35 )iM Mb is shown. On bare glass, a maximum loss coefficient was 

measured within a 30 minute incubation period; thereafter, relatively slight changes in the 

adsorbed amount were observed up to 250 minutes. 

1.20 

•S l.oo 
E X 
Q 0.80 

•2 
0.40 

! 
O0.20 

0.00 

1.04 

1.02 

1.00 
0 

1.00 

• X ost 
Q 

1 OX 
•5 OM 
S 

OM 
0S2 
0.90 

0.(« 
50 100 130 200 2S0 SO 100 ISO 200 2S0 

TlmeOnin) 

Figure 5.1. Loss and Dichroic Ratio versus time for Mb on (Hass (Squares/Bare, 
Cu-cles/DDS). 

On the DDS silanized glass, a maximum amount of Mb was adsorbed after 30 minutes. 

The fact that the normalized loss coefficient deaeases with time could be due to three 
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things: 1) the amount of protein adsorbed to the sur&ce decreases with time, 2) the 

orientation of the adsorbed protein changes as a fimction of time, 3) the conformation of 

the adsorbed protein changes, or 4) as more protein is adsorbed to the surface, the 

overall average orientation of the protein film is changed. 

It was also necessary to determine if the dichroic ratio of the heme changed after e 

amount of adsorbed protein reached a steady state. This was addressed by measuring 

the dichroic ratio, p, as a function of time. Results are shown in Figure 5.1. For 

incubation periods ranging fi-om 30 to ^ 250 minutes, there were no statistically 

significant changes in p. Although the data for Mb on the DDS surface changes at 120 

and 180 minutes, it appears fi'om Figure 5.1 that these values may be anomalous and that 

the dichroic ratio changed very little with time. Since the dichroic ratio of Mb on each 

surface was essentially constant after 30 minutes, a 30 minute incubation time was 

selected for further orientation experiments. 

The experiments just described were performed without flushing the bulk dissolved 

protein solution fi'om the flow cell. To investigate possible effects of "loosely" adsorbed 

protein, loss coefiScients were also measured after flushing the flow cell with buffer. For 

Mb adsorbed for 30 minutes to hydrophilic glass at a bulk concentration of 35 ^M, the 

loss coefiScients (TE and TM) decreased about 17% upon flushing the cell. The dichroic 

ratio, however, remained the unchanged. On hydrophobic glass, loss coefiScients 
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decreased slightly (6-11%) upon flushing the flow cell, but again, the dichroic ratio was 

constant. Thus, since the removal of "loosely" adsorbed protein had no effect on the 

dichroic ratio, measurements of mean molecular orientation in the presence of bulk 

dissolved protein Q.e., without flushing the flow cell) were also unaflfected. 

S.3.2. Adsorption bothenns. 

Step adsorption isotherms were measured for Mb on each surface. A series of protein 

solutions of progressively increasii^ concentration was injected into the waveguide flow 

cell, and loss coefiScients due to adsorbed Mb were measured after a 30 minute 

incubation time for each concentration. Results are plotted in Figure 5.2. On the 

hydrophilic waveguide, the plateau region of the isotherm for Mb on bare glass was 

reached at a bulk concentration of approximately 30-3 S (iM. On the hydrophobic 

waveguide surface, the plateau in the isotherm was reached at a lower Mb concentration, 

approximately 15 nM. The maximum loss coefiBcient on the hydrophobic surface (0.17 

cm'') was approximately two times greater than that on the hydrophilic sur&ce (0.08 cm* 

')• 
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Bulk [Mb], (iM 

Figure 5.2. Step Adsorption Isotherm for Mb on (^ass. 

To facilitate a quantitative comparison of adsorption on different surfaces, isotherms 

were fit to the Langmuir adsorption model using a nonlinear curve fitting algorithm. The 

following assumptions are made: 1) only one type of sur&ce site is present, 2) lateral 

interactions between adsorbed molecules are absent, and 3) the adsorption process is 

reversible. The equation for the Langmuir adsorption model is: 

 ̂ a 

In equation 5.3.1, 0 is the ratio of occupied adsorption sites to total sites, IC. is the 

adsorption equilibrium constant, Cb is the protein concentration approximating its 

activity in solution, and a/Oan is the loss coefiBcient normalized to the highest measured 

loss coefficient in the data set. The estimates obtained for K. on the hydrophilic and 
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hydrophobic sur&ces were (8.2 ± 0.80) x 10* M"' and (4.1 ± 0.79) x 10® 

respectively. The estimated K. values were then used in equation 5.3.1 to calculate the 

solid lines plotted in Figure 5.2, representing the best fit of the experimental data to the 

Langmuir model. 

The calculated K. values enable the adsorption isotherms to be compared. The 5-fold 

difference in K. values indicates that Mb binds more strongly to the hydrophobic surface. 

This result is consistent with a large body of evidence showing that the extent of protein 

adsorption to a surface can be correlated with the Iq^drophobicity of the surface. 

It is unlikely that Mb adsorption to the surfaces obeys ideal Langmuir behavior. 

Specifically, the inherent assumptions that only one type of surface site is present, that 

lateral interactions between adsorbed molecules are absent, and that the adsorption 

process is reversible are probably not valid. The apparent goodness of fit still seems to 

indicate that the adsorption of Mb to the sur&ces obeys the Langmuir model. However, 

in order to determine the actual isotherm model, maiqr more data points are needed in 

each set. This experiment cannot distinguish between different isotherm models given 

the small number of data points. Multiple sur&ce types are likely to be available for 

protein adsorption, and when the afiBnity constant for one type is not significantly greater 

than another, it is difficult to detect a single type of site. 
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5 Surface Coverage Detenninatioii. 

The difference in loss coeflBdents in the plateau r^ons of each isothenn su^ests that 

the Mb surface coverage is greater on the hydrophobic sur&ce than on the hydrophilic 

surface. However, this conchiidon assumes that the molar absorptivities of the protein 

on the two surfaces are equal, which may not be true if differences in orientation and/or 

conformation exist. 

To resolve this issue, Mb sur&ce coverages were determined independently using the 

pyridine hemocbrome assay described in Chapter three. Using a bulk Mb concentration 

of 35 |iM and an incubation time of 30 minutes, the surface coven^e of Mb on the 

hydrophilic surface was 1.3 x 10'̂ ^ mol/cm^ and on the hydrophobic surface was 2.1x10' 

" mol/cm^. From the ciystallographic dimensions of Mb (25 x 35 x 45 A),^ a surface 

coverage of 1.0 x 10'" to 1.9 x 10*" mol/cm^ depending on orientation, is equivalent to 

one monolayer, assuming that no "spreading" of the protein occurs due to adsorption-

induced conformational changes. Therefore, in the plateau region of the two isotherms 

plotted in Figure 5.2, the Mb sur&ce coverage is slightly less than one monolayer on the 

hydrophilic surface and approximately 1.5 monolayers on the hydrophobic surface (using 

the geometrically random value of 1.5 x 10*" mol/cm^ as the monolayer surface 

coverage). 
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The sur&ce coverage determinations should be considered approximate, as the standard 

error of the measurement is about 25%. A potentially greater source of uncertainty^ is 

the numerous assumptions involved. Specifically, the mean sur&ce area occupied by an 

adsorbed protein molecule, the desorption efficiency of the heme fi'om adsorbed Mb, and 

the sur&ce roughness of the beads are unknoivn. Furthermore, to correlate 

measurements of proteins adsorbed on SiOxNy waveguides with sur&ce coverage 

measurements on soda lime glass beads, one must assume that the adsorption behavior of 

Mb on the two glass types is similar and that the surface roughness of the two materials 

is also similar. Despite the uncertainties, the sur&ce coverage measurements were usefiil 

for designing and interpreting the results of the molecular orientation experiments on Mb 

films. 

5 .̂4. Molecular Orientation of Mb at High Surface Coverage. 

Molecular orientation was initially measured in adsorbed heme films under conditions 

that produced approximately monolayer sur&ce coverage. In these experiments, a 30-35 

|iM Mb solution was injected into the waveguide flow cell and incubated for 30 minutes, 

then the dichroic ratio was measured. Mean heme tilt angles were calculated using 

equation 2.3.14, assuming a narrow distribution for the distribution of orientations. For 

Mb on the hydrophilic sur&ce, the tilt angle was 45° ± 3*^ and on the hydrophobic 

surface, 43° ± 5° (standard deviations are due to multiple orientation measurements and 
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are not indicative of the distribution of orientations). Thus, in both cases, the mean 

orientation of the heme plane was nearly equidistant between the sur&ce nonnal and the 

waveguide plane. However, these results do not imply that there is no preferential 

ordering of the heme groups in the adsorbed Mb films. Both angles are statistically 

distinct firom 35'*, which is the mean angle that would be measured for an isotropic 

distribution of heme orientations. Therefore, the adsorption process appears to be 

geometrically anisotropic for Mb on both surfaces. 

The lack of a statistical difference in the orientation of Mb on two such vastly different 

surfaces is somewhat surprising; however, it is understandable when one considers that 

the pi of Mb is approximately 7.0.^* Since experiments were performed at a pH of 7.2, 

the protein would essentially have an overall charge of zero, so that the negative charge 

on the bare glass sur&ce would have little effect on the orientation of adsorbed Mb. 

Furthermore, from reported differences in the efficiency of forming multilayer films of 

Mb by electrostatic adsorption to oppositely charged polyions, it appears that the 

distribution of acidic and basic amino acid residues is more homogeneous over the 

sur&ce of Mb than on the surface of cyt c.^^ This was confirmed by examining the 

crystal structure of Mb using the program Insight n (Biosym Technologies, San Diego, 

CA). The absence of charged &ces on the sur&ce of Mb suggests that a strong 

electrostatic attraction between Mb and bare glass was lacking, and thus other types of 

forces probably dominate the adsorption process. Furthermore, this uniformity suggests 

that differences in adsorbent surfiice chemistry will exert less influence on molecular 
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orientation in adsorbed Mb films than in films of proteins in which there are clearly 

positive and negative &ces at neutral pH. 

5.3.5. Molecular Orientation of Mb at Low Surface Coverage. 

Heme orientation in adsorbed Mb films was also examined as a function of sur&ce 

coverage, which was adjusted by varying the bulk protein concentration. A series of Mb 

solutions of progressively increasing concentration was injected into the waveguide flow 

cell, and dichroic ratios were measured after a 30 minute incubation time for each 

concentration. The mean heme tilt angle is plotted as a function of bulk concentration in 

Figure S.3 for films adsorbed on hydrophilic (two data sets) and hydrophobic (one data 

set) waveguides. At bulk concentrations of ^ 5 ^M, the tilt angle on the hydrophilic 

surface was about 70°. As the bulk concentration was increased, the tilt angle in the fihn 

decreased sharply to a final value of approximately 45" at bulk concentrations ^ 30 ^M. 

Thus the final value is equivalent to the results obtained when hydrophilic waveguides 

were incubated directiy with 30-35 ^M Mb solutions. A substantial difference in mean 

heme orientation was also observed when Mb was adsorbed to a hydrophobic waveguide 

at low and high bulk concentrations. However, in this case the tilt angle in the film was 

approximately 20° at the lowest concentration and increased sharply to a final value of 

approximately 45° at bulk Mb concentrations ^ 20 (iM. Again, the final value is 
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equivalent to the results obtained when hydrophobic waveguides were incubated directly 

with 30-35 Mb solutions. 
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Figure 5.3. Mean heme tilt angle for Mb adsorbed to hydrophilic and hydrophobic glass 
surfaces. 

The difference in the mean heme tilt angle for Mb at low versus high sur&ce coverage 

may be understood using several explanations. The first possibility is that the orientation 

of individual protein molecules in an adsorbed protein film may be dependent on surface 

coverage. Judging fi-om Figure 5.3, this is the most straight forward answer and is not 

without precedent. Macdonald and Smith '̂ reported using surface-enhanced Raman 

spectroscopy to examine cyt c adsorbed to citrate-coated silver. Th^ observed a 

difference of about 5° in the mean heme tilt angle between low and high surface 
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coverage films. An influence of bulk solution pH on protein molecular orientation was 

also noted. 

Lateral interactions between adsorbed molecules are also a plausible explanation for the 

difference in tilt angles between Mb fihns of low and high sur&ce coverage. At low 

surface coverage, lateral interactions between neighboring molecules should be absent or 

few. The orientation of an adsorbed Mb molecule should therefore be largely dictated by 

the nature of the interactions between the sur&ce of the protein and the adsorbent 

surface. At higher surface coverages, the molecules are more closely packed, and the 

orientation should be a function of both the protein-sur&ce interactions and the protein-

protein interactions. In this scenario, adsorption adjacent to an occupied site (or sites) 

results in a different molecular orientation (or conformation) than adsorption at a site 

where none of the adjacent sites are occupied. 

The frequency of collisions between protein molecules and the adsorbent surface may 

also play a role. At low bulk concentrations, adsorbed molecules may have sufBcient 

time to undergo conformational changes, leading to a larger occupied sur&ce area per 

molecule. At high bulk concentrations, the presence of protein molecules in adjacent 

sites may restrict this conformational "spreading" and produce a different molecular 

orientatioiL This scenario was proposed by MorrisQr^^ and subsequently others^^ to 

explain differences in adsorbed protein sui£ice coverage as a function of bulk 

concentration. 
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A final possible explanation for the apparent dependence of the heme orientation on 

sur&ce coverage may stem from the assumption that the distribution of orientations was 

narrow. This assumption was not expected to be necessarily true for an adsorbed 

protein film, however, in the absence of a complementary method to determine the actual 

distribution at the time this set of experiments was performed, it was a necessary 

assumption. In this case, the error in this assumption lies in the fact that the calculated 

mean orientation ai^e of an ensemble of absorption dipoles is dependent on the 

distribution of orientations within that film. Therefore, in the absence of a 

complementary method, what might actually have been observed in the experiments 

described above is an increase in the disorder of the film. For example, at low bulk 

protein concentrations, the protein molecules that do adsorb will be those where the 

dominant protein-surface interaction determines the overall orientation of the entire 

ensemble, producing an ordered film. As more protein molecules are adsorbed to the 

solid-liquid interface at higher bulk concentrations, a more disordered film is produced. 

Since it was assumed that the distribution of orientations was narrow, what was actually 

calculated was a change in orientation. 

In summary, what this says is that, while the overall average orientation of a sub-

monolayer protein fihn may be identical to that for a M monolayer, the calculated 

orientations may be different due to the assumption that the distribution is narrow. If 

this ^lanation is correct, then it may not be a coincidence that the dependence of G on 

surfece coverage shown Figure 5.3 resembles a plot of the dichroic ratio as a fimction of 
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the distribution of orientations for a given mean tilt angle (65°), using the equations 

developed in Chapter 2 (see Figure 5.4). 
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Figure 5.4. Dichroic Ratio .vs. Angular Distribution for a Mean Tilt Angle of 65". 

The existence of a substantial difference in mean molecular orientation at low and high 

bulk Mb concentrations was independently assessed by measuring the steady-state 

fluorescence anisotropy of adsorbed Zn-Mb. Since the emission anisotropy of a thin film 

of fluorescent dipoles is related to the macroscopic orientational order, such a large 

change in orientation at low and high sur&ce coverages should be accompanied by a 

concomitant change in the anisotropy of the film. On the hydrophilic sui&ce, the 

anisotropy values were 0.0733 ± 0.0050 and -0.1355 ± 0.0245 (n=3) at bulk 

concentrations of 5 and 35 ^M, respectively. The corresponding anisotropy values on 
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the hydrophobic sur&ce were -0,0609 ± 0.0466 and -0.1533 ± 0.0161 (n = 3), 

respectively. These differences are consistent with the trends in the data plotted in 

Figure 5.3 and confirm the dependence of adsorbed molecular orientation on bulk 

protein concentration. 

The above results prompt the question: At what sur&ce coverage is the mean 

orientation of Mb substantially different fi'om that at monolayer coverage? Due to 

sensitivity limitation of the hemochrome assay, surface coverj^es were not measured 

below the plateau region of the isotherms in Figure 5.2 (where high bulk concentrations 

produced approximately monolayer surface coverages). However, surface coverages at 

low bulk concentrations can be estimated by ratioing the loss coefBcients to those 

measured at high bulk concentrations. The loss coefficiems in the plateau regions of the 

isotherms on hydrophilic and hydrophobic glass were 0.080 and 0.17 cm'', respectively. 

Assuming these values correspond to one monolayer of protein, then at bulk Mb 

concentrations ^ 5 ^M, the surface coverage was about 0.2 monolayers on both the 

hydrophilic and hydrophobic glass waveguide sur&ces. Thus at about 20% of a 

monolayer, the mean heme tilt angle was substantially greater (hydrophilic surface) or 

less (hydrophobic sur&ce) than the tilt angle at 50-100% of monolayer sur&ce coverage. 
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5.3.6. Verification of Zn-Mb Viability. 

As described in section 5.2, apoMb was titrated with bovine hemin. The results of this 

titration are shown in Figure 5.5. 
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Figure 5.5. Testing the Viability of apoMb. 

The slope of the plot in Figure 5.5 changes at a [Heniin]/[apoMb] ratio of approximately 

1.0. This is consistent fiill activity of the apoMb preparation. 

5.3.7. Limitations of the lOW-ATR Technique. 

Using lOW-ATR measurements of absorption linear dichroism to examine orientation in 

protein films is subject to several limitations: 
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1) An internal reflection linear dichroism measurement on a uniaxial assembly of 

x,y polarized chromophores is rotationally degenerate about both the normal to 

the molecular plane of the chromophore -̂axis) and the normal to the 

waveguide plane (z-axis). Thus a specified tilt angle between the heme plane and 

the z-axis is consistent with a number of possible orientations for an adsorbed 

heme protein molecule. This of course does not imply that the adsorption 

process is geometrically random; it merely means that we cannot specify the 

contact region of the protein. 

Figure S.6. Degeneracy about the Major Heme Axis. 

2) The tilt angle of the heme plane, not the protein molecule, is measured. If 

protein adsorption induces a conformational change that distorts the geometric 

relationship between the heme plane and the surrounding protein, then the heme 

orientatioii cannot be related to overall protein orientation. In the absence of 

supporting evidence, the maintenance of native conformation in the adsorbed 
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state cannot be assumed. The use of the lOW-ATR technique to study 

orientation in protein films would therefore be complemented by concurrent 

studies of protein conformation. 

3) An absorption linear dichroism measurement yields only the mean tilt angle of 

the dipoles in a molecular assembly, if one assumes a narrow distribution of 

orientations. No information on the distribution of orientations is available. 

Thus we can detea the existence of anisotropy but cannot discern the degree of 

macroscopic ordering. In contrast, fluorescence anisotropy measurements are 

sensitive to both the mean and the distribution about the mean. The combined 

use of absorption linear dichroism and anisotropy techniques would be a 

powerfiil approach to characterizing order in a thin molecular assembly. 

5.4. CONCLUSIONS. 

lOW-ATR LD was used to perform what at the time were the first direct measurements 

of orientation in protein thin films. The results presented for Mb adsorbed to hydrophilic 

and hydrophobic glass surfaces illustrate two points: 1) the mean orientation of heme 

planes in "nonspedfically" adsorbed fihns are anisotropic rather than random, 2) 

molecular orientation in a protein film can be influenced by sur&ce coverage. 
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The behaviors described in points one and two above have been hypothesized by many 

others"'*" and proposed to explain: 1) the effect of pH on the specific activity of 

antibodies adsorbed to DDS-treated glass,̂ ^  ̂2) temporal changes in the activity of 

ribonuclease A adsorbed to mica,̂  and 3) differences in the binding affinity of anti-Mb 

antibodies to dissolved and adsorbed Mb/ However, the molecular orientation data 

reported here provide direct measurement of orientation, which to date has been difficult 

to obtain despite the voluminous body of work published on protein adsorption behavior. 
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CHAPTER6 

CYTOCHROME C ORIENTATION DISTRIBUTIONS ON GLASS SURFACES 

6.1. INTRODUCnON. 

In Chapter five, average orientation measurements were described for Mb on hydrophilic 

and hydrophobic glass surfaces using lOW-ATR linear dichroism. The surprising result 

was that the mean heme tilt angle for this protein was statistically equivalent on two such 

vastly different surfaces. It was hypothesized that the lack of a change in orientation was 

due to the spatially homogeneous mixture of amino residues on the sur&ce of Mb. The 

distribution of amino acid residues on the sur&ce of cyt c is not so homogeneous. 

Examination of the crystal structure for horse heart ferri(̂ ochrome c shows that the 

arrangement of amino acid residues is much more heterogeneous. The fi'ont &ce of cyt 

c, the &ce containing the heme crevice, is positively charged at neutral pH due to an 

abundance of lysine residues. Also, the face approximately opposite this side has a high 

concentration of carboxylate groups. In other words, one reason cyt c was studied is 

because the charge distribution on the sur&ce of this protein is more heterogeneous than 

Mb. 

The current chapter deals with the orientation of cyt c on negatively charged hydrophilic 

and DDS silanized hydrophobic glass waveguides. Also introduced are initial 

measurements using fluorescence anisotropy to determine the distribution of orientations 

in a protein film. 
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6.2. MATERIALS AND METHODS. 

Hydrophilic and hydrophobic SiOxNy waveguides were prepared as discussed in Chapter 

three. Ferriqrtochrome c (cyt c, 99%) from horse heart was obtained from Sigma. 

Protein solutions were prepared as described in Chapter five with the exception that the 

molar absorptivity for cyt c at 514.5 nm (8770 NfW'') was used to calculate solution 

concentrations. Since Fe-cyt c is not fluorescent, anisotropy measurements were 

performed using Zn-cytochrome c (Zn-cyt c). Zn-protoporphyrin DC was obtained from 

Aldrich and used to replace the iron heme group in Fe-cyt c using procedures described 

previously.̂  ̂ Glass beads used in the sui&ce coverage determinations (3 ± 0.3 mm 

diameter) were obtained from Baxter. 

Procedures for the determination of the time necessary to reach a steady state in the 

protein adsorption process, surface coven^e determination, and orientation distribution 

measurements are all given in Chapter three. 

A limited investigation into the physical nature of cyt c adsorption to hydrophilic and 

hydrophobic surfaces was also undertaken. Working with FX. Edmiston, experiments 

were performed to determine the extent to which cyt c could be desorbed from these 

substrates by soaking them in buffer solutions containing a high salt concentration or a 

aonionic surfactant. Epifluorescence microscopy of Zn-cyt c was used to quantitatively 

monitor the extent of desorption. The intent was to determine if the monolayer to sub-

monolayer films formed by adsorption on the surfaces studied contained distinct sub-



131 

populations of oriented protein molecules. For these experiments, the substrate was first 

mounted in an incubation cell. Protein films were formed by adsorption from solutions 

containing 1:10 Zn-cyt cJ^e-cyt c (pH 7.2, SO mM phosphate buffer), using an 

incubation time of 30 minutes. After rinsing the film in 50 mM phosphate bufî  (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 Oonic strength of 313 mM). After 

soaking periods ranging from IS minutes to 24 hours, 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 from IS minutes to 24 hours 0.e., the treatment with KCl was 

bypassed). The percent of protein desorbed in each case was then calculated based on 

the fluorescence intensity before and after desorption. 

6.3. RESULTS AND DISCUSSION OF CYTOCHROME C ADSORBED ON 
HYDROPHIUC AND HYDROPHOBIC GLASS. 

6.3.1. Determination of Steady State Parameters. 

Results fisr the determination of the loss coefficient and dichroic ratio as a function of 

time for cyt c on hydrophilic and lî drophobic glass are plotted in Figures 6.1 and 6.2. 

The data show that 30 minutes was a sufficiem amount of time to reach a steady state in 

the protein adsorption process. 
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Figure 6.1. Loss Coefficient versus Time for Cyt c on Bare and DDS Glass. 
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Figure 6.2. Dichroic Ratio versus Time for Cyt c of Bare and DDS Glass. 

6.3.2. Surface Coverage Determination. 

Adsorption isotherms were not performed for cyt c on these sur&ces; however, a 

surface coverage determination using the sur&ctant desorption assay described in 

Chapter three showed that the surfece coverage of c on l̂ rdrophilic and hydrophobic 
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sur&ces usmg a bulk concentratioii of 35 and a 30 minute incubation time was 2.9 x 

10'" mol/cm  ̂and 1.7 x 10*'̂  moI/cm  ̂ respectively. Assuming a monolayer sur&ce 

coverage of 2.2 x 10'" mol/cm  ̂for a geometrically random orientation and using the 

crystallographic dimensions of c (25 x 25 x 37 A), these values correspond to 

coverages of 1.3 monolayers on the hydrophOic sur&ce and 0.8 monolayers on the 

hydrophobic surface. As in the case for Mb, surface coverage values are considered 

approximate. 

6.3.3. Molecular Orientation of Cjrt c on Hydrophilic and Hydrophobic Glass 
Surfaces. 

For a better comparison with the Mb results on glass surfaces, in this section the 

orientation results for cyt c will be presented using the same method of calculation, i.e., 

based on LD measurements alone. In the n  ̂section, the use of fluorescence 

anisotropy measurements coupled with the LD measurements will be introduced. 

The lack of a statistical difference between the tilt angles for Mb on the two sur&ces was 

somewhat surprising. The possibility that these measurements were systematically biased 

must therefore be considered. This possibility was diminished by considering the data for 

cyt c. On hydrophilic waveguide sur&ces, the mean tilt angle was 17*  ̂ ± 2** from the 

surface normal, whereas on hydrophobic waveguide sur&ces, the mean tilt angle was 48** 

± 3°. Considering the Mb and cyt c data in tandem, it is apparent that 1) the mean heme 
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orientatioa was nonrandom for both protdns adsorbed to each of the two sur&ces, 2) 

the molecular orientatioii in an adsorbed cyt c film can be manipulated by altering the 

wettability and/or charge of the adsorbent sur&ce, and 3) the statistically equivalrat 

mean heme orientations in Mb films adsorbed to the two sur&ces is real (i.e., is not an 

experimental artifact). 

6.3.4. Molecular Orientation Distributions of Cyt c on Hydrophilic and 
Hydrophobic Glass Surfaces. 

lOW-ATR LD and TIRF anisotropy measurements were performed on cyt c films 

adsorbed to the hydrophilic and hydrophobic glass surfaces described in Chapter three. 

For hydrophilic glass, orientation distributions could not be calculated fi'om the 

respective pairs of measured mean values for p and r. In other words, the combination 

of p and r did not produce a simultaneous solution to equations 2.3.7 and 2.5.1 (the 

mean values were physically inconsistent with a Gaussian distribution model for a 

circularly polarized absorption dipole). However, orientation distributions could be 

calculated for other pairs of p and r that were close to the respective mean values of 0.S9 

± 0.05 and -0.021 ± 0.019. The results of the calculations gave a mean heme tilt angle of 

12° with a distribution of ± 33**. Therefore, it is apparent that the heme molecular planes 

in a c fikn adsorbed to hydrophilic glass are very broadly distributed about the mean 

tilt angle that is close to the normal axis to the film plane. 
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The dichroic ratio for qrt c adsorbed to the iî drophobic glass surface was 1.S8 ± 0.17 

with an anisotropy of -0.188 ± 0.013. These values resulted in an exact solution for the 

orientation distribution of cyt c on this sur&ce: 49° ± 11°. This is a much more narrow 

range of distributions than exhibited by cyt c on hydrophilic glass and is indicative of an 

ordered protein film in which the heme plane is oriented approximately equidistant 

between the surface and the surfiice normal. 

6.4. PROTEIN DESORPTION. 

Comparison of orientation distributions for cyt c on hydrophilic versus hydrophobic glass 

surfaces brings up 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 

fi-om multiple types of adsorptive interactions. In other words, adsorption to the 

substrate occurs via several contact regions on the sur&ce 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 fihn composed of sub-

populations of molecules in different geometric orientations, which will sum to produce a 

broad orientation distribution (as measured using the lOW-ATR+TIRF method). In 

contrast, a narrow distribution will be produced when the protein adsorbs to the sur&ce 
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predominately at a single contact region, presumably via a single type of physical 

interaction of high a£Snity (relative to competing interactions). 

With this in mind, the procedure presented in section 6.2 was used to study protein 

desorption. Epifluorescence microscopy of Zn-<  ̂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 two sur&ces contained distinct sub-populations of 

oriented protein molecules. 

Results fi-om protein desorption studies are shown in Table 6.1. The data indicate that 

the nature of cyt c binding to hydrophilic glass is compl&c. Some fraction of the 

molecules in the film appear to be electrostatically adsorbed, since treatment with high 

ionic strength bufiTer for periods of IS minutes and 24 hours desorbed 16% and 40% of 

the fihn, respectively. Treatment with 2% Triton X-100 for 15 minutes 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 "irreversn)ly" 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 

from these data that several types of interactions exist between the surfaces of the cyt c 

molecule and hydrophilic glass. 



137 

Table 6.1. Desorption of Cyt c from Substrate Surfaces by Salt and Sur&ctant 
Solutions. 

Percentage of Initial Fluorescence Intensity 
Remaining 

Desorption Treatment Hydrophilic Glass Hydrophobic Glass 

50 mM buffer rinse 100% 100% 

50 mM buffer containing 200 mM 84 ±4% 94 ± 10% 
KCU 15 min incubation (n=2) (n=3) 

50 mM buffer containing 200 mM 60 ±4% 55 ±3% 
KCl, 24 hr incubation (n=2) (n=2) 

2% Triton X-100 in 50 mM buf̂ . 47 ±4% 22 ±6% 
15 min incubation (n=2) (n=3) 

2% Triton X-100 in 50 mM buffer. 36% 8 ±2% 
24 hr incubation (n=l) (n=3) 

Another type of behavior was observed for cyt c adsorbed to the hydrophobic glass 

surface. Soaking in high ionic strength buffer for 15 minutes removed only 6% of the 

protein; extending this treatment to 24 hours removed a total of 4S%. Treatment with 

2% Triton X-100 for periods of IS minutes and 24 hours removed 78% and 92% of the 

protein, respectively. These results suggest that a significant fraction of the protein film 

is weakly bound via electrostatic forces. This is not surprising since it is well known that 

silanizing a glass surfiice reduces but does not eliminate its intrinsic negative charge.̂  ̂

However, the essentially quantitative removal in 2% Triton X-100 indicates that the 

adsorption of qt c to hydrophobic glass is possibly predominately hydrophobic in 

nature, which is expected based on the wettability of the substrate surface. 
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6.5. CONCLUSIONS. 

Overall, the results would seem to support the idea that cyt c adsorption to the 

hydrophobic glass sur&ce is dominated by a single, substrate-specific type of 

noncovaient interaction. However, given what is known about the distribution of 

hydrophobic residues on the sur&ce of this protein, this result is has not been 

interpreted. 

Multiple types of interactions occur between cyt c and hydrophilic glass with no one 

interaction being dominant. Furthermore, on hydrophilic glass a significant Section of 

the protein could not be desorbed using the methods described. 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 interactions which are 

comparable in afSnity. 
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CHAPTER? 

CYTOCBROME C ORIENTATION DISTRIBUTIONS ON LANGMUIR-
BLODGETT FILMS 

7.1. INTRODUCTION. 

Results from Chapters 5 and 6 illustrate several important points that should be 

reviewed: 

1) The sur&ce coverage of a protein film can have an eflfect on the average 

orientation of proteins within the film, probably due to lateral interactions, 

competition for adsorption sites, frequency of collisions between adsorbing 

protein molecules, or a combination of these. 

2) In cases studied here, orientation in a so called "non-specifically" adsorbed 

protein film is anisotropic rather than random. 

3) By modifying the chemical characteristics of the adsorbent surface, the 

molecular orientation of a protein film can be drastically altered. 

4) The measurements described here are the first direct measurement of 

orientation distribution in protein films. 

The fact that the results show that the physical and chemical characteristics of the 

adsorbent sur&ce have a large eflfect on the orientation of adsorbed proteins is not 

surprising, on the contrary, the hypothesis is well accepted and has been indirectly 
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measured.̂ '̂ '̂ '̂̂  ̂ However, the results presented here are the first direct measurements 

of effecting a change in protein orientation by changing the chemistry of the sur&ce. 

The next step taken was to study the orientation of ̂  c on Langmuir-Blodgett (LB) 

films. LB films have been well characterized and have been shown to produce highly 

ordered and homogeneous sur&ces. However, the main reason for using LB fihns is that 

one can easily vary the sur&ce charge density by varying the ratio of a neutral amphiphile 

(octadecanamide) with a natively charged amphiphile (arachidic add), i.e., one can 

pick the substrate surface chemistry of interest. This is depicted in Figure 7.1. 

Neutral Mixed Negative 

??????—??????—?????? 

Figure 7.1. Varying the Surface Charge Density using LB Films. 

7.2. MATERIALS AND METHODS. 

SiOxNy waveguides obtained fi'om MCNC were cleaned and silgnî ed with DDS as 

described in Chapter fi3ur. Cyt c (iron and zinc) were obtained and prepared as 

described in Chapter sbc. The viability of Zn-̂  c was verified as described previously 

Arachidic acid, octadecanamide, and octadecylamine were purchased fi'om Sigma and 
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prq)ared as described in Chapter four. LB films of each amphiphile and mixtures of AA 

and octadecanamide were formed using the methodology outlined in Chapter four. 

13. ISOTHERMS. 

Step adsorption isotherms were performed for cyt c on each amphiphile and, in the case 

of arachidic acid and octadecanamide, fit to the Langmuir Isotherm model (equation 

5.3.1). The isotherms show that cyt c reaches a maximum surface coverage at a bulk 

protein concentration of approximately 30-40 on the negatively charged arachidic 

acid surface and approximately 40-50 on the neutral octadecanamide film (Figure 

7.2). Results for the adsorption of cyt c to the positively charged octadecylamine film 

(Figure 7.3) indicated that very little if any protein adsorbed to the sur&ce. This 
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Figure 7.2. Adsorption Isotherms for Cyt c on Arachidic Acid and Octadecanamide. 
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Figure 7.3. Adsorption Isotherm for Cyt c on Octadecyiamine. 

is understandable considering the fact that the overall charge on cyt c at pH 7.2 is 

positive and will be repulsed from a positively charge sur&ce. For this reason, no further 

tests were conducted using the octadecyiamine LB film. 

Fitting the adsorption isotherms for cyt c on arachidic acid and octadecanamide to the 

Langmuir model as described in Chapter five allows a comparison to be drawn between 

the afSnity of cyt c for the two surfaces. Using a nonlinear fitting program, the aflSnity 

constant, K., for the arachidic acid isotherm was (4.3 ± 0.59) x 10  ̂NT'. This value for 

cyt c on the octadecanamide film was (1.9 ± 0.19) x 10  ̂Nf̂  indicating that the a£5mty 

of cyt c for the negatively charged arachidic acid sur&ce is slightly greater than twice 

that for the neutral octadecanamide sur&ce at a pH of 7.2. Once again, this result is to 
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be expeaed based on the electrostatic interactions involved between the protem and the 

sur&ce. 

7.4. DETERMmATION OF STEADY STATE PARAMETERS. 

The determination of the time necessary to reach a steady state in the protein adsorption 

process was performed as outlined in Chapter three. The loss coefficient and dichroic 

ratio for cyt c adsorbed to the arachidic acid and octadecanamide LB films were 

measured as a function of time. As shown in Figures 7.4 and 7.5, 30 minutes was a 

su£5cient amount of time for protein adsorption to reach a maximum on each surface. 

The only critical variation seems to be the loss coefficient versus time on the arachidic 

acid film, which increases slightly with time. However, since after 250 minutes, the loss 

coefficient returned to about the value at 30 minutes, and since the dichroic ratio does 

not change appreciably over this time, 30 minutes was deemed a sufficient amount of 

time for protein adsorption to reach maximum surface coverage. 
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Figure 7.4. Normalized Loss Coefi5cient .vs. Time for Cyt c on Arachidic Acid and 
Octadecanamide. 
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Figure 7.5. Dichroic Ratio .vs. Time for Cyt c on Arachidic Acid and Octadecanamide. 

7.5. SURFACE COVERAGE. 

Surface coverage measurements for cyt c on the arachidic add and octadecanamide films 

were measured with the help of P. L. Edmiston u^g epifluorescence microscopy. 

Solutions containing 1:10 Zn-c  ̂ciFe-î t c (50 total c) were incubated on each 
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surface under the conditions already described. Concurrently, the protein solution was 

also incubated with a bare glass sur£ice which was prepared as outlined in Chapter three 

and for which the surface of c has been detennined to be 1.3 monolayers (Chapter 

six). The fluorescence intensity of the adsorbed Zn-cyt c on each LB film was then 

compared to the fluorescence for Zn-cyt c adsorbed to bare hydrophilic glass. The 

surface coverage for cyt c was then calculated to be 1.1 monolayers on the arachidic acid 

surface and 0.9 monolayers on the octadecanamide surface. Surface coverage 

determinations were also performed for qrt c adsorbed to films composed of various 

mixtures of AA and octadecanamide. Results are summarized in Table 7.1. 

Table 7.1. Surface Coverage Results fijr Cyt c Adsorbed to Various LB Films. 

Monolayers 

% Arachidic Acid Average Standard Deviation n 

100 1.1 0.16 2 

80 1.5 — 1 

60 1.0 — 1 

50 1.5 — 1 

40 1.0 0.15 3 

20 1.0 0.28 3 

10 — — — 

0 0.9 0.11 3 

For all films but the 80 and 50% AA films, the sur&ce coverage was determined to be 

approximately 1 monolayer. For the 80 and 50% AA films, 1.5 monolayers seems high 
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and is most likely due to poor film quality  ̂0.e., heterogeneous, disordered films), as n — 

1 for these results. 

7.6. ORIENTATION OF CYTOCHROME C AT MAXIMUM SURFACE 
COVERAGE. 

To this point, it has been shown that the mean orientation of cyt c is affected by the 

surface to which it adsorbs, as is the distribution of orientations. Recall that the 

orientation distribution of c on a bare hydrophilic glass surface was 12° ± 33° and on 

a hydrophobic glass sur&ce was 49° ± 11°. Orientation distributions for cyt c were also 

measured on four different LB films, each of which varied in the amount of AA relative 

to octadecanamide in a molar ratio: 1) 100% AA, 2) 50% AA/50% octadecanamide, 3) 

10% AA/90% octadecanamide, and 4) 100% octadecanamide. Results for the 

orientation distribution measurements are summarized in Table 7.2. 

Table 7.2. Orientation Distribution Results for Cyt c on LB Films. 

Orientation Distribution 
Orientation Distribution (Assuming Delta Function) 

% AA e AG e AO 
100 46 6 45 10 
50 50 11 45 13 
10 — — 51 23 
0 47, 52 6,20 47 34 
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The data in Table 7.2 is divided into two categories; 1) orientation distributions 

calculated by itenitively solving for the average orientation angle and the distribution, 

making no initial assumptions as to the width of the distribution, and 2) orientation 

distributions calculated making the initial assumption that the distribution of orientations 

is very narrow (delta function). 

First, consider the results in category one. From this data, it was found that the mean 

orientatioa of the heme in a cyt c film adsorbed to an AA LB film is 46°, with a 

distribution of 6°. Thus, the heme in this case is oriented equidistant between the plane 

of the sur&ce and the surface normal. Also, the distribution of orientations is remarkably 

•arrow. The results indicate that qrt c adsorbed to a negatively charged AA fihn 

produces a very ordered system. 

Calculations for the orientation distribution of c on the other three films were not as 

successful using the calculation described for category one. Exact solutions using the 

dichroic ratio and anisotropy values were not possible, so that, for the 50% AA and 

100% octadecanamide fihns, estimates using values close to those measured are shown. 

In the case of the 10% AA film, an estimate could not be made. This problem could be 

caused by poor LB film quality, i.e., an irreproducibility in the quality between different 

LB films of the same composition. It could also be indicative of the randomness of 

orientations. The specific reason has not been verified. 
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In light of the fact that exact solutions for the orientation distributions of (̂ t c on the 

two mixed LB films and the 100% octadecanamide film were not possible, it was 

necessary to return to the initial assumption that the distribution of orientations was 

narrow. Consider the values calculated for cyt c on the 100% AA film using the two 

methods: in both cases, the average orientation (46° and 45°) and the distribution (6° 

and 10°) are very simflar. In other words, when the adsorbed film is very ordered, as 

was cyt c in this case, the delta fimction assumption is valid. This assumption would 

obviously not be correct in the case where the distribution is broad. However, for 

reasons of comparison between films, it is usefiil. Under this assumption, a very 

interesting trend is seen for cyt c which is plotted in Figure 7.6. 
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Figure 7.6. Distribution of Orientations as a Function of the %AA in LB Films. 
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Although the average orieiitation of the hemes in the protein fikns does not change, the 

width of distributions in the c film increases as the amount of AA in the LB fihns is 

decreased, i.e., as the density of negative charges decreases, the protein film becomes 

more disordered. Remember that one reason cyt c was chosen for this study was that the 

distribution of charged amino add residues on the sur&ce of the protein is 

heterogeneous, with areas that are highly populated by positively charged lysine residues. 

Therefore, the more negative the sur&ce which this protein encounters, the stronger the 

interaction between the positive patches of the protein and the surface. Given this, it is 

understandable that decreasing the amount of arachidic acid in the LB film (decreasing 

the negative charge density on the sur&ce) results in protein films that are more 

disordered relative to cyt c films on 100% AA; once again, this is the first direct evidence 

of such an occurrence. 

Cyt c adsorbed to a negatively charged AA film produces an ordered system and, as 

discussed in Chapter six, this result is presumably due to one major type of interaction 

between the protein and the sur&ce (electrostatic). As the driving force for that 

interaction is decreased, i.e., as the n^ativity of the sur&ce is decreased, other types of 

interactions become important, producing the disordered fihn on the 100% 

octadecanamide LB surface. 

Related to this is the large dipole moment of cyt c (̂ proximately 325 Debye). Several 

important points are made by Koppenol and Maigoliash  ̂in this regard: 1) examination 
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of the amino acid residue ccntoit on the surfece of cyt c "shows that the center of 

positive charge is not &r from the center of mass, while the center of negative charge is 

found more toward the back. This indicates that the distribution of positive charges is 

more homogeneous than that of the negative charges and that the latter are the main 

contributors to the dipole moment of the protein." Most explanations regarding the 

orientation of cyt c have placed a high importance on the ring of lysines surrounding the 

heme crevice when in &ct, it is the distribution of negative charges on the protein surface 

which contributes more to the dipole moment, and 2) it is not simply one area on the 

surface of cyt c which will determine the orientation of the protein when it adsorbs to a 

given surface, but the complete charge configuration of the entire protein surface. 

7.7. ORIENTATION OF CYTOCHROME C VERSUS SURFACE COVERAGE. 

The orientation of  ̂c as a fimction of surface coverage on the pure AA and 

octadecanamide films was also examined. The surface coverage was adjusted by 

incubating the sur&ce with progressively higher protein solution concentrations. The 

results are shown in Figure 7.7. 
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Figure 7.7. Orientation .vs. Sur&ce Coverage for Cyt c on Arachidic Acid and 
Octadecanamide. Tilt angles were calculated assuming a narrow orientation distnbution. 

From Figure 7.7, it can be seen at once that the orientation of cyt c does not change 

significantly as a function of sur&ce coverage on the AA film, ranging firom 

approximately 47° to 51° at low sur&ce coverage to 44° to 45° at high sur&ce coverage. 

In contrast, the orientation of cyt c on the octadecanamide film changes greatly as a 

fimction of surface coverage, beginning at 65° for low surfiice coven^e and decreasing 

to 45° at high coverage. 

As stated earlier, the macroscopic order of an adsorbed protein fihn is thought to be 

dependent on the number of types of protein-sur&ce interactions occurring and whether 

one of these interactions is dominant. When this idea is considered, the results shown in 

Figure 7.7 are easily understood. If there exists one dominant interaction between the 

surface and the adsorbing protein, then the orientation of that protein upon adsorption 

will be independent of surfiice coverage. As in the case for cyt c adsorbed to 100% AA, 
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the electrostatic orientatioii effect is strong enough to dominate lateral interactions 

between individual proteins or any other ^e of interactions that may be possible 

between cyt c and this sur&ce. This is not so for cyt c on the octadecanamide sur&ce. 

Using the above argument, since there is no dominant interaction, many orientations are 

possible, producing a disordered protein film. This result is examined using a protein 

desorption experiment as discussed in the next section. 

7.8. PROTEIN DESORPTION. 

Protein desorption experiments were performed as described in Chapter six in an effort 

to determine what types of interactions are involved in cyt c adsorption to the LB fihns 

used. LB fihns consisting of various mixtures of AA and octadecanamide were prepared 

according to the procedure given in Chapter four. Surfaces were incubated for 30 

minutes with the protein solutions (1:10 molar ratio of Zn-cyt crFe-cyt c) used for 

orientation distribution experiments. An initial desorption experiment was conducted on 

the 100% AA fihn. Soaking in high ionic strength buffer for only IS minutes removed 

46% of the protein; extending this treatment to 24 hours removed a total of 91%. This 

data strongly suggests that a single mechanism, electrostatic attraction, dominates the 

binding interaction between cyt c and AA LB films. Similar results have been reported 

for cyt c adsorbed to negatively charged membranes and self-assembled 

monolayers.̂ ^*^^*^  ̂ The predominance of electrostatic adsorption is not surprising given 

that: 1) the charge on the protein at pH 7 is +9,"'̂ ® and 2) the iQ^drophilic headgroup 
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plane of an AA LB film should be highly ordered and uniformly charged.̂ '̂ Further 

«q)eriments were conducted on films varying in the percentage of AA relative to 

octadecanamide, using adsorption and desorption periods of 30 minutes. A summary of 

the results is given in Table 7.3. 

Table 7.3. Desorption of Cyt c fi'om AA/Octadecanamide LB Hlms as a Function of 
%AA-

% Protein Desorbed 
%AA Average Standard Deviation n 

100 47 4 2 
80 80 — 1 
60 44 — 1 
40 65 10 3 
20 61 12 3 
0 65 20 3 

The results for the % cyt c desorbed as a fimction of the concentration of AA in the 13 

film are surprising and difiBcult to understand. One would expect that the % cyt c 

desorbed would decrease as the amount of AA decreased, but this did not occur. If the 

large standard deviations for the 0, 20 and possibly 40% AA film are taken into account, 

the amount of protein desorbed does not change. This is curious and fiirther 

experiments, such as desorption over longer periods of time, are needed to !iTider«stand 

the results. The exception is the 80% AA fihn, which is anomalously high. Desorption 

fi-om this fihn was only performed one time, which may be part of the problon. 

However, since the pK. of the individual carboxylic acids in the film is increased due to 

the surrounding immobilized acid groups (as discussed in Chapter four), it is possible 
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that the sur&ce is slightly more charged (n^atively) at a slightly lower AA 

concentration, ther^y increasing the amount desorbed with high salt solutions. As the 

%AA is further decreased, this effect becomes less dominant and the amount desorbed 

decreases. 

7.9. CONCLUSIONS. 

The development of highly ordered protein films is dependent on the order of the sur&ce 

to which the protein adsorbs. For this reason, LB fihns, which have been shown to be 

highly ordered and homogenous, were used as the adsorbent sur&ce for cyt c. 

It was determined that the orientation distribution of qrt c on a pure AA film is 46° ± 6°. 

This is a very ordered protein film, in &ct, it is more ordered than the model AA film 

doped with Dil (75® ± 12®) but not as ordered as when doped with Zn-TOPP (87® ± 

2.3°). All three of these films are well ordered and there is really no statistical difference 

in order between them. 

Orientation distribution measurements on films ranging fi-om 80% AA/20% 

octadecanamide to 0% AA/100% octadecanamide were also performed. No definitive 

results were gathered for the orientation distribution of c on these films. In &ct, 

exact solutions were not possible. However, when the initial assumption that the 
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distribution of orientations is narrow was used, an important trend was seen. As the 

concentration of AA in the LB film decreased, the overall order of the protein film 

decreased (± 6° for a pure AA film to ± 34° for a 100% octadecanamide film). 

Desorption of cyt c fi-om a 100% AA LB film using a high concentration salt solution 

removed practically all of the adsorbed protein, showing that one dominant type of 

interaction was involved in the adsorption and subsequent orientation of cyt c to this 

film. This result helps to explain why the distribution of orientations of cyt c on a pure 

AA film is so narrow. When one type of protein-surfiice interaction is dominant, the 

orientation distribution of a protein which has a heterogeneous surface Oarge patches of 

positive or negative charge), upon adsorption can be very narrow. When the influence of 

the dominant interaction is decreased, or ad^onal adsorption mechanisms become more 

important, the distribution becomes larger, producing a disordered protein film This 

was the case when the pure AA film was diluted with octadecanamide. As the 

concentration of AA in the film decreased, the distribution of orientations increased. 

Further experiments which may be of importance would be to perform the same 

procedures at various bulk solution pH values. The orientation distribution of Qrt c on 

AA LB films versus pH would be usefiil. Protein desorption experiments may need to be 

performed over periods longer than those used here. 
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CHAPTERS 

SPECTROSCOPY OF AN ADSORBED PROTEIN MONOLAYER 

8.1. INTRODUCTION. 

The methods and results presented in the previous chapters have illustrated the power of 

the lOW-ATR technique to study adsorbed protein thin fihns. When lOW-ATR is 

coupled with Fluorescence Anisotropy, much more information about the system can be 

measured. However, one of the characteristics that make lOW-ATR such a powerful 

tool actually becomes a limitation when attempting to measure spectra of adsorbed films 

in-situ. As discussed in Chapter two, lOWs are typically 1-2  ̂thick. This causes light 

to be coupled into the waveguide only at specific angles (over very narrow ranges). 

Since the mode propagation angle in an lOW is dependent on wavelength, the mode 

coupling angle is also a fimction of waveleî th. As explained by Mendes,̂  ̂ "^a 

conventional prism or grating coupler does not usually compensate for the waveguide 

dispersion and is therefore only efScient for a very narrow range of wavelengths." 

Therefore, wider use of lOWs has been limited due to the difSculty of measuring 

broadband spectra. 

In collaboration with researchers in the University of Arizona's Optical Sciences Center, 

a broad-band lOW-ATR spectrometer was developed specifically to enable spectral 

studies of hydrated heme protein films. It is well recognized that several 

biotechnologically important areas, such as transduction in biosensors, afBnity-based 
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sq)arations, and materials biocompatibility, are governed by the structural and functional 

properties of proteins accumulated in a thin film at a solid-liquid inter&ce. These 

properties 0.e., conformation, orientation, bioactivity) are in turn known to be dependent 

on the physical and chemical properties of the inter&ce, but these relationships are not 

well understood, primarily because in situ study of protein films is a technically difficult 

challenge. Elucidating these relationships is a prerequisite to the projected use of such 

films in molecular device technologies.'̂  

Heme-containing proteins have been fi'equently utilized as models for studying structure 

and function in immobilized protein films.̂ * 2«. 29,3 u 53,7i yjgjjjjg absorbance spectroscopy 

is one of several experimental techniques that have been employed and is a potentially 

powerfiil approach, since the position, shape, and intensity of the heme absorption bands 

in the 350-600 mn range are markers of ligand bindmg, the oxidation state of the central 

metal ion, and protein conformation.̂  However, in the transmission geometry commonly 

used for protein fihns supported on planar substrates, low sensitivity is an inherent and 

significant limitation.̂ * " The initial results obtained for cyt c adsorbed to a 

hydrophilic glass lOW surface show that the lOW-ATR system circumvents this 

limitation (Chapters 6 and 7). The addition of the broadband technology ̂ ends the use 

of the lOW-ATR method described in previous chapters. 

In this chapter, the use of a multichannel, planar lOW spectrometer that is capable of 

measuring broadband visible absorbance spectra of a weakly absorbing molecular film at 
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a solid-liquid inter&ce will be presented. This broadband coupling device was used to 

measure the spectra of adsorbed cyt c. The theory and development of the device will 

not be discussed in detail here, but are dealt with in depth in previous papers by Mendes 

et. al.̂ '̂ with a fiill description in Mendes' dissertation.̂  

8.2. MATERIALS AND METHODS. 

Ferricytochrome c (from horse heart, Sigma) was dissolved in sodium phosphate buffer 

(SOmM, pH 7.2), purified on a Sephadex G-2S gel filtration column, and diluted to a 

final concentration of 50 in the same buffer. Sodium dithionite, dissolved in the 

buffer to a concentration of 8 mM, was used to reduce the adsorbed protein; potassium 

ferricyanide was dissolved in the buffer to the same concentration and used to oxidize 

the adsorbed protein. 

The broadband coupling device had a bandwidth of 100 nm (500-600 nm) and has been 

described by Mendes et. A picture and the experimental setup are shown in 

Figure 8.1. 
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Figure 8.1. lOW-ATR Broadband Coupling Device and Experimental Setup. 

The device consists of a prism and a pair of diffiaction gratings which cancel the lOW 

chromatic dispersion up to the second order. This produces a large incoupling spectral 

bandwidth. The achromatic input coupler is used to couple a loosely focused beam (NA 

= 0.04) from a 150 W Xe lamp into a single mode planar glass lOW (Coming 7059 

glass, waveguiding film, 0.4 ^m thick, if sputtered on a 1 mm thick fiised silica 

substrate). After propagation in the waveguide, the beam was simultaneously 

outcoupled and dispersed at an output diffî ction grating, and then collected by a 

cylindrical lens. Both the waveguide and the grating serve as dispersive elements, so that 

a monochromator is unnecessary. A CCD array was placed at the lens back focal plane, 

where the spectral components are spatially separated and simultaneously detected. 
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Before each experiment, the waveguide sur&ce was cleaned with PCC-54 sur&ctant 

(Pierce), rinsed in deionized water, and dried under nitrogen. The lOW was sealed in a 

flowcell and the buffer was injected. After a period of 30 minutes, a reference spectrum 

was recorded. After the reference spectrum was collected, a c solution was injected 

followed by a 30 minute incubation period. Upon flushing the bulk protein solution with 

buffer, the spectrum of the adsorbed protein was collected. The oxidation state of the 

protein was changed by injecting either the sodium dithionite solution or the potassiimi 

ferricyanide solution as needed. 

8.3. SPECTROSCOPY OF ADSORBED REDUCED AND OXIDIZED 
CYTOCHROME C. 

Initial ecperiments were conducted by simply adsorbing the oxidized form of cyt c, 

measuring the spectrum, reducing the adsorbed protein with a solution of sodium 

dithionite and measuring the spectrum of the reduced adsorbed protein. The spectra of 

native and adsorbed oxidized and reduced qt c are shown in Figure 8.2. 
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Figure 8.2. Spectra for Adsorbed Oxidized and Reduced Cyt c. 

A broad, featureless absorption band is observed for adsorbed ferricytochrome c; two 

narrower bands centered at 520 and S50 nm are present in the spectrum of 

ferrocytochrome c. The spectra of the adsorbed protein closely match those for cyt c in 

solution. The ratio of absorbances at the peak of the band near 550 nm in the adsorbed 

spectra (ferri/ferro) is 2.8. Although this ratio agrees reasonably well with the 

corresponding ratio of 3.1 in solution, it suggests that not all of the adsorbed protein can 

be reduced. Furthermore, the major band in the adsorbed spectrum of ferricyt c appears 

shifted relative to the native protein spectrum. This shift may be evidence of 

conformational changes induced by adsorption to the waveguide surface. Although their 

origin is as yet unknown, these spectral differences illustrate one of the major 

motivations for developing the broad-band lOW-ATR method, to enable studies of 

adsorbed protein conformation. 
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Two additioiial experiments were conducted in an effort to answer two questions; 1) 

what is the reason for the differences in the spectra of adsorbed and solution cyt c, and 

2) is the oxidation-reduction reaction complete and reversible for the adsorbed protein. 

In the first experiment oxidized cyt c was adsorbed to the bare glass waveguide. After 

flushing with the buffer and subsequent measurement of the spectrum, the adsorbed 

protein was reduced by injecting a solution of sodium dithionite into the flow cell and a 

spectrum was again recorded. The sur^ce bound protein was then reoxidized by 

injecting a solution of potassium ferricyanide. In this case, however, since the potassium 

ferricyanide solution absorbs strongly in the 500-600 mn region, the oxidizing solution 

was flushed out of the flow cell with buffer prior to recording a spectrum of the 

reoxidized adsorbed protein. 

The second experiment was similar except that reduced cyt c was adsorbed, and then 

oxidized using the same solutions described above as needed. Spectra were recorded for 

each step. The results for both experiments are shown in Figures 8.3 and 8.4. 

The plots shown in Figure 8.3 illustrate the steps performed. Curve 1 shows the 

spectrum of adsorbed ox cyt c following flushing with buffer; the peak mgximuin is at 

530 mn, as in solution. Upon reducing the adsorbed protein with the dithionite solution 

two spectra were taken before flushing, one immediately following the reduction and one 

after ten minutes. It is seen in curves 2 and 3 that the spectnmi of the adsorbed reduced 

cyt c resembles that in solution. Steps 2 and 3 also show that the spectrum does not 
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Figure 8.3. Spectra of Adsorbed Cyt c. Ox Cyt c was initially adsorbed to the sur&ce, 
reduced using sodium dhhionite, and then reoxidized using potassium ferricyanide. 
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Figure 8.4. Spectra of Adsorbed Cyt c. Red Cyt c was initially adsorbed to the sur&ce, 
oxidized, and then reduced. 
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change over time when the dithionite solution is present in the superstrate. However, as 

shown in curves 4 and S, when the dithionite solution was flushed with buffer, the 

absorbance values for both peaks decrease. Since sodium dithionite is no longer present 

in the cover layer, the thin protein film is probably being reoxidized by oxygen dissolved 

in the buffer. Hnally, the protein was reoxidized and spectra were measured before and 

after flushing with buffer. 

Although both the oxidized and reduced spectra for adsorbed cyt c resemble those in 

solution, closer examination of Figure 8.3 shows some differences. The first is that, in 

solution, the ratio between the oxidized peak at 530 nm to the reduced peak at 550 nm is 

0.40; the ratio of these peaks for the adsorbed protein was 0.79, meaning either the 

molar absorptivity of one or both species is different from that in soliition or that some 

protein is desorbed upon reduction of the adsorbed oxidized cyt c. A second difference 

from the solution spectrum for ferro-cyt c is that the ratio of the 550 nm peak to that at 

520 nm is 1.74. For the adsorbed protein, this ratio is only 1.42. This lends support to 

the idea that the molar absorptivity of the adsorbed protein has changed from that in 

solution, possibly caused by a conformational change in the protein upon adsorption. 

Finally, for a reversible reaction, one would expect curve 6 to be similar to curve 1. This 

is not the case; the spectral evidence indicates that some protein is desorbed upon 

reoxidation. Subsequent flushing of the reoxidized protein does not change the recorded 

spectrum (curve 7). 
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Figure 8.4 shows the same type of experiment as that just described, except that reduced 

cyt c was adsorbed first. Curves 1 and 2 show the spectrum of the adsorbed reduced 

protein immediately after injection into the flow ceil (curve 1) and afler 30 minutes 

(curve 2). It is obvious that adsorption of the protein occurs quickly and that no changes 

are evident after 30 minutes. Curves 3-7 represent spectra of the adsorbed protein after 

flushing the flow cell with buffer and measuring at t = 0, 2, 4, 6, and 10 minutes. A 

steady decrease in the absorbance at 550 nm and 520 nm indicates a reoxidation of the 

adsorbed protein with time. The protein was then oxidized using potassium ferricyanide 

and the spectrum measured before and after flushing with buffer. Again, the absorption 

at 530 nm is much lower than ecpected and is thought to be due to desorption of the 

protein upon oxidation. 

Experiments using identical oxidation, reduction, and flushing procedures as those 

described above for protein adsorbed to glass beads (the same beads used for sur&ce 

coverage determinations in previous chapters, cleaned with PCC-54 sur&ctam and rinsed 

with deionized water prior to use) support the ideas presented in the preceding 

paragraphs. After washing the beads thoroughly with buffer following a protein 

adsorption period of 30 minutes (using oxidized or reduced c), sodium dithionite or 

potassium ferricyanide solutions were used as needed to reduce or oxidize the adsorbed 

protein. The oxidizing and reducing solutions were withdrawn from the vials containing 

the protein coated beads and the absorbance was measured using a standard UV-\̂  

instrument. Spectra indicate that a small amount of adsorbed protein is removed from a 
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glass sur&ce when flushed with the buf̂ . Approximately three times the amount of cyt 

c removed with buffer was removed following reduction with the dithionite solution. It 

is possible that the oxidation process also removes some adsorbed protein, however, the 

absorption of potassium ferrî ranide obscures this spectrum 

8.4. CONCLUSIONS. 

The adsorbed spectra demonstrate that the very high sensitivity of the lOW-ATR 

geometry can be extended to the broad-band regime. The ability to measure visible ATR 

spectra of weakly absorbing molecular films in contact with a gas or a liquid should have 

a significant impact in several areas, including: 1) spectral characterization of structure-

property relationships in thin film molecular assemblies, and 2) chemical and biochemical 

sensing for multiple analytes that can be spectrally resolved and thus detected 

simultaneously. 

For the adsorbed qt c experiments specifically, several important points have been 

shown, namely; 1) the oxidation state of adsorbed cyt c can be changed and the 

spectrum measured using the broadband coupling device, 2) a small amount of protein is 

removed upon flushing with buffer; more is removed upon reduction and possibly upon 

oxidation, 3) reoxidation of adsorbed ferro-cyt c is seen with buffer as the superstrate; 

there is no reoxidation when sodium dithionite is present is the superstrate, and 4) there 

is now direct evidence of a conformational change in the protein upon adsorption. 
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Furthennore, since dichroic ratios can be measured using the device, orientation of the 

adsorbed protein could be calculated. 
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CHAPTER9 

CONCXUSIONS AND FUTURE DORECTIONS 

9.1. SUMMARY. 

When a solid siir£ice is brought mto contact with an aqueous protein solution, 

adsorption of the protein(s) in solution is known to occur rapidly.' In some cases, this 

process is desired and necessary, while in other instances, the results of protein 

adsorption range from bothersome, to costly, to life threatening. As a result, study of 

the protein adsorption process has been thorough and in depth. 

However, there is still much to be learned. When the shape of a protein is asymmetric, 

(e.g., IgG), molecular orientation can be incUrectly inferred from measurements of optical 

thickness, using either ellipsometry, sur&ce plasmon resonance, or guided wave 

perturbation.̂ ' Conclusions reached using results from electrochemical studies of cyt c 

on various electrodes have also speculated on the orientation of the adsorbed protein in 

an effort to explain the electron transfer characteristics of this protein when attached to a 

surface. This, however, is still an indirect measurement. If the protein contains a 

chromophore that can be employed as a probe, the use of polarized spectroscopic 

techniques is an alternate approach to directly measuring the orientation of adsorbed 

proteins. However, when the sample thickness is less than a few monolayers, spectral 

methods can be problematic with respect to instrumental sensitivity. The methods 

described in this document are the first evidence of direct measurement of the molecular 

orientation and distribution in adsorbed protein monolayers. 



170 

9.2. ORIENTATION OF MYOGLOBIN ON HYDROPHHIC AND 
HYDROPHOBIC GLASS. 

lOW-ATR LD was used to stucty the average orientatioii of the heme in Mb as a 

function of the adsorbent surface chemistry and the protein sur&ce coverage. It was 

determined that Mb orientation did not change when adsorbed to a hydrophilic glass 

waveguide (45° ± 3®) as opposed to a hydrophobic glass waveguide (43® ± 5®). In this 

case, the standard deviations given for these values refer to the error in the measurement, 

not to the distribution of orientations. The lack of a change in orientation is attributed to 

two sources: 1) the overall charge on Mb (pi = 7.0) at neutral pH is approximately 

zero, so electrostatic forces played little if no part in orientation, and 2) the distribution 

of amino acid residues on the sur&ce of Mb is relatively homogeneous, so that there are 

no large regions of positive or negative charge. 

The orientation of Mb did change as a fimction of surface coverage on both surfaces. 

On the hydrophilic sur&ce, the orientation of Mb at low surface coverage was 

approximately 70®; as the sur&ce coverage was increased, the average orientation 

measured for the entire fihn decreased smoothly to approximately 45®, the value 

obtained for full monolayer sur&ce coverages of Mb on that sur&ce. The same type of 

trend occurred for Mb on the l̂ drophobic sur&ce, except from the opposite direction. 

In this case, the orientation of Mb at low surface coverage was approximately 20®. This 

value increased to the full monolayer value of 43® as the sur&ce coverage was incre-juwd 

The dependence of orientation on the sur&ce coverage was attributed to three possible 
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causes: 1) a lack of lateral interactions between adsorbed proteins at low sur&ce 

coverage versus the lateral interactions most certainly present at high sur£ice coverages, 

2) the frequen^r of collisions could play a role; at low sur&ce coverages, adsorbed 

molecules may have su£Scient time to undergo conformational changes, while at high 

surface coverages, this may not be the case, and 3) the initial assumption that the 

distribution of orientations is narrow may have caused the calculated mean heme 

orientation to change with increasing bulk protein concentration, when in actualî  the 

average heme orientation remained the same and the disorder of the film was what 

increased with increasing surface coverage. 

9.3. ORIENTATION DISTRIBUTIONS OF CYTOCHROME C ON VARIOUS 
SURFACES. 

Working in conjunction with P. L. Edmiston, the combination of lOW-ATR LD and 

fluorescence anisotropy methods has provided the ability to not only measure the 

average orientation of adsorbed protein films, but also the distribution of orientations. 

This is a first and is a major development in being able to adequately describe molecular 

order m thin films. The lOW-ATR LD with anisotropy technique was used to measure 

the orientation distribution of cyt c adsorbed to a number of sur&ces. The results 

indicate that not only has a method to measure orientation distributions been developed, 

but some important characteristics about protdn adsorption have been learned. In 

addition to the principles learned through the Mb experiments, the cyt c experiments 
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showed two important points: I) the orientation of an adsorbed protein can be 

manipulated by changing the adsorbent surfitce characteristics (compare the orientation 

of cyt c on hydrophilic glass to that on the hydrophobic sur&ce), and 2) when the 

possible protein-sur&ce mteractions are dominated by one major type of localized 

interaction, as in c on the arachidic acid surface, a very ordered film can be produced. 

9.4. DEVELOPMENT OF lOW-ATR SPECTROSCOPY. 

The development of a broadband waveguide coupler by Sergio Mendes in the Optical 

Sciences department has opened the door to being able to perform spectroscopic 

measurements in an lOW-ATR format. One limitation of a traditional lOW is that only 

very narrow wavelength ranges of light can propagate down the waveguide at a given 

angle. The development of a 100 nm bandwidth waveguide coupler has solved this 

problem. The device was used to measure the spectrum of adsorbed reduced and 

oxidized cyt c fi'om 500 to 600 nm. Also, upon adsorption, the oxidation state of the 

protein was reversed and the spectrum measured again. This development was a major 

step in being able to analyze the chemical and/or physical state of adsorbed proteins 

while allowing the orientation to be measured over a range of wavelengths rather than at 

one point. 

The present work has added to the basic understanding of protein adsorption and the 

requirements for producing ordered thin protein fihns. The methods presented here open 
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up the possibilities for directly measuring orientation and conformation effects of protein 

adsorption on protein activity. Current work is being conducted to further develop the 

application of broadband lOW-ATR+TlKF by producing an electroactive waveguide 

sur&ce. This will allow spectroelectrochemical measurements to be performed on 

protein monolayer to sub-monolayer films. 
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